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1. INTRODUCCIÓN. 

1.1 THE CIRCULAR ECONOMY CONTEXT FOR EV BATTERIES  

The current times are characterized by a global trend towards more sustainable processes and 

a circular economy. This has been prompted by environmental problems, such as global 

warming, driven by the use of fossil fuels. To this end, there is a need to meet and adhere to 

several agreements and strategic targets, such as the Sustainable Development Goals, the Paris 

Agreement, and the Draghi and Letta reports on EU competitiveness and strategic autonomy. 

The circular economy involves a production and consumption model that shares, leases, reuses, 

repairs, refurbishes, and recycles existing materials and products to keep them in use for as long 

as possible. The goal is to reduce waste and increase resource efficiency. In this study, the focus 

is on the application of the circular economy in one of the most important sectors for sustainable 

development: transportation.  

The transportation sector attracts considerable attention because conventional transportation 

energy sources are heavily fossil-based and pose serious environmental challenges. The 

transportation sector remains the largest contributor to greenhouse gas emissions in the 

European Union, accounting for an estimated 25%. With an ambitious goal of becoming the first 

climate-neutral continent by 2050, the EU is driving changes in transportation, aiming to achieve 

a 90% reduction in transport-related greenhouse gas emissions by 20501. Policies such as these 

have set us on a course towards witnessing a rise in the use of electric-powered vehicles for 

transportation. The EU Clean Industrial Deal and the Affordable Energy Action Plan set a 32% 

target for the share of electricity in the final energy consumption by 2030. This applies to the 

Transportation sector through the promotion of electric vehicles, smart charging, and Bi-

directional charging technologies2. 

Most electric-powered vehicles today depend on Lithium-ion batteries for operation. This has 

raised concerns about the long-term sustainability of Lithium-ion battery production because 

some cell components are sourced from minerals with complex extraction processes, given 

global resource distribution and availability. Geopolitical considerations and social factors also 

influence extraction, thus leading to their qualification as Critical Raw Materials (CRMs). 

1.2 POLICY CONTEXT FOR CRITICAL RAW MATERIALS 

The European Union qualifies CRMs by economic importance and supply risks. According to this 

definition, CRMs are materials that are important to the EU economy and face a risk of 

disruption in their EU supply. The latter parameter is based on the concentration of primary 

supply from producing countries3. For example, in the case of Lithium, the EU demand is 

                                                           
1 “Transport and the Green Deal - European Commission.” 
2 “Electrification - European Commission” 
3 “Critical Raw Materials - Internal Market, Industry, Entrepreneurship and SMEs.” 
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expected to increase twelvefold by 2030 and twenty-onefold by 2050. However, the EU still 

relies heavily on imports, and recent crises have exposed its strategic dependencies4.  

 

Figure 1 Mines, deposits and occurrences of Lithium (Li) Globally5 

The European Critical Raw Materials Act addresses these challenges by seeking to ensure that 

the EU utilizes strong, resilient, and sustainable value chains for Critical Raw Materials. The 

objective of this regulation is to strengthen the different stages of the value chain for European 

Critical Raw Materials, diversify the imports of CRMs into the EU thus reducing strategic 

dependencies, improve its ability to detect and control risks of disruptions to the supply of CRMs 

and lastly, and also important to this study, to enhance circularity and sustainability The Critical 

Raw Materials Act sets benchmarks for the strategic raw materials value chain for EU supplies 

which targets that at least 25% of the EU annual consumption of strategic raw materials will be 

accounted for by recycling by 2030. It also requires member countries and private operators to 

investigate the potential to recover critical raw materials from extractive waste6. 

1.3 SCHEME OF A LITHIUM-ION BATTERY 

Before diving into the various valorization technologies, it is necessary to elucidate the physical 

structure and constituent materials of a Lithium-ion battery. The basic structure of a LIB consists 

of five components: the Anode, Cathode, metal shell, and separator. It consists of layered sheets 

of Anode and Cathode, separated by a separator. The operation of a LIB is based on the 

reversible migration and intercalation of Lithium ions between the anode and cathode materials 

of the cell and through an electrolyte-soaked separator.  

                                                           
4 “Critical Raw Materials Act - Internal Market, Industry, Entrepreneurship and SMEs.” 
5 “LiFT – Lithium for Future Technology Global Lithium Deposit Map.” 
6 “Critical Raw Materials Act - Internal Market, Industry, Entrepreneurship and SMEs.” 
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Figure 2: Internal structure of a Lithium-ion Battery (Cattaneo et al) 7 

Several variations in the design and composition of LIBs have emerged over the years due to 

Research and Development efforts aimed at optimizing their performance. In fact, this has been 

a cause of the difficulty associated with the recycling phase8. Different LIB designs adopted by 

different brands and applications create difficulties in the standardization of recycling practices 

and their automation. This will be discussed later in this document. Figure 2. Illustrates the 

internal scheme of a LIB and the materials contained in it. 

a. Cathode: The cathode of a LIB makes up to 40% of the total cell mass and 65-70% of its 

price. This cathode is made of a composite material cast onto an Aluminum foil, which 

acts as a current collector. This composite material consists of a Cathode Active 

Material, CAM, (88-95 wt%), a polymeric binder, usually Polyvinylidene Fluoride, PVDF, 

(2-4 wt%), and a carbon black filler with conductive properties (2-3 wt%)9. These CAMs 

can be further classified into layered structures (e.g., LiCoO2, LiNiMnCoO2, LiNiCoAlO2), 

Spinel structures (e.g., LiMn2O4), and Olivine structures (e.g., LiFePO4)10. Table 1 outlines 

the different types of cathodes, the materials they are made of, and their applications. 

b. Anode: The anode of the LIB is made up of a graphite-coated copper foil and a polymer 

binder. These binders are usually made up of materials such as Polyvinylidene Fluoride 

(PVDF) and Polytetrafluoroethylene (PTFE). The binder system also comprises solvents 

                                                           
7 Pietro Cattaneo et al., “How Research & Innovation Ramp up Li-Ion Battery Recycling,” Journal of Power 

Sources Advances 37 (January 2026): 100198, https://doi.org/10.1016/j.powera.2025.100198. 
8 Cattaneo et al., “How Research & Innovation Ramp up Li-Ion Battery Recycling.” 
9 Jake Entwistle et al., “Carbon Binder Domain Networks and Electrical Conductivity in Lithium-Ion Battery 

Electrodes: A Critical Review,” Renewable and Sustainable Energy Reviews 166 (September 2022): 112624, 

https://doi.org/10.1016/j.rser.2022.112624. 
10 Shuwen Wang et al., “Advances in Recycling Technologies of Critical Metals and Resources from 

Cathodes and Anodes in Spent Lithium-Ion Batteries,” Separations 12, no. 1 (2024): 4, 

https://doi.org/10.3390/separations12010004. 
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such as N-methyl-2-pyrrolidone (NMP) or N, N-dimethylformamide (DMF), which impart 

conductive and active properties to the binder materials. The anode accounts for about 

30 wt% of the cell's mass. The anodic active material (AAM) graphite-coated copper foil 

accounts for 95- 98 wt%, while the polymeric binder makes up 1- 3 wt%, in addition to 

1–2 wt% of conductive carbon8. 

Table 1: Comparison of cathode materials used in Lithium-ion batteries11 

Type of Cathode Chemical formula Structure Market Share Application 

LCO LiCoO2 Layered Obsolete (for EVs) Electric devices 

(portable) 

LMO LiMn2O4 Spinel Small Electronic bikes 

LFP LiFePO4 Olivine Growing Electric bikes and 

Large Electric Vehicles 

NCA LiNixCoyAlzO2 Layered Steady Tesla Electric Vehicles 

NMC LiNixCoyMnzO2 Layered Main force Electric Vehicles 

 

c. Electrolyte: The electrolyte acts as a medium that enables Li+ ions to migrate between 

the electrodes. It usually exhibits high ionic conductivity. Most electrolytes used in 

Lithium-ion batteries are composed of highly soluble Li salts such as LiBF4, LiClO4, LiPF6, 

and Lithium bis(trifluoromethanesulfonyl) imide LiTFSI. These salts are dissolved in a 

mixture of organic carbonates such as ethylene carbonate EC, diethyl carbonate DEC, 

and dimethyl carbonate DMC.  

d. Separator: The separators are usually made of polypropylene (PP) and polyethylene 

(PE). They serve to separate the anode from the cathode, thus preventing the free flow 

of electrons within the battery and therefore avoiding short circuits. A composite made 

up of both PP and PE can also be used for the separator material12 

1.4 SAFETY AND ENVIRONMENTAL RISKS OF POOR EV BATTERY DISPOSAL 

Proper handling of EV batteries after use is critical for safety and the environment. These used 

lithium-ion batteries can pose significant hazards if landfilled or improperly managed. This is due 

                                                           
11 Shan Jin et al., “A Comprehensive Review on the Recycling of Spent Lithium-Ion Batteries: Urgent Status 

and Technology Advances,” Journal of Cleaner Production 340 (March 2022): 130535, 

https://doi.org/10.1016/j.jclepro.2022.130535. 
12 Xiaosong Huang, “Separator Technologies for Lithium-Ion Batteries,” Journal of Solid State 

Electrochemistry 15, no. 4 (2011): 649–62, https://doi.org/10.1007/s10008-010-1264-9. 
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to the presence of residual energy, fluorinated materials, reactive electrolyte salts, and other 

components that can contaminate environmental media, cause fires, and lead to toxic emissions 

if not properly managed and disposed of in an uncontrolled manner13. The risks of fire and toxic 

emissions are major concerns for the general public—and therefore, extreme protective 

measures are taken to prevent any such incidents. According to an investigative study aimed at 

measuring emissions from lithium-ion battery (LIB) fires, these fires generate toxic fluoride 

gases, such as Hydrogen Fluoride, which can pose serious hazards1413. 

Another study reports that a subclass of per- and polyfluoroalkyl substances used in LIB 

electrolytes (such as bis-perfluoroalkylsulphonimides) was detected in landfill leachate samples. 

These compounds were shown to be toxic to aquatic organisms1513. Additionally, landfill disposal 

of LIBs poses a risk of contamination from the mobility of dissolved metals in landfill leachate. 

Also, the physical degradation of the cells can increase the risk of electrolyte release. The extent 

of these risks associated with landfilling of EV batteries underscores it as an unsafe disposal 

method for EV batteries131415. 

On a positive note, however, the recycling of these critical minerals can result in an 80% 

reduction in Greenhouse gas (GHG) emissions when compared to primary production from 

mines16. 

1.5 JUSTIFICATION OF STUDY 

Based on this, the Fundación Asturiana de la Energía (FAEN) focuses on the use of critical 

minerals in the transportation sector, particularly in automobiles. This is in anticipation of the 

significant high-value waste streams that this sector is expected to generate over the medium 

term. Therefore, the foundation seeks to evaluate the current trends in the development of 

technologies for the valorization of Lithium-ion batteries. This will enable a partnership with 

affiliated bodies in the private and public sectors to implement strategies for the safe, effective 

reuse and recycling of Electric Vehicle batteries. Therefore, this study aims to evaluate the 

recovery of critical and strategic raw materials from car batteries in the context of the energy 

transition and the growth of renewable energy installations in Asturias. It analyses current and 

emerging recycling and valorization technologies, identifies opportunities for industrial 

symbiosis within the regional ecosystem, and evaluates viable circular business models in 

Asturias. 

                                                           
13 European Patent Office and International Energy Agency, Battery Circularity: Innovation Trends for a 

Future Source of Critical Materials (European Patent Office, 2026), https://www.epo.org/insight-battery-

circularity. 
14 Fredrik Larsson et al., “Toxic Fluoride Gas Emissions from Lithium-Ion Battery Fires,” Scientific Reports 

7, no. 1 (2017): 10018, https://doi.org/10.1038/s41598-017-09784-z. 
15 Jennifer L. Guelfo et al., “Lithium-Ion Battery Components Are at the Nexus of Sustainable Energy and 

Environmental Release of per- and Polyfluoroalkyl Substances,” Nature Communications 15, no. 1 (2024): 

5548, https://doi.org/10.1038/s41467-024-49753-5. 
16 “Global Critical Minerals Outlook 2025 – Analysis,” IEA, May 21, 2025, 

https://www.iea.org/reports/global-critical-minerals-outlook-2025. 
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2. DESIGN FOR RECOVERY: BATTERY COLLECTION, STORAGE, 

SAFETY, AND TRANSPORTATION 

To design a system for management, treatment, and recycling of used EV batteries, the first 

consideration will be that of logistics, the collection, storage, and transportation of batteries, as 

well as their safety considerations. While this might seem like a trivial step, it is nonetheless 

important and crucial to every other step that will follow. To meet sustainability targets, this 

step must be designed to enable effective communication, collaboration, and coordination 

among all stakeholders along the value chain, from the general public to technical personnel. 

This section reviews the current structures and efforts in place to implement the collection and 

transportation of used batteries, as well as measures to ensure the safe operation of these 

processes. 

2.1 BATTERY COLLECTION AND STAKEHOLDERS´ INVOLVEMENT 

2.1.1 EXTENDED PRODUCER RESPONSIBILITY (EPR) 

So far in Asturias, and in Spain as a whole, several efforts have been made to implement an 
effective battery collection system. This includes legislation at both the national and overarching 
European Union levels. One important policy that affects the battery collection system is 
Extended Producer Responsibility (EPR). EPR is a circular economy policy supported by the 
United Nations Environment Program (UNEP), which holds producers responsible for the end-
of-life management of their products, shifting the burden from municipalities and taxpayers17. 
In the case of EV batteries, this means the producers bear the burden of their end-of-life 
management, whether directly or indirectly. This policy is binding on all EU member states as 
reflected in Article 56 of the EU Batteries Regulation 2023/1542. This regulation places the 
responsibility for end-of-life battery management on their producers (first life) or on economic 
operators that prepare batteries for re-use or repurposing and put them on the market (second 
life). However, the regulation allows for these producers to appoint a Producer Responsibility 
Organization (PRO) to handle these obligations given the complexities involved in end-of-life 
management. In cases where production is carried out by a producer outside the state where it 
is consumed, the producer is to appoint an authorized representative for EPR in the state of 
consumption1817. 

2.1.2 IMPLEMENTATION IN ASTURIAN FRAMEWORK 

Therefore, what this means for the management of used batteries in Asturias is that users do 

not have to bear the financial burden of managing their used EV batteries but rather producers 

do so by taking them back from the Centro Autorizado de Tratamiento (CAT) or relevant parties. 

                                                           
17 U. N. Environment, “Extended Producer Responsibility | International Environmental Technology 

Centre,” December 9, 2024, https://www.unep.org/ietc/what-we-do/extended-producer-responsibility. 
18 “EU Batteries Regulation: Latest Provisions Relating to Battery Waste Management, Extended Producer 

Responsibility and Labelling Come into Effect,” Herbert Smith Freehills Kramer | Global Law Firm, accessed 

June 17, 2026, https://www.hsfkramer.com/insights/2025-10/eu-battery-regulation-latest-provisions-

relating-to-battery-waste-management. 
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In many cases, due to the complexity of this process, producers contract other bodies called 

SCRAPs (Sistema Colectivo de Responsabilidad Ampliada del Productor), tasking them with 

managing the collection, transportation, and treatment of used EV batteries. In Asturias, two 

major organizations currently play this role: Ecopilas and ERP Recycling. For example, Ecopilas 

provides collection points for batteries. This ranges from domestic to professional and even 

industrial channels. Therefore, it facilitates the collection of batteries. The case is similar for ERP 

Spain, which enables the collection of batteries at various collection points. These institutions 

then facilitate and oversee the recycling of the batteries, including their transportation to the 

recycling facilities, where they will be managed1920. 

 

Figure 3: Examples of SCRAPs (Sistema Colectivo de Responsabilidad Ampliada del Productor) that manage 

EV batteries collection and processing in Spain1920 

2.2 BATTERY HANDLING, STORAGE, AND SAFETY 

To facilitate the transportation of these collected batteries to recycling centers on an adequate 

scale, they are temporarily stored. It is important that all EV battery storage be conducted as 

safely as possible to reduce hazards and prevent accidents. For example, exposure to mechanical 

stress, extreme temperatures, or the presence of defective or loose components can increase 

the risk of thermal runaway or short-circuiting, which can result in a fire incident. Also, because 

different batteries respond differently to external conditions, it is useful to classify them 

according to physical condition, weight, capacity, application, etc.21 This is applicable not only to 

their intermediate storage but also to the transportation stage.  

2.2.1 TRANSPORTATION AND REGULATORY COMPLIANCE 

Lithium batteries have long been categorized by the United Nations as dangerous goods, similar 

to the classification of chemicals and flammable goods. This is done to ensure the highest level 

of security controls—thereby enhancing safeguards and securing transport under the most 

adverse conditions—and to minimize the risk of accidents. It falls into Class 9 of Dangerous 

Goods, which is Miscellaneous Dangerous Goods. The guidelines and regulations for the 

                                                           
19 “Cómo recogemos las pilas y baterías usadas,” Ecopilas, n.d., accessed June 17, 2026, 

https://www.ecopilas.es/el-reciclaje/como-reciclamos-las-pilas-usadas/. Ecopilas 
20 admin, “Collection Points,” Spain (EN), n.d., accessed June 17, 2026, https://erp-recycling.org/en-

es/who-are-you/collection-points/. ERP Spain 
21 admin, “Safe transport and handling of EV batteries,” Project BATRAW, November 21, 2024, 

https://batraw.eu/safe-transport-and-handling-of-ev-batteries/. 
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transportation of Lithium batteries are postulated by the United Nations Economic Commission 

for Europe (UNECE). They are specifically covered by the United Nations Recommendations on 

the Transport of Dangerous Goods, Model Regulations (Rev. 24 (2025))22 and also reflected in 

the Agreement concerning the International Carriage of Dangerous Goods by Road (ADR 

2025)23. The UN uses four-digit codes to identify dangerous goods, and for Lithium batteries, the 

applicable codes are UN 3480, UN 3481, UN 3556, and UN 3557. They are elucidated below:  

A. UN 3480 – Lithium-ion batteries (not contained in equipment) 

B. UN 3481 – Lithium-ion batteries contained in or packed with equipment 

C. UN 3556: Lithium-ion battery-powered vehicle 

D. UN 3557: Lithium metal battery powered vehicle 

The overarching regulations require Lithium batteries to be properly tested and packaged in 

approved packaging before transportation.  

 

Figure 4: Seal certifying UN 38.3 certification for Lithium battery 

These tests usually conform to the United Nations Manual of Tests and Criteria24 and the 

Globally Harmonized System of Classification and Labeling of Chemicals (GHS)25. According to 

the Manual of Tests and Criteria, Lithium batteries must undergo the following eight mandatory 

tests: 

Table 2: Mandatory tests for Lithium batteries before transportation26 

Test Purpose 

Altitude simulation test The Altitude Simulation Test simulates air transport of the 

battery under given low-pressure conditions 

                                                           
22 “UN Model Regulations Rev. 24 (2025) | UNECE,” accessed June 18, 2026, 

https://unece.org/transport/dangerous-goods/un-model-regulations-rev-24. 
23 “ADR 2025 | Ministerio de Transportes y Movilidad Sostenible,” accessed June 18, 2026, 

https://www.transportes.gob.es/transporte-terrestre/mercancias-peligrosas-y-perecederas/adr. 
24 “About the Manual of Tests and Criteria | UNECE,” accessed June 18, 2026, https://unece.org/about-

manual-tests-and-criteria. 
25 “About the GHS | UNECE,” accessed June 18, 2026, https://unece.org/about-ghs. 
26 “About the Manual of Tests and Criteria | UNECE.” 
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Thermal Test The Thermal Test is conducted using extreme and rapid 

temperature changes. It evaluates the integrity of the battery 

seal and its internal electrical connections. 

 

Vibration Test The Vibration Test simulates vibration during transport. 

 

Shock Test The Shock Test simulates possible impacts during transport. 

 

External Short-Circuit Test This test simulates an external short circuit. 

 

Impact Test The impact test simulates an impact. 

Overload Test 

 

It evaluates a rechargeable battery's ability to withstand 

overcharging. 

Forced Discharge Test It evaluates a battery's ability to withstand a forced-discharge 

condition. 

 

The details of these tests will be included in the Battery´s Summary of Tests document, which 

will accompany it during transportation. In addition to that information, additional details about 

the battery characteristics are communicated, including the battery weight, size, capacity, and 

state. The state of the battery is very important to consider when shipping. In this case, we will 

consider three categories stipulated by the ADR.  

Table 3: State of Battery classifications and specifications of packaging and transportation 

requirements2728 

State of Battery Details Packaging required for transportation 

Undamaged batteries Does not show signs of damage and meets 

the testing criteria stipulated by the Manual 

of Testing. Examples of assessment: 

i. Acute hazard (e.g gas, fire, 

electrolyte leakage, etc) 

ii. Battery use or misuse. 

Shipped in the original packaging or 

according to the custom design provided 

by the collector. In their absence, 

possible alternatives:  

i. Battery packs having a tough, 

stain-resistant outer casing and 

                                                           
27 “ADR 2025 | Ministerio de Transportes y Movilidad Sostenible.” 
28 RECYCLIA, Guidelines on Battery Pack Handling and Transportation, Deliverable D2.4, Version 2.2 

(BATRAW Consortium, 2024). 
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iii. Physical damage (e.g casing 

deformation). 

iv. Condition of safety features 

v. Internal and external short-circuit 

protection. 

vi. Integrity of internal safety 

components e.g BMS 

a gross mass of at least 12 kg 

only require wrapping with non-

conductive film. Special 

attention is paid to electronic 

boards, terminals, and cables, 

mounted upon a pallet or crate. 

ii. Battery packs not in the 

previous category are packed to 

avoid mechanical stress, 

dangerous heat release, and 

short circuits. Electrical 

insulation of terminals: 

batteries are wrapped with 

insulating film, and empty 

spaces are filled with non-

combustible and non-

conductive material. 

Damaged or non-

critical batteries 

Have not been tested or do not conform to 

section 38.3 of the UN Manual of Tests and 

Criteria. May include the following criteria: 

i. Have been previously identified as 

defective in a safety evaluation. 

ii. Cannot be properly diagnosed prior 

to its carriage. 

iii. Has been misused 

iv. Physical damage  

v. Have vented or leaked. 

Shipped similar to undamaged batteries 

in an approved container. 

Considerations: 

i. Application of ADR standards 

for non-critical batteries 

ii. Only one battery is stored in 

each box or container 

iii. Marked with “UN 3480 

DAMAGED LITHIUM-ION 

BATTERIES” 

iv. If they weigh more than 12 kg, 

they can be placed on top of 

pallets, but using containers 

described in the previous case is 

recommended. 

Critically damaged 

batteries 

 

Considered if the battery meets these criteria 

i. If it reacts dangerously 

ii. If it´s liable to rapid disassembly 

• If it produces a flame or releases heat 

dangerously 

• If it generates toxic and dangerous 

emissions 

i. Transported according to the 

provisions of UN 3480, with the 

exception of ADR special 

provision 230. 

ii. To abide by the packing 

instruction as illustrated in 

Figure 6. 
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• If it emits flammable or corrosive vapors or 

gases under normal carriage conditions. 

iii. Packaging to be approved by 

the relevant industry authority 

in the member state 

iv.  Approval of the packaging by 

the competent industry 

authority from the ADR 

member state, as well as the 

destination state in the case of 

international shipments. 

 

 

Figure 5: Example of packaging of undamaged batteries before shipping, showing space fillers 

and suitable casing (Source: Recyclia BATRAW)29 

 

Figure 6 Example of UN approved steel box for the transportation of critically damaged batteries 

(Source: Overpack)30 

 

                                                           
29 RECYCLIA, Guidelines on Battery Pack Handling and Transportation. 
30 “OV-50A > UN Approved 50A Steel Box | UN Approved Metal Boxes - OVERPACK,” accessed June 19, 

2026, https://en.overpack.it/dangerous-goods-packaging-eng/UN-Approved-Metal-Boxes/ov-50a-

eng.html. 
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3. REVIEW OF TECHNOLOGIES: SECOND LIFE, END-OF-LIFE (EOL), 

AND VALORIZATION METHODS 

3.1 SECOND-LIFE USES OF ELECTRIC VEHICLE BATTERIES 

Before considering the sorting and deactivation phase, it is important to note that, for recycling 

to be considered in the valorization of EV batteries, reuse must be prioritized, in line with the 

waste management hierarchy. Batteries can be reused in their second life to meet several 

applications. Retired EV batteries often retain up to 70-80% of their original capacity3132. 

However, this possibility of reuse will require a prior assessment of the batteries' State of Health 

(SoH) to decide their suitability for reuse and possible applications.  

 

 

Figure 7: Circular economy options in the Lithium-ion battery sector. Source: Argonne National 

Laboratory33 

                                                           
31 Maite Etxandi-Santolaya et al., “Are Electric Vehicle Batteries Being Underused? A Review of 

Current Practices and Sources of Circularity,” in Journal of Environmental Management, vol. 338, 

Academic Press, July 2023, https://doi.org/10.1016/j.jenvman.2023.117814. 
32 Kaila Neigum and Zhanle Wang, “Technology, Economic, and Environmental Analysis of 

Second-Life Batteries as Stationary Energy Storage: A Review,” in Journal of Energy Storage, vol. 

103, Elsevier Ltd, December 2024, https://doi.org/10.1016/j.est.2024.114393. 
33 “IEA – International Energy Agency,” IEA, November 17, 2020, https://www.iea.org/data-and-statistics. 
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In direct reuse, batteries are used to prevent alterations to the manufacturer's original design. 

Batteries could be stacked to provide combined power and avoid the complexities of 

disassembly and the waste of recycling. This option has lower costs than other second-life uses, 

and because the battery designs are not modified, it has a lower risk of failure in second life. 

However, one issue with this model is that of communication. The Battery Management System 

(BMS) is an electronic system in the electric vehicle that monitors the battery´s operational life 

cycle. It is from the BMS data that the battery´s state of health (SoH) is evaluated. Access to the 

BMS specifications, however, is restricted by the car manufacturers. This is because these 

batteries are not originally designed for a second use.  From this section, we can already deduce 

that to enable second-life uses to be carried out with greater ease, car manufacturers need to 

design for greater flexibility in accessing BMS data to determine battery SoH. Another factor to 

consider is that, in Second Life, the overall behavior of the cell system is significantly affected by 

the worst cell or module. Therefore, a modification can be made in direct use to remove 

damaged cells or modules and combine them with higher-performing ones to optimize their 

combined operation in the second life. However, the disassembly process for EV batteries can 

be very complicated due to different battery brands and configurations. This will be discussed 

in more detail in later sections.  

 

Figure 8: Reusing EV batteries for large-scale grid storage 34 

EV batteries are repurposed to store energy in commercial and residential settings. They could 

also be repurposed as stationary energy storage for renewable installations such as wind power 

and solar systems. A new business model explores creating a battery ecosystem in which fleet 

                                                           
34 “The Biggest Grid Storage Project Using Old Batteries Is Online In…,” Canary Media, November 

21, 2024, https://www.canarymedia.com/articles/long-duration-energy-storage/the-biggest-

grid-storage-project-using-old-batteries-is-online-in-texas. 
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vehicle operators sell batteries to recyclers. The recyclers, in turn, refurbish them and rent them 

out to real estate firms35. Some specific Second-Life applications of EV batteries are enumerated 

below: 

3.1.1 PEAK SHAVING 

Peak shaving can be applied in industrial or commercial settings where time-of-use or real-time 

pricing schemes are in implementation. In such cases, the energy process is often higher during 

periods of higher demand. For example, energy prices could be higher during the day, when 

demand is higher, and cheaper at night, when demand is lower. Energy Storage Systems are 

often used to save energy during periods when grid prices are low by charging batteries, which 

then supply energy later when grid prices are high and demand is high. However, a significant 

trade-off is the associated cost of installing Energy Storage Systems (ESS). This can be reduced 

by using batteries in their second life to provide energy storage in an ESS that supplies the energy 

needs of residential and commercial settings during peak usage.  

3.1.2 RENEWABLE ENERGY STORAGE 

The renewable energy sector offers great potential for the second-life use of EV batteries, which 

is expected to grow in the coming years as renewable installations increase. The integration of 

renewable energy sources into the electricity grid often faces the challenge of their intermittent 

energy supply. This therefore requires stabilization to smooth the output of energy sources and 

is commonly achieved through energy storage systems (ESS). However, the challenge often 

encountered with this is the often-high costs associated with installing Energy Storage Systems. 

In this case, second-life EV batteries can be a viable and economical option when integrated into 

microgrids. This can be beneficial for the Asturian community by helping achieve grid smoothing 

in small-scale operations that depend on renewable energy installations. 

3.1.3 EV CHARGING 

Energy Storage Systems (ESS) are also commonly used for EV charging. This is more suited for 

DC fast-charging operations. Just like in previous cases, the use of second-life EV batteries can 

reduce investment costs for ESS systems. However, a major challenge with this model is the 

potential degradation of second-life EV batteries due to the higher charge and discharge rates 

associated with EVs. 

3.1.4 LEVELIZED COST OF ENERGY (LCOE) COMPARISON IN NEW AND SECOND-LIFE BATTERY 

APPLICATIONS 

Comparing the levelized cost of energy (LCOE) for both new and second-life batteries gives us 

an idea of how economically efficient it is to use EV batteries for second-life energy storage. This 

                                                           
35 Koteshwar Chirumalla et al., “Mapping a Circular Business Opportunity in Electric Vehicle Battery Value 

Chain: A Multi-Stakeholder Framework to Create a Win–Win–Win Situation,” Journal of Business Research 

145 (June 2022): 569–82, https://doi.org/10.1016/j.jbusres.2022.02.070. 
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section will provide only a brief summary of this information based on existing studies. In a study 

of the economic and environmental feasibility of second-life lithium batteries, Kamath et al.36 

compared energy configurations based on electricity-grid-based fast charging with those using 

lithium-ion SLBs. The US-based study compared the performance of these two energy options 

in five different cities. It was found that compared to the use of new batteries, second-life 

batteries reduced the LCOE by 12-41%. It was also found that using photovoltaics alongside SLBs 

reduced grid electricity use and cumulative energy demand (CED) compared with using only 

SLBs. In a similar study, Kamath et al.37 compared the LCOE of new and stationary batteries 

across three applications: residential energy storage with rooftop photovoltaics, utility-level PV 

firming, and utility-level peak shaving. It was found that using SLBs reduced the LCOE by 12-57% 

across the applications considered, with larger reductions for utility-level applications. SLBs also 

reduced the LCOE in residential settings by 15-25% compared with rooftop photovoltaics alone. 

This makes it an attractive option for residential users. From these, we can see a significant LCOE 

reduction for repurposed new and stationary batteries used in Energy storage systems. 

 

Table 4: Comparison of Second Life Batteries and New Stationary Batteries on various aspects38 

Characteristic Second Life Batteries (SLBs) New stationary batteries (NSBs) 

Costs Lower cost of investment compared to 

NSBs, but has potential for high 

maintenance costs 

Potentially higher investment costs 

compared to SLBs due to the 

economies of scale of EV production 

Maintenance May require check-ups regularly; the 

SoH of batteries may show variances 

The state of health is more certain, 

and check-ups are still required 

regularly 

Social considerations Risks of fire hazards; reuse is desirable if 

ownership is with the consumer 

No identified social barriers 

Technical considerations Their repurposing may be hindered by 

the Battery Management System (BMS) 

It may benefit from a BMS built in for 

the specific purpose 

Space aspects The depleted State of Health leads to a 

greater space requirement than for NSBs 

Space for installation is required 

                                                           
36 Dipti Kamath et al., “Economic and Environmental Feasibility of Second-Life Lithium-Ion Batteries as 

Fast-Charging Energy Storage,” Environmental Science & Technology 54, no. 11 (2020): 6878–87, 

https://doi.org/10.1021/acs.est.9b05883. 
37 Dipti Kamath et al., “Evaluating the Cost and Carbon Footprint of Second-Life Electric Vehicle Batteries 

in Residential and Utility-Level Applications,” Waste Management 113 (July 2020): 497–507, 

https://doi.org/10.1016/j.wasman.2020.05.034. 
38 Fernando Aguilar Lopez et al., “On the Potential of Vehicle-to-Grid and Second-Life Batteries to Provide 

Energy and Material Security,” Nature Communications 15, no. 1 (2024): 4179, 

https://doi.org/10.1038/s41467-024-48554-0. 
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Material security  Reduces the demand for materials in 

recycling technologies. Nonetheless, 

innovation in these recycling 

technologies may increase their relative 

efficiencies in these aspects. 

The current recycling efficiencies 

require the highest total and primary 

material requirements 

Energy security By 2048, it may exceed the grid storage 

by a factor of 2; it can be used to enable 

renewable storage on a large scale 

Can also be used to enable large-scale 

renewable storage 

 

3.2 END-OF-LIFE (EOL) MANAGEMENT OF EV BATTERIES  

3.2.1 PRETREATMENT PHASE 

3.2.1.1 Battery Sorting and Deactivation 

After collection, LIBs must be sorted and deactivated before recycling. This sorting helps select 

an appropriate recycling process. However, it can be difficult to sort batteries due to the lack of 

Digital Battery Passports for batteries manufactured in the past8. Batteries have to be 

deactivated to ensure safety during handling and recycling operations. This is commonly 

achieved by immersing the batteries in salt-saturated solutions, thereby short-circuiting the 

electrodes in a cost-effective and controlled manner. Chemical side reactions may, however, 

damage the cell casing and cause the electrolyte to leak into the solution, as well as a possible 

infiltration of the solution contained in the cells8. In recent years, Machine Learning (ML) and 

Artificial Intelligence (AI) have been explored and have shown potential for sorting used LIBs for 

recycling. This is through the recognition of battery chemistries and the estimation of their 

States of Health (SoH) by measuring parameters such as their impedance spectra, voltage 

profiles, and elemental compositions. By training algorithms on large data sets, cathode 

materials can be successfully classified394041. This is an important application of AI technology for 

sorting batteries. It will enable the recycling process to be carried out more easily by reducing 

its reliance on human labor.  

                                                           
39 Ote Amuta et al., “Accurate Chemistry Identification of Lithium-Ion Batteries Based on 

Temperature Dynamics with Machine Learning,” Batteries 11, no. 6 (2025): 208, 

https://doi.org/10.3390/batteries11060208. 
40 Jie Wu et al., “Efficient Estimating and Clustering Lithium-Ion Batteries with a Deep-Learning 

Approach,” Communications Engineering 4, no. 1 (2025): 151, https://doi.org/10.1038/s44172-

025-00488-1. 
41 Shanshan E et al., “Intelligent Metal Recovery from Spent Li-Ion Batteries: Machine Learning 

Breaks the Barriers of Traditional Optimizations,” Green Chemistry 27, no. 9 (2025): 2478–92, 

https://doi.org/10.1039/D4GC05967K. 
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3.2.1.2 Battery Dismantling and Separation 

Before any material extraction process can be carried out on used EV batteries, they must be 
disassembled to separate individual modules or cells. The various methods available for battery 
dismantling can be grouped into three broad categories, which are elaborated below. 

a. Manual Dismantling: This dismantling operation is carried out by manual means. It 
involves using hands and manual tools to separate battery components in order to 
enable the extraction of metals from the electrodes. Although these manual 
disassembly processes achieve higher purity and efficiency, they are unsuitable for 
large-scale operations and pose significant safety challenges due to exposure to 
hazardous battery materials. Furthermore, they require skilled operators who may not 
always be available. The manual process will also incur high costs in areas with high costs 
of labor. These setbacks necessitate mechanization and automation in the disassembly 
process.  

b. Automated Dismantling: Automated dismantling provides an alternative that is safer 
and better suited for large-scale operations. It involves using robots to disassemble 
batteries, thereby reducing the risk of human injury from manual disassembly and 
lowering disassembly costs. Additionally, automation could enhance the purity of 
separation achieved, thereby increasing the efficiency of downstream operations42. 
However, one of the challenges associated with automating disassembly processes is 
the presence of several variations in EV battery designs. As shown in Figure 9, batteries 
can be shaped as cylindrical, prismatic, and pouch-type. The designs can also differ from 
brand to brand. This will require significant effort to standardize operations for full 
efficiency. This is one of the challenges for current efforts towards automation of EV 
dismantling. Research efforts in recent years have proposed adopting hybrid human-
robot workstations that use robots for repetitive and superficial tasks, allowing humans 
to focus on more demanding activities and make decisions in the face of unexpected 
circumstances4344. 

 
 
 

                                                           
42 Gavin Harper et al., “Recycling Lithium-Ion Batteries from Electric Vehicles,” Nature 575, no. 7781 

(2019): 75–86, https://doi.org/10.1038/s41586-019-1682-5. 
43 Christoph Herrmann et al., “Scenario-Based Development of Disassembly Systems for Automotive 

Lithium Ion Battery Systems,” Advanced Materials Research 907 (April 2014): 391–401, 

https://doi.org/10.4028/www.scientific.net/AMR.907.391. 
44 Kathrin Wegener et al., “Robot Assisted Disassembly for the Recycling of Electric Vehicle Batteries,” 

Procedia CIRP 29 (2015): 716–21, https://doi.org/10.1016/j.procir.2015.02.051. 
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Figure 9: Different shapes of battery packs and modules in use in electric vehicle batteries 45 

a. Mechanical Dismantling: In many cases, mechanical disintegration of packs, modules, 
and cells is preferred. This involves crushing entire modules or cells and is often used to 
process large volumes of batteries. The mixture obtained from crushing is further 
subjected to a separation process to obtain a black mass. This separation usually 
involves magnetic separation followed by sieving to remove the metallic components. 
Other separation processes commonly employed include electrostatic separation, eddy 
current separation, gravity separation, and froth flotation. These separate casings, 
polymers, and other non-metallic parts. The separation stages are then followed by a 
sieving process to achieve size separation. The black mass obtained from this 
mechanical separation can then be subjected to various downstream processing 
technologies to separate the component metals from the mixture.  

 
 

                                                           
45 Harper et al., “Recycling Lithium-Ion Batteries from Electric Vehicles.” 
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Figure 10: Black mass obtained from shredded Lithium-ion batteries46 

 

3.2.2 RECYCLING AND METAL EXTRACTION 

Following the separation of black mass from the modules and cells, it undergoes a series of 

physical and chemical separation steps to obtain the desired metals. Various methods are 

employed at this stage of processing, and they are explained below. 

 

3.2.2.1 Pyrometallurgical recycling 

This method uses a high-temperature furnace to separate metal components based on their 

melting and boiling points. It enables metal oxides to be reduced to an alloy of Nickel, Cobalt, 

Copper, and Iron. The process of pyrometallurgical separation involves three major stages: 

pyrolysis, metal reduction, and gas incineration. Therefore, the organic components of a LIB are 

first thermally degraded, followed by the formation of metal alloys at about 1500◦C using 

reducing agents, and the incineration of the gas formed to prevent the formation of toxic 

gases47. Therefore, the major products obtained from this process are the metallic alloy, slag, 

and gases. The metallic alloy formed can be separated by means of hydrometallurgical processes 

into individual metals. When the smelting process is used, however, the slag contains lithium, 

aluminum, and manganese, so the Lithium cannot be recovered and is lost.  

                                                           
46 OLEM US EPA, “Lithium-Ion Battery Recycling,” Overviews and Factsheets, June 17, 2023, 

https://www.epa.gov/hw/lithium-ion-battery-recycling. 
47 Elena Mossali et al., “Lithium-Ion Batteries towards Circular Economy: A Literature Review of 

Opportunities and Issues of Recycling Treatments,” Journal of Environmental Management 264 (June 

2020): 110500, https://doi.org/10.1016/j.jenvman.2020.110500. 
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Figure 11: Various technologies for the valorization of End-of-life Lithium batteries (Source: Toro et al., 

2023)48 

What this means, however, is that it does not efficiently close the loop within the EV battery 

industry and will still require that Lithium, and other lost metals be mined for new production. 

However, some variations of pyrometallurgical processes provide means of overcoming this 

bottleneck. One of these is the salt-assisted roasting which involves the use of salts such as 

sodium bisulfate (NaHSO4), ammonium sulfate ((NH4)2SO4) and sodium carbonate (Na2CO3) as 

additives to the black mass to lead to the formation of soluble salts of Lithium such as lithium 

sodium sulfate (LiNaSO4), lithium sulfate, etc, which can be recovered by leaching with water is 

later steps. Additionally, carbothermic reduction roasting can also be employed to overcome 

the bottleneck in lithium recovery. It operates at a relatively lower temperature than smelting 

and uses graphite from the black mass as a reducing agent to obtain lithium metal in a simpler 

form, such as lithium carbonate. As a mature technology, pyrometallurgy is commonly employed 

for recycling lithium-ion batteries. However, it poses challenges due to its high energy 

consumption and contribution to environmental pollution. It also poses a significant safety risk 

                                                           
48 Luigi Toro et al., “A Systematic Review of Battery Recycling Technologies: Advances, Challenges, and 

Future Prospects,” Energies 16, no. 18 (2023): 6571, https://doi.org/10.3390/en16186571. 
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given the extreme temperatures at which the process is conducted. Additionally, the burning of 

electrolytes and plastics eliminates the possibility of their recovery. 

3.2.2.2 Hydrometallurgical recycling 

Hydrometallurgical recycling involves leaching cathode active materials (CAM) with leaching 

agents, such as inorganic acids, organic acids, or alkalis. Acid leaching is most commonly 

performed using sulfuric acid or hydrochloric acid to dissolve metal ions. Alkali leaching uses an 

alkaline solution such as Potassium Hydroxide or Sodium Hydroxide to separate metal ions. The 

leaching step is often followed by a solvent extraction process to separate metal ions from 

solutions. Chemical precipitation may also be achieved by adjusting the solution's pH to cause 

different metals to precipitate. One of the advantages of this method is its low energy 

consumption compared to the previously discussed pyrometallurgical method, as well as its 

ability to recover a wide range of metals from solution. Unlike the pyrometallurgical method 

previously discussed, metals are not recovered as alloys but are obtained in a higher state of 

purity. The use of inorganic acids and organic acids in hydrometallurgy is discussed below. 

3.2.2.2.1 Inorganic acid hydrometallurgy 

Inorganic acids are commonly employed in hydrometallurgy. This includes the use of acids such 

as Hydrochloric acid, Sulfuric acid, Nitric acid, and Phosphoric acid to leach metals from the 

composite materials. Inasmuch as these strong inorganic acids are efficient at dissolving all 

metal ions, they pose a setback in terms of their ecological impact, caused by the waste gases 

they produce, such as Chlorine, SOx, NOx, etc., the risk of contamination from the waste acids 

produced, and the effect of corrosion. Reducing agents such as Hydrogen Peroxide, glucose, and 

Sodium bisulfide are often added to improve leaching efficiency by promoting the dissolution of 

transition-metal oxides in acidic solutions.  

3.2.2.2.2 Organic acid hydrometallurgy 

Organic acid leaching is a developing technology that uses acids such as citric acid, oxalic acid, 

ascorbic acid, lactic acid, formic acid, and acetic acid to leach metals from composite materials. 

They are advantageous over inorganic acid leaching due to the lower secondary emissions they 

produce. This technique is, however, more expensive to conduct and proceeds more slowly, thus 

impeding its industrial efficiency. Nonetheless, organic acid leaching still produces acid-

containing waste streams, generates toxic residues, and emits harmful compounds such as SO2, 

NOx, and SO3 that affect the environment. 

3.2.2.3 Biometallurgical recycling 

Biometallurgy, often considered a form of hydrometallurgy, is a method of recycling that utilizes 

microbial activity, including fungi, chemolithotrophic bacteria, acidophilic bacteria, archaea, and 

algae, to leach metal ions (direct leaching) or to create environmental conditions that promote 

their solubilization (indirect leaching). For example, acidophilic bacteria such as Acidithiobacillus 
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thiooxidans and Acidithiobacillus ferrooxidans can oxidize sulfur and iron compounds, thereby 

producing sulfuric acid. 

Table 5: Summary of recycling techniques for metal recovery from Lithium-ion batteries4950 

Technique Leaching Agent Advantages Disadvantage

s 

Industrial 

Use 

Emissions 

Hydrometallurgy 

(Inorganic Acid)  

H2SO4, HCL, HNO3 Mature technology, 

highly efficient, low 

energy consumption, 

and higher product 

purity 

Large 

amounts of 

acid and toxic 

wastewater 

are produced, 

safety hazards 

Yes Cl2, SOx, NOx 

Hydrometallurgy 

(Organic Acid) 

Citric Acid, Lactic Acid, etc) Eco-friendly, with 

lower emissions 

compared to 

inorganic acids 

Lower 

efficiency 

Yes SO2, NOx, SO3 

Biometallurgy Fungi such as A. niger, P. 

simplicissimum 

Bacteria such as A. thiooxidans, A. 

ferroxidans  

Cost-effective, total 

metal recovery, mild 

operating conditions, 

safe handling, eco-

friendly 

Vulnerable to 

contaminatio

n, slow 

process, lower 

efficiency 

No - 

 

Solvometallurgy 

(Ionic Liquid) 

Cyphos IL-101, Cyphos IL-102, or 

Cyphos IL-104; 

Imidazolium, pyridinium, or 

phosphonium cations in pairs with 

halides or organophosphate 

anions. 

 

Low volatility, non-

flammable 

Expensive No - 

 

Solvometallurgy 

(DES) 

ChCl/EG, ChCl/Urea, ChCl-FA 

ChCl/H2C2O4 

Nonflammable low 

cost of recovery, 

greener chemistry  

Difficult 

scalability, 

low cathode 

to DES ratio 

No - 

 

 

The microorganisms use various metabolic pathways to release metals from the original mineral 

structures that contain them, thereby solubilizing them into the aqueous phase. This is then 

often followed by hydrometallurgical techniques to extract the metals from the solution. 

Another example is the use of Aspergillus niger, a fungus, to induce leaching by secreting low-

molecular-weight organic acids that dissolve metals from batteries. This method has been 

                                                           
49 Alessandra Zanoletti et al., “A Review of Lithium-Ion Battery Recycling: Technologies, Sustainability, and 

Open Issues,” Batteries 10, no. 1 (2024): 38, https://doi.org/10.3390/batteries10010038. 
50 Cattaneo et al., “How Research & Innovation Ramp up Li-Ion Battery Recycling.” 
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employed to extract Lithium and Cobalt from spent lithium-ion batteries by using the organic 

acids secreted by Aspergillus niger51. Bioleaching offers several advantages over traditional 

leaching methods. One of these is that it operates under mild conditions and requires no 

specialized equipment. In addition, it achieves complete recovery of the metal, consumes lower 

energy, and is a relatively simple and cost-effective method.  Nevertheless, it poses some 

setbacks, especially in the process speed. Biometallurgy is characterized by slow kinetics and 

process time. This is a potential constraint that impedes its industrial application. Therefore, 

while biometallurgy is a viable option for the recovery of metal ions, it has not yet been proven 

efficient in large-scale applications. 

3.2.2.4 Solvometallurgy 

Having demonstrated the applications of hydrometallurgy and some of its limitations in a 

previous section, this section presents an alternative method that uses a different solvent to 

leach metal ions. Solvometallurgy utilizes ionic liquids (ILs) and deep eutectic solvents (DESs). 

Ionic liquids, such as those based on phosphonium, pyridinium, and imidazolium cations paired 

with organophosphate and halide anions, can be used to leach Lithium ions from cathode active 

materials (CAM) in cells. However, Deep Eutectic Solvents provide a cost-effective, 

biodegradable alternative for such processes. Deep Eutectic Solvents (DES) are medium to highly 

viscous, non-flammable, low-toxic, low-volatile, and thermally stable solvents that are based on 

biodegradable and cost-friendly components. Often classified as ionic liquids, they are made of 

at least two components, featuring a Hydrogen Bond Acceptor (HBA) and a Hydrogen Bond 

Donor (HBD) that form a eutectic mixture. The properties of HBA and HBD, such as their molar 

ratios, intermolecular interactions, and concentrations, can be adjusted to achieve desirable 

characteristics for metal ion extraction. However, the viscous nature of DES can impede their 

efficiency for industrial applications. 

3.2.2.5 Direct Recycling 

Direct recycling involves removing the cathode or anode material from the battery’s electrodes, 

followed by reconditioning and renewal for reuse in a remanufactured battery. For example, 

mixed metal-oxide cathode materials from a used EV battery can be reused in a remanufactured 

cathode. This may require replenishing the lithium content to compensate for losses caused by 

material degradation during prior use. Therefore, direct recycling eliminates the need to disrupt 

the structure of the Cathode Active Material, thereby retaining its structural integrity. Direct 

recycling can be carried out through various methods, depending on the approach to lithium 

renewal (re-lithiation). These include solid-state sintering, hydrothermal methods, 

eutectic/molten salts, electrochemical methods, aqueous methods, and ionothermal methods. 

In the solid-state sintering method, high temperature is applied to treat spent cathode material, 

using a lithium salt as a re-lithiation agent. This is commonly applied to the lithium salts LiOH 

and Li2CO3. Nonetheless, this process is highly energy-intensive due to the high temperatures 
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(greater than 600 °C) and long treatment times. The hydrothermal method uses an aqueous 

lithium salt solution to treat spent Cathode Active Materials. It is conducted at medium 

temperatures of about 150-250 °C and under high-pressure conditions. In eutectic salt systems, 

lithium salts, as well as their mixtures with low melting points, can form a liquid phase (or melt) 

that serves as the source of Li+, thereby enhancing Li+ diffusion compared to solid-state systems. 

Examples of salts used in this method include LiNO3, often used alone or in combination with 

LiOH or Li2CO3. This process can be conducted at low temperatures (200oC - 500oC), thus 

reducing the energy consumption compared to the solid-state sintering process. Finally, 

electrochemical re-lithiation allows the regeneration of spent cathode material directly on the 

current collector. The cathode is assembled with the spent cathode as the working electrode 

and a solvated Li+ source or pre-lithiated graphite as the counter electrode, which supplies Li+ 

ions. 

4. ENVIRONMENTAL ASSESSMENT OF BATTERY RECOVERY AND 

REVIEW OF LCA STUDIES  

4.1 ENVIRONMENTAL ASSESSMENT OF RECYCLING TECHNOLOGIES 

When designing processes for recycling used EV batteries, it is important to consider the 

potential environmental impacts of these technologies. We can compare different technologies 

to determine which has the lowest environmental impact. One of the best ways to do this is 

through a Life Cycle Analysis (LCA). An LCA study evaluates the environmental impact of a 

process by considering all stages of the product life cycle, within a defined boundary. It defines 

several impact categories with which the process will be analyzed. This process is usually robust 

and often complex, involving data collection and analysis. Therefore, in this study, an overview 

of the environmental impacts of the technologies discussed will be provided by briefly reviewing 

prior LCA studies. For this aspect, the focus will primarily be on Hydrometallurgical and 

Pyrometallurgical methods, as they are the most mature and widely used recycling methods. 

The system boundaries will primarily focus on the battery's recycling phase, although this may 

vary from study to study. Furthermore, various impact categories will be considered for the 

review, as shown below. 

4.1.1 GLOBAL WARMING POTENTIAL 

Pyrometallurgy usually has the highest carbon footprint and Global Warming Potential due to 

its energy-intensive nature. The smelting furnaces used to heat the black mass often reach very 

high temperatures, and the heat source for these processes is typically fossil-based fuel. 

Pyrometallurgy tends to have a greater global warming potential than hydrometallurgy, due to 

its high fuel consumption and the electricity required for high-temperature operations. Direct 

recycling, on the other hand, tends to be more sustainable than the other options. In a study on 

lithium-ion battery recycling, Das et al. compared the environmental impacts of various LIB 

recycling processes reported in the literature. According to the study, pyrometallurgy showed 

the most GHG emissions (1.5-12 kg/kg). Hydrometallurgy showed significant, yet lower GHG 
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emissions (1.5–10.8 kg/kg), but Direct recycling stood out as the most sustainable option with 

GHG emissions of about (0.6–8.1 kg/kg). One observation in this data is the correlation between 

energy intensity and GHG emissions. Therefore, to reduce emissions from recycling processes, 

the direct recycling method will be preferred, while the pyrometallurgical method will be least 

preferred. Also, a significant detail about these processes is the variation that is observed across 

different types of Cathode Active Materials (CAMs). In a study by Jiang et al., no significant 

differences were observed in the Global Warming Potential (GWP) between direct recycling and 

hydrometallurgical recycling of LFP-type batteries. This could be explained by the lower number 

of high-impact metals in LFP compared to NMC. However, in the NMC batteries, it was reported 

that the GWP of the hydrometallurgy process was about 1.9 times that of direct recycling52. 

4.1.2 ENERGY USE 

The assessment of energy use is closely linked to the Global Warming Potential. As stated in the 

previous section, the pyrometallurgical process typically has the highest energy consumption 

due to its inherent energy intensity. Hydrometallurgy often uses moderate heat for leaching 

processes (around 50-100 °C) and electrical energy for filtration and pumping operations. An 

assessment found that recycling 1 kg of LFP via the traditional pyrometallurgical method 

requires 21.1 MJ/kg, compared with approximately 13.7 MJ/kg for a hydrometallurgical 

process.53 These data account for its relatively lower energy consumption compared to 

hydrometallurgy. Direct recycling also has the lowest energy consumption of all the processes 

due to the absence of full material breakdown, thus saving energy that would otherwise be 

spent on the smelting phase or on producing new lithium salts. In a study on the environmental 

impact of NMC-type EV battery recycling, the trend of energy consumption appeared to be 

consistent across different types of NMC batteries (NMC 111, NMC 523, NMC 622, NMC 811), 

with the energy demand of pyrometallurgical processes being higher than that of 

hydrometallurgical processes by approximately 15%54. However, innovations in pyrometallurgy 

and direct recycling show potential for narrowing the gap. This is especially true for 

carbothermal reduction, an oxygen-free roasting method that has shown positive results at the 

lab scale in reducing energy needs55. 
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4.1.3 WATER CONSUMPTION 

Water consumption is an important factor to consider in the LCA of these processes. This is 

especially true for the hydrometallurgical process, in which water use is intensive due to the 

aqueous nature of its chemistry. For example, the hydrometallurgical process uses a lot of water 

in steps such as leaching with solvents, rinsing precipitates, and purifying the recovered salts56. 

In the case of the pyrometallurgical process, water consumption is reduced because it relies on 

heat for separation rather than on water. However, downstream processes such as gas 

scrubbing and slag cooling, as well as other indirect water needs, may also incur significant water 

consumption56. Direct recycling, on the other hand, requires less water for operations (e.g., 

electrode washing) than hydrometallurgy and is therefore more environmentally friendly in this 

respect. 

It is worth noting that recycling lithium batteries from EVs tends to reduce water demand 

compared with mining fresh lithium. Mining operations and ore processing are known to be 

water-intensive. Nonetheless, recycling EV batteries via hydrometallurgical methods still offers 

a net advantage over primary mining.  An LCA study showed a 57-80% reduction in water 

consumption for raw material sourcing through recycling, compared to primary mining of 

Australian ore or Chilean brines57. Therefore, recycling EV batteries has the potential to 

significantly reduce water use and yield environmental benefits. 

4.1.4 HUMAN AND ECOLOGICAL TOXICITY 

Recycling technologies can have varying degrees of toxic impacts on the environment and on 

human health. In hydrometallurgy, the major source of toxicity is the liquid waste generated at 

various stages of the process, such as during cathode leaching in LFP batteries. These waste 

streams often carry dissolved salts and other impurities. Therefore, the wastewater generated 

by the hydrometallurgical process needs to be treated to remove heavy metals and salts it 

contains, and the sludge remaining after treatment may also need to be landfilled56. A 

comparative LCA by Jiang et al.58 found that in the recycling of NMC batteries, the human toxicity 

value of the hydrometallurgical process was about 1.5 times higher than that of direct recycling. 

This was attributed to acids, chemicals, and the formation of secondary waste. However, the 

study also reported that the observed differences in human toxicity between hydrometallurgical 

and direct recycling methods were insignificant. In the case of pyrometallurgical methods, the 

risk of toxic effluent disposal is mostly associated with gaseous effluents rather than liquid 

effluents because, compared to methods such as hydrometallurgy, pyrometallurgy avoids 

producing liquid effluents. Nonetheless, toxic flue gases and dust are generated through the 
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pyrometallurgical methods. For example, heating LFP batteries to high temperatures can emit 

gases such as phosphorus oxides, Hydrogen Fluoride, and volatile organic pollutants, which can 

be harmful to human health. Slag formed in pyrometallurgy, containing lithium- and iron-

phosphorus compounds, can be harmful if not properly managed during disposal, increasing the 

risk of pollution through metal leaching, which may have toxic effects on the environment and 

human health56. Despite the setbacks associated with these processes, direct recycling is more 

favorable in terms of human toxicity, as it minimizes gaseous emissions and chemical effluents. 

There are many impact categories that could be considered in assessing the environmental 

effects of EV battery recycling along its lifecycle. Nonetheless, this review has so far focused on 

a few of them that are deemed important. Figure 12 below provides a graphical comparison of 

the environmental impact of different recycling methods. The graphical description describes 

the information already described in the previous sections. Overall, the direct recycling method 

performs best across the impact categories described. One of its setbacks is that it is still a 

technology undergoing further development and improvement and is not as mature as the other 

two technologies, which have greater industrial adoption. Figure 13 represents data from an 

LCA study using midpoint impact categories with data from Mohr et al.59 and Jin et al.60, as cited 

in Zhang et al.,61 and gives an insight into the contribution of different recycling methods to 

various environmental burdens. In this case, an extended list of impact categories in included as 

well as the biometallurgical method of recycling. 
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Figure 12 Comparison of different recycling methods for various impact categories 
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Figure 13: Contribution of different recycling methods to various impact categories61 

5. ECONOMIC ANALYSIS OF RECYCLING TECHNOLOGIES 

It is important to consider the economic aspects of the proposed recycling technologies. This is 

because they determine whether the technologies are feasible and can be sustained at an 

industrial scale. While the economic performance of these technologies can vary across 

geographical areas and regional conditions, this review aims to provide a summary of their 

overall economic performance.  

The economic viability of recycling EV batteries depends on several factors, including the types 

and quantities of batteries, the logistical costs of collection, transportation, and processing, and 

the market value of the recycled materials. Given the rise in demand for EVs on a global scale, 

the market value of recycled materials is also likely to rise with the demand for EV batteries on 

a global scale. Closing the loop for EV batteries can also reduce the costs associated with the 
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fresh extraction of materials for processing62. This section examines the economic costs of 

different recycling technologies: hydrometallurgy, pyrometallurgy, biometallurgy, and direct 

recycling. 

5.1 HYDROMETALLURGY 

The major consideration for hydrometallurgical recovery is its chemical intensity, just as heat 

and energy intensity are for pyrometallurgical recovery. Generally, the cost-effectiveness of this 

process depends on the type of battery and the leaching agent used, among other factors.  

Considering LFP LiFePO4, its economic viability depends on the costs of chemicals, labor, 

pretreatment requirements, and equipment maintenance and depreciation. The cost of these 

aspects and the revenue from the finished products determine the profitability of the recovery 

products63. For example, the use of chemicals such as formic and oxalic acid has been shown to 

offer greater cost efficiency. In the case of formic acid, one study attributes its cost-effectiveness 

to its lower cost relative to other agents such as acetic acid. Based on the study, 85% formic acid 

was priced at approximately €454 per ton. On the other hand, 99.8% of acetic acid was priced 

at approximately €612 per ton. When both are applied separately to the treatment of one metric 

ton of LFP, a lesser amount of formic acid (about 78.69kg) is required compared to acetic acid 

(about 872.62 kg). As a result of these factors, the cost of leaching by acetic acid is about 15 

times higher than that of formic acid64. This gives a picture of how various factors can affect the 

economic viability of the recovery process. Nonetheless, we must account for cost differences 

that may occur across regions. As research in EV battery recycling continues and economies of 

scale from increased EV demand take hold, we can expect innovation to drive greater cost 

efficiency in the recycling process. 

A detailed analysis of costs and benefits for recycling NCM 622 cathode material is presented, 

based on the assumption of an industrial-scale recycling plant processing 20,000 tons of spent 

EV batteries per year65. Figure 14 shows the primary cost attributions for recycling via 

hydrometallurgy, estimated for an assumed industrial-scale recycling plant processing 20000 

tons per year of spent EV batteries. As can be seen, raw material costs account for the largest 

share of the total primary cost. As previously explained, this is because the hydrometallurgical 

process is chemically intensive, requiring chemicals for leaching, solvent extraction, and other 

stages. Also, we see that a significant share of the cost is attributable to waste treatment. This 
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is probably explained by the volume of wastewater generated by this hydrometallurgical process 

and the treatment requirements. 

 

Figure 14: Cost distribution estimates for hydrometallurgical recovery66 

5.2 PYROMETALLURGY 

Pyrometallurgical recovery is one of the most mature and established recovery methods at the 

industrial scale. By using fewer leaching agents, the process reduces costs associated with raw 

material use compared to the previously discussed hydrometallurgical process.  Nonetheless, 

the pyrometallurgical process is energy-intensive, and it not only increases costs but also poses 

significant environmental hazards. Furthermore, the conventional smelting process causes the 

loss of Lithium and Aluminum into the slag, reducing the value that can be recovered from used 

batteries and increasing process costs. However, as previously discussed, salt roasting 

techniques help recover some of these metals by converting them into soluble salts. In recent 

years, the performance of salts such as ammonium sulfate ((NH4)2SO4), sodium bicarbonate 

(NaHCO3), sodium hydroxide (NaOH), and sodium carbonate (Na2CO3) has been studied. In one 

study, NaHCO3 was used to recycle one kilogram of LiFePO4 in powder form. It led to the recovery 

of iron phosphate, sodium sulfate monohydrate, and lithium phosphate salts. A net profit of 

€40.15/kg was obtained on an estimated recycling cost of €35.94/kg. In another study, Na2CO3 

also showed a 71.04% profit margin on costs that accounted for both chemicals and electricity 

consumption. Nonetheless, this study was conducted in a laboratory and did not account for 

other factors that affect costs at an industrial scale, such as labor and efforts toward 

environmental policy compliance. In a rather interesting turn of events, a study showed that 

using NaOH in roasting reduces energy demands compared to conventional pyrometallurgy and 
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even hydrometallurgy. According to this study, the energy consumption for traditional 

pyrometallurgy, hydrometallurgy, and NaOH-assisted roasting was 21.10 MJ, 13.71 MJ, and 9.49 

MJ. This demonstrates the potential of salt-assisted roasting to improve conventional 

pyrometallurgical recovery methods. Figure 15 shows the primary cost attributions for recycling 

via pyrometallurgy, estimated for an assumed industrial-scale recycling plant processing 20000 

tons per year of spent EV batteries. 

 

Figure 15: Cost distribution estimates for pyrometallurgical recycling67 

5.3 BIOMETALLURGY 

Biometallurgy shows potential for cost efficiency in EV battery recycling. Biometallurgical 

recovery achieves cost savings mainly due to its relatively lower energy consumption, its simpler 

process operation, and also because it eliminates the need for chemical reagents due to acids 

formed by microorganisms, thus reducing the required costs for waste management. Fig 18 

compares the costs of biometallurgy to pyrometallurgy and hydrometallurgy. However, it is 

worth noting that despite these gains, biometallurgical recovery is not as mature as 

pyrometallurgical and hydrometallurgical processes and is therefore not as suited for industrial-

scale applications as these two but is mostly limited to the laboratory scale. Figure 16 shows the 

primary cost attributions for recycling via biometallurgy, estimated for an assumed industrial-

scale recycling plant processing 20000 tons per year of spent EV batteries. 
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Figure 16: Cost distribution estimates for Biometallurgical recycling68 

5.4 DIRECT RECYCLING 

The electrochemical route for direct recycling shows great potential for recovering cathode 

material from LFP-type batteries. In a study, direct electrochemical regeneration was used to 

produce 1 kg of LiFePO4 powder, yielding a profit margin of 75.68% of total revenue. Direct 

recycling is carried out under process conditions free of acids and alkalis, thereby reducing its 

environmental impact compared to other methods. Furthermore, electrochemical direct 

recycling reduces material costs because it does not require an external lithium source. The 

electrochemical cycling enables the redistribution of lithium ions. Figure 17 shows the primary 

cost attributions for direct recycling. 
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Figure 17 Cost distribution estimates for direct recycling69 

 

 

Figure 18 Net profits from various recycling technologies, with Return on Investment and Internal Rate of 

Return shown in Inset69 
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Figure 19: Comparison of different recycling methods on different aspects of performance 

(measurements are made on comparative scale of 1-5)70 

 

6. DIGITALIZATION AND AUTOMATION OF THE RECYCLING 

CHAIN 

6.1 AUTOMATION IN PACK DISMANTLING 

6.1.1 OVERVIEW AND POTENTIAL 

As pointed out earlier, one of the issues in the dismantling phase is the risk of human handling. 

However, automating this process could reduce associated risks by employing robot-assisted 

disassembly. This automation could significantly improve the downstream process, making it 

easier to carry out. Actually, a well-carried-out pretreatment stage is beneficial to the ease and 

efficiency of downstream processing. Some progress has been made in automating dismantling 

processes, and with the current rapid development of Artificial Intelligence, there is potential 
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for significant improvement in this area. An example of an automation tool is the advanced 

robotic tool ABB IRB 6720, a general-purpose, versatile robot used in large-scale manufacturing 

operations and applicable to dismantling and disassembling processes71. Data analytics and 

predictive maintenance can enable automation tools to optimize their operations and lead to 

significant improvements in process efficiency. The automation of dismantling operations can 

also lead to significant cost reductions in processes.  In a study by Laura Lander et al.,72 a techno-

economic assessment was conducted of the manual disassembly process for EV battery packs 

from different vehicles, including Tesla Model 3, Nissan Leaf, Renault Zoe, Peugeot 208, BAIC, 

and BYD Han. The report showed that disassembly costs varied by brand, with some brands 

incurring lower costs than others. However, it also noted that the major source of these cost 

differences was the number of modules and fasteners in the different battery packs. According 

to the study, the full automation of the disassembly process has the potential to increase not 

only the disassembly capacity (increasing it up to 600% by 2040) but also to achieve significant 

cost savings of up to $190M/year72. 

6.1.2 CHALLENGES IN AUTOMATION 

However, one of the challenges currently faced by the automation of dismantling processes is 

that of standardization. These robots and automation systems usually require well-structured 

environments to function, as they make decisions based on pre-programmed instructions. 

However, when we consider variations in battery design and brand customization, we realize 

that automating processes is challenging. Variations in component weight can also impede the 

selection of appropriate disassembly tools. Also, high-voltage components and hazardous 

materials in the battery pack may require more complex sensors to mitigate risks and prevent 

accidents. In addition, more complex automation systems may be required to achieve 

dismantling operations without compromising the fasteners and adhesives in the battery pack. 

Developing these systems could increase automation costs, thereby impeding their industrial 

feasibility73. Nonetheless, overcoming these barriers may create opportunities for significant 

growth and improvement in EV battery recycling. 

6.2 ARTIFICIAL INTELLIGENCE AND MACHINE LEARNING IN RECYCLING OF 

BATTERIES 

Artificial Intelligence has significant contributions to the recycling process of EV batteries. This 

applies to the stages of battery logistics and collection, as well as transportation, where Artificial 

Intelligence can optimize material flow by analyzing data on facility capacity and collection 

routes, thereby reducing fuel consumption, transportation costs, and the environmental 
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footprint74. Furthermore, Artificial Intelligence can significantly improve dismantling processes 

by leveraging Machine Learning algorithms, data analysis, and sensors to automate the sorting 

of battery types based on their physical and chemical properties. Table… provides a summary of 

potential areas for optimization in battery recycling using Artificial Intelligence. 

Table 6: Areas of improvement in battery recycling through Artificial Intelligence75 

Operation Setbacks in Traditional 

Methods 

Areas of possible improvement 

through AI 

Benefits 

Battery Sorting Labor-intensive, error-

prone 

Machine learning algorithms can 

be used for automated sorting 

Reduction in 

manual labor, 

higher accuracy of 

measurements 

Classification Usually done manually, a 

lack of consistency in the 

output is obtained due to 

the human factor. 

Use of computer vision and 

Deep learning models 

Faster processing 

and greater 

precision 

Disassembly Safety risks and time-

intensive 

AI-enabled robotic disassembly Greater efficiency 

and improved 

safety 

Characterization of 

Materials 

Manual testing limits 

accuracy 

X-ray imaging and Spectroscopy 

driven by AI 

Precise 

identification of 

materials 

Monitoring of 

Operations in Real Time 

Not adapted to handle the 

variability in battery types  

Adaptive monitoring systems 

based on AI 

Increased rate of 

recovery 

 

7. IMPLEMENTATION OF CIRCULAR ECONOMY MODEL FOR EV 

BATTERIES IN ASTURIAS 

7.1 BRIEF SUMMARY OF THE STATE OF EV ADOPTION AND GROWTH IN 

ASTURIAS 

To discuss several aspects of implementing the circular economy for electrified vehicle batteries 

in Asturias, it is necessary to provide background data reflecting sector trends and to justify the 

need for appropriate measures that anticipate the volumes of waste to be generated in the 

                                                           
74 Rehman et al., “High-Volume Battery Recycling: Technical Review of Challenges and Future Directions.” 
75 Subin Antony Jose et al., “Recent Advancements in Artificial Intelligence in Battery Recycling,” Batteries 

10, no. 12 (2024): 440, https://doi.org/10.3390/batteries10120440. 
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future. In Asturias and across Spain, the adoption of electric vehicles has been increasing. The 

rate of electrified vehicle registrations has generally grown and can be attributed to factors such 

as: 

i. Advances by manufacturers to improve the range of their vehicles, reduce their prices, 

and make a wide range of vehicles available. 

ii. The growth in the presence of Chinese manufacturers in Europe, introducing a broad 

range of vehicles to the market. 

iii. The availability of aid from Public Administrations to enable users to acquire electrified 

vehicles. 

iv. Continuous improvement in charging infrastructure, both in terms of the number of 

charging points and in the reduction of required waiting times. 

v. The influence of the Clean Air for Europe (CAFE), which aims to reduce the supply of 

combustion vehicles in Europe in favor of electrified vehicles as much as possible. 

According to data from the associations of manufacturers (ANFAC), dealers (FACONAUTO), and 

sellers (GANVAM), passenger car registrations in Spain in 2025 increased by 12.9% over the 

previous year, reaching 1.148.650 units. Of this total, combustion vehicles made up one-third, 

with petrol vehicles accounting for about 318.310 units (27.7% of total sales, a notable decrease 

from the 37.2% recorded in 2024) and diesel vehicles accounting for 62.669 units (5.5% of total 

registrations, a notable decrease from the 10.5% recorded in 2024).  

Therefore, two-thirds of passenger car registrations were accounted for by 100% electrified 

vehicles (BEVs) (9%), plug-in hybrid electrified vehicles (PHEVs), non-plug-in hybrid electrified 

vehicles (HEVs), extended-range electric vehicles (EREVs), hydrogen vehicles (FCEVs), and gas-

powered vehicles (5%). 42% of these registrations are non-plug-in hybrids (482,880 units), 

attributed to their technological maturity and users' perception of safety with technologies 

other than combustion engines. Additionally, plug-in hybrids constitute 11% of sales.  

For commercial vehicles, industrial vehicles, and buses, the following data reflect the trend 

observed in 2025. 

i. Light Commercial Vehicle registrations increased by 9.1% year over year. This can be 

explained by the boom in e-commerce and last-mile logistics.   

ii. Commercial Vehicle Registrations decreased 3.3% year over year, with growth in light 

commercial vehicles (+42.8%).   

iii. Bus and minibus registrations increased by 0.7% year over year, with a notable 

increase in minibus registrations (+31%).   
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Figure 20: Distribution of passenger vehicle registrations in 2025 according to the type of engine 

Source: 2025-2025 Yearbook of Electric Mobility. Business Association for the Development and 

Promotion of Electric Mobility (AEDIVE).  

Figure 19 shows the distribution of vehicle registrations by engine type. Electrified vehicles 

account for about 20% of total registrations, a share expected to grow in the coming years. 

More information on the status of electric vehicle growth and adoption in Spain and Asturias, 

especially in 2025, can be found in the recent FAEN publication on vehicle registrations and the 

vision of electrified mobility, the Dissemination report D01/2026, dated 10/03/202676. However, 

as shown, a significant share of the vehicle distribution is accounted for by electrified vehicles. 

This share is expected to grow further in the coming years. For this reason, several actionable 

steps are required to manage the growth of EV adoption and the consequent need to manage 

their batteries after use. 

7.2 ACTIONABLE AREAS AND RECOMMENDATIONS FOR VARIOUS 

STAKEHOLDERS IN ASTURIAS 

In the autonomous community of Asturias, various stakeholders are involved at different stages 

of the EV battery management chain. This includes personnel and mechanics in repair 

workshops, recycling handlers, landfill management, and firefighters for fire incidents and fire 

safety maintenance. In the following sections, some of these actionable areas are outlined for 

the various stakeholders involved. 

                                                           
76 “Crece La Movilidad Electrificada En España En 2025,” Faen, n.d., accessed June 30, 2026, 

https://faen.es/en/noticias/movilidad-electrificada/. 
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7.2.1 OPPORTUNITIES FOR ENERGY STORAGE IN INDUSTRIAL AND RESIDENTIAL SETTINGS 

IN ASTURIAS 

As explained in greater detail in a previous section, EV batteries can be repurposed for second-

life applications through Energy Storage Systems (ESS). This aligns with the waste management 

hierarchy, in which battery reuse is prioritized before recycling. Retired EV batteries in Asturias 

often retain 70% to 80% of their original capacity. Although they still function, they cannot 

deliver the full charging capacity required for long-range driving. In the context of Asturias, we 

can consider repurposing batteries for second-life applications within two broad contexts: 

residential and industrial. 

7.2.1.1 Residential uses of Second Life Batteries in Asturias 

Second-life EV batteries can be repurposed to store energy generated by renewable energy 

sources in Asturias. Wind power stands out as the primary renewable energy source in Asturias, 

generating clean electricity for residential use. As of May 2026, there were 24 wind farms in 

operation, representing an installed capacity of 698.66MW77.  

 

Figure 21 Section of map showing the current number and locations of Wind farms in Asturias 

Source: Asociación Eólica del Principado de Asturias (AEPA) 

With the capacity for wind energy production expected to grow in the coming years, retired EV 

batteries can be repurposed for use in Energy Storage Systems (ESS) to store energy generated 

by these expanding renewable systems and help supply energy to households and even 

industries in Asturias. This would increase the effectiveness of systems designed to reduce 

dependence on fossil-based energy and the emissions of CO2 and other greenhouse gases. 

Therefore, households in Asturias will be able to use cleaner energy for daily use. Repurposed 

                                                           
77 “Parques Eólicos En Operación,” Asociación Eólica Del Principado de Asturias (AEPA), n.d., accessed July 

1, 2026, https://eolicaasturias.org/parques-eolicos-en-operacion/. 
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EV batteries can also be used to supply mini-grids for small-scale electrical storage. This can be 

utilized in residential areas for small-scale storage of solar photovoltaic energy.  

 

Figure 22 Example of Installation of Second-Life EV bateries for BESS in a residential setting 

Source: Sarker et. al.,78 

One of the major advantages of using these systems in residential settings is their potential to 

provide backup power in the event of a natural disaster, an accident, or even a power outage. 

They may also be used for peak shaving to save energy during off-peak periods and enable cost 

savings during peak periods.  

7.2.1.1.1 Challenges and safety considerations 

One of the major challenges in using second-life EV batteries for residential applications will be 

ensuring safety. In cases where the handling and operation of these Battery Energy Storage 

Systems (BESS) are done domestically, such as in a mini-grid, a lack of sufficient training and 

expertise in BESS storage can lead to fires. Because these batteries are being used in a second 

life, the risk of accidents involving them is high, as users may not have sufficient information 

about their first-life uses. Public perception of some of these challenges may limit the adoption 

of repurposed second-life batteries for domestic use. Therefore, efforts need to focus on 

improving safety and reducing the risks associated with their use. This could include designing 

enclosures for residential BESS storage that limit or eliminate the risk of fire or explosion and 

limiting important operations and maintenance of these systems to qualified personnel.  

7.2.1.2 Industrial uses of Second Life Batteries in Asturias 

As with residential BESS, these second-life batteries can also be used for commercial and 

industrial applications in Asturias. Some of these uses are similar to the residential uses already 

highlighted. They can be used to provide backup power in commercial buildings or industries in 

                                                           
78 Md. Tanjil Sarker et al., “Second-Life Electric Vehicle Batteries for Home Photovoltaic Systems: 

Transforming Energy Storage and Sustainability,” Energies 17, no. 10 (2024): 2345, 

https://doi.org/10.3390/en17102345. 
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the event of a natural disaster or power outage. They can also be used for peak shaving to reduce 

the utility spending in industries. Second-life batteries can be repurposed to supply commercial 

and industrial centers with energy storage from renewable sources. This will enable industries 

in Asturias to make progress in attaining eco-friendly production. The factors for safe storage 

systems, as discussed in the previous section, still apply here. Additionally, a major challenge 

facing the second-life adoption of EV batteries is the novelty of the field. The concept of EV 

battery reuse for BESS is relatively novel and therefore requires appropriate regulatory and 

policy frameworks to guarantee safety in installation and storage.  

 

7.2.2 LOGISTICAL NEEDS OF REPAIR WORKSHOPS IN ASTURIAS (STORAGE AND SAFETY) 

The growth in electrified vehicle use will create demand for proper handling procedures and 

equipment among personnel and mechanics in repair shops. For this reason, adequate 

education is required on best practices and recommendations. In this section, the first 

consideration will be handling practices. 

7.2.2.1 Safe Handling Practices 

The safe handling of EV batteries is crucial because they can pose significant risks if not properly 

managed, including chemical, electrical, and thermal hazards. The following recommendations 

are made for the handling of EV batteries by personnel79. 

i. Handling should be by only qualified persons with training and experience in working 

with electrical devices, electrical hazards, safe procedures of operation, and protocols 

for emergency response. 

ii. Handlers should wear the appropriate Personal Protective Equipment (PPE) while 

handling the battery. These include, but are not limited to, electrically insulated 

gloves, safety glasses, and fire-resistant clothing. Clothing accessories and jewelry that 

possess metal parts that could conduct electricity should be removed. 

iii. Ensure that the power supply and high-voltage systems are insulated before handling 

these batteries. 

iv. Insulated tools should be utilized to prevent electric shocks. 

7.2.2.2 Safe Storage Practices 

The storage conditions for EV batteries should be designed to mitigate fire risks, electric shock 

risks, electrolyte and other chemical leaks, emissions, pressure venting, etc. Common hazards 

associated with the storage of EV batteries in the workshop include thermal runaways; arc flash, 

short circuits, and high-voltage exposure; electrolyte leakage; water runoff; etc. Therefore, 

                                                           
79 Suppliers Partnership for the Environment, Guidance Document: EV Battery Safe Handling & Storage, 

Guidance Document (Suppliers Partnership for the Environment, 2023). 
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measures for safe storage should aim to avoid these hazards. The following considerations apply 

to the storage of EV batteries in repair workshops.  

i. Batteries should be stored in cool, dry, and well-ventilated locations and kept away 

from flammable materials.  

ii. These storage areas should be equipped with smoke, heat, and gas detectors. 

iii. Fire suppression systems should be employed in battery storage systems, such as 

automatic sprinklers and robotic fire suppression equipment. These systems would 

help reduce the spread of fire in the event of a fire. 

iv. Batteries should be stored with appropriate spacing and stack height to reduce the 

spread of fire among stored batteries in the event of a fire. 

v. Terminals of batteries should be adequately protected and insulated to prevent 

electric shocks and short circuits. 

vi. Storage areas should be clearly labeled with high-voltage warning icons to indicate 

high-voltage batteries. 

Some brands have developed battery storage pods for safe battery storage. These are self-

contained, external units designed to store EV batteries away from the workshop area.  

 

Figure 23: Examples of battery storage pods for the storage of used EV batteries in workshops (Source: 

Everard)80 

A good example is the one presented in Fig 20, which provides storage in a steel-lined interior 

area with built-in explosion venting and an insulated structure. These provide examples of 

possible structures for storing batteries in repair workshops. 

                                                           
80 “Solving the EV Battery Storage Challenge in Workshops,” Everard Group Limited, January 2, 2025, 

https://www.everard.co.uk/blogs/news/solving-the-ev-battery-storage-challenge-in-workshops. 
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7.2.3 LOGISTICS FOR RECYCLING HANDLERS IN ASTURIAS (STORAGE AND REQUIRED 

STORAGE CONTAINERS) 

Between the repair warehouses and the final management of used EV batteries, there are 

channels for the classification and temporary storage of batteries. Several measures need to be 

put in place, ranging from the safe conduct of classification, evaluation, and testing of battery 

condition to the safe transportation of batteries. The latter case has already been fully covered 

in section 2.2 of this document, which outlines the guidelines for the packaging and 

transportation of batteries. However, the recommendations for storage and handling at this 

stage are similar to those at earlier stages, with storage aimed at eliminating hazards from 

chemicals, electrical discharges, shocks, etc. Batteries must therefore be stored in safe 

conditions that reduce or eliminate the risks of these hazards. The case is also similar in how 

these batteries are handled during any sorting and classification stages. The use of Personal 

Protective Equipment must be ensured to reduce the risks of accidents. Furthermore, UN-

certified containers should be used for storage. The use of non-conductive fillers is also 

recommended, along with appropriate labeling of containers. Appropriate sensors must be 

placed in storage locations to better control accidents or discharges.  

7.2.4 CENTRAL WASTE MANAGEMENT IN ASTURIAS 

Central waste management, especially for landfilling in Asturias, is operated by COGERSA. 

However, there is a restriction on the landfilling of waste and used batteries in the European 

Union, which is translated into Spanish national law. The explicit references for these can be 

found in the EU Battery Regulation (Regulation (EU) 2023/1542)81 and also in the Spanish Royal 

Decree 106/2008 (updated by RD 27/2021)82. However, COGERSA implements a collection and 

sorting system for batteries, which is classified under RESIDUOS DE APARATOS ELÉCTRICOS Y 

ELECTRÓNICOS (RAEE). These are collected from Puntos Limpios (Civic Amenity Sites), which are 

drop-off sites for hazardous waste. They could also be delivered directly to their central waste 

treatment center (CTR), where they are identified, classified, and prepared for final 

management. The RAEE received are classified in accordance with the demands of the SCRAPS 

(Sistemas Colectivos de Responsabilidad Ampliada del Productor). These SCRAPS are the 

collective systems of extended producer responsibility that oversee the handling of battery 

waste to meet producers' obligations83.  

                                                           
81 Regulation (EU) 2023/1542 of the European Parliament and of the Council of 12 July 2023 Concerning 

Batteries and Waste Batteries, Amending Directive 2008/98/EC and Regulation (EU) 2019/1020 and 

Repealing Directive 2006/66/EC (Text with EEA Relevance), 191 OJ L (2023), 

http://data.europa.eu/eli/reg/2023/1542/oj. 
82 Real Decreto 106/2008, de 1 de Febrero, Sobre Pilas y Acumuladores y La Gestión Ambiental de Sus 

Residuos, Pub. L. No. Real Decreto 106/2008, BOE-A-2008-2387 7399 (2008), 

https://www.boe.es/eli/es/rd/2008/02/01/106. 
83 cogersa, “Planta de clasificación de RAEE,” COGERSA, n.d., accessed July 1, 2026, 

https://cogersa.es/centro_tratamiento_residuos/planta_clasificacion_raee/. 
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7.2.5 POTENTIAL TRAINING MEASURES FOR FIREFIGHTERS AND FIRE-SAFETY TESTS 

REQUIRED FOR TRAINING PURPOSES IN ASTURIAS 

Electric vehicle battery fires are generally difficult to control and extinguish. These batteries pose 

a major risk during storage because they contain a large amount of energy in a small volume. 

This increases the likelihood of reacting to changes in external factors and triggers. The primary 

cause of fire incidents involving lithium-ion batteries in electrified vehicles is thermal runaway. 

This involves a self-sustaining chemical reaction that spreads heat across the battery's cells. The 

thermal runaway reaction can sustain itself without an external oxygen supply and is intensified 

by gases such as methane and hydrogen. Fires caused by EV batteries can reignite even after 

they appear to have been extinguished. When designing systems for second-life uses or for the 

intermediate storage of retired or end-of-life EV batteries, we need to take fire safety into 

consideration. The first consideration is prevention. 

Storage locations that contain EV batteries must put certain measures into place: 

i. They must have certified fire blankets for EV fires. An example of this is the DIN 91489 

specification. 

ii. They must be equipped with thermal sensors, thermal cameras, and appropriate fire 

and smoke detectors that alert residents early enough in the build-up of a fire. 

iii. They must also contain kits to respond rapidly to these fire incidents. 

iv. Batteries should be given sufficient spacing to prevent the spread of fires from one 

unit to another. 

v. Ceiling heights of storage locations could be elevated to reduce the risk of fire spread 

in the event of a fire. 

Given the relative novelty of the sector under consideration, efforts are needed in Asturias to 

update firefighters and other relevant personnel on the nature of thermal runaway incidents, 

including the chemistry and the detailed operation of the process. Additionally, firefighters need 

to stay up to date with the latest advancements in electric vehicle battery technology and any 

developments in EV battery chemistry. 

Nonetheless, the most effective efforts to ensure safety and prevent fires in EV battery storage 

lie with consumers and direct users. Therefore, considerable effort is required for public 

education and the conduct of routine fire drills in residential and commercial settings. Technical 

agents who directly interact with storage systems should be trained to contain a fire before 

firefighters arrive on the scene. 

8. CONCLUSION 

This report aimed to evaluate a circular economy model for managing batteries from electrified 

vehicles at their retirement and end-of-life stages. This was justified by the current state of 

development and deployment of electrified vehicles in Asturias, where significant volumes of 

waste batteries are expected to be generated in the near future, reflecting increasing 
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consumption and thereby necessitating adequate systems and structures for their management. 

The review analyzed various aspects of the used EV battery value chain, from collection logistics 

and transportation to second-life uses and, finally, end-of-life recycling.  

At the upstream stages, it was demonstrated that regulatory measures govern the logistics of 

battery collection and transportation, providing a framework that ensures the safe and efficient 

handling of used batteries for recycling. This helps refine public perception of the safety and 

adequacy of the recycling logistics. Furthermore, it was demonstrated that, in line with the 

waste management hierarchy, opportunities for second-life uses of batteries exist within 

Asturias, ranging from residential to commercial and industrial applications. Most of these 

consist of energy storage systems that provide several benefits. Nonetheless, more effort will 

be required to ensure the safety of these systems, given the risks associated with storing lithium 

batteries in ESS. Additionally, various recycling technologies were reviewed, highlighting 

strengths and weaknesses in energy use, environmental friendliness, and economic efficiency. 

Inasmuch as the hydrometallurgical and pyrometallurgical processes are largely mature and 

established, they entail trade-offs in energy use and environmental emissions. Techniques such 

as direct recycling and bio-metallurgy are promising but will require more research and 

development to improve their scalability and industrial-scale efficiency. 

Finally, there is a need for effective communication with the general public about some of the 

findings and topics discussed in this report. This is to foster positive public perception and build 

trust, especially in areas where questions may arise about the safety of energy storage during 

second-life or intermediate storage for recycling. A successful implementation of a circular 

economy model for EV battery management will require a collective effort from stakeholders at 

different levels. Effective communication in advance of periods of increased waste production 

will enable more effective implementation of this circular economy model. 

 

 

 


