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Abstract

Lithium-Ion Batteries (LIBs), for their high energy density, are considered key drivers in the transition
of our society toward a sustainable energy future. In parallel with the exponential growth of the LIB
market, a new regulatory framework that involves the implementation of a Battery Passport (BP) has
been launched. This review aims to provide the context in which the BP is being implemented by
discussing the reliance of LIBs on critical raw materials, as well as the related economic and
regulatory aspects of the BP system. The BP is presented as a strategic tool for data tracking and
transparency and for promoting sustainability across the LIB supply chain. We present ongoing BP
initiatives and pilot projects and discuss the challenges and opportunities associated with this tool,
which plays an important role in enabling a circular LIB economy in Europe.

Keywords: battery passport; European battery regulation; circular economy; critical raw materials

1. Introduction

Over the past few years, awareness of humanitys environmental impact has grown, reinforcing
the urgent need for a more sustainable future. This vision underpins the European Green Deal, which
supports major investments to make food, industry, and daily life more sustainable while protecting
public health. Indeed, this set of policies targets net-zero greenhouse gas emissions by 2050, making
Europe climate-neutral, with a legally binding interim goal of at least a 55% reduction by 2030.
Transport is a major contributor to EU emissions: the European Environment Agency estimates it
accounts for about one quarter of total CO, emissions, with road transport responsible for 71.7% of
the emissions of the sector. As a result, the electric vehicle (EV) market is expanding rapidly, strongly
driven by advances in Lithium-Ion Battery (LIB) technology [1]. Performances and sustainability are
the essentials for such progress. It is also necessary to take into consideration each process from raw
materials extraction to recycling, thus surpassing the usage phase and ensuring true sustainability in
the battery sector. Lithium, Cobalt and Nickel, generally referred to “critical raw materialsoare the
main strategic elements for LIBs prosperity. These materials are often sourced outside the EU and
frequently trigger human right concerns for the worker conditions. Moreover, environmental
regulations and disclosure could interfere in some cases with EU expectations. The control of those
information is difficult because of the fact that batteries are mostly manufactured abroad. This results
in challenges in controlling environmental and social impacts and in planning effective reuse,
recycling, and end-of-life management strategies. In this context, Batteries regulation (12 July 2023)
was implemented to guarantee battery sustainability from raw material extraction to end-of-life
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recycling while promoting a competitive European battery sector [2]. A central tool introduced by
the Regulation is the Battery Passport (BP), designed to improve transparency and traceability by
linking each battery to key data such as identification, composition, manufacturing details,
performance, environmental and social impacts, usage, end-of-life information, certification and
compliance. In light of these considerations, it is essential to clarify and critically examine this rapidly
evolving topic, which will play a key role in shaping a sustainable future for both battery technologies
and society as a whole. The purpose of this paper is to provide an in-depth analysis of the state of the
art of the new EU Batteries Regulation, with a particular focus on the BP.

First, we discuss LIB technologies and markets, as well as the associated critical raw materials
(CRMs), in order to define the context that led the European Union to develop the new Batteries
Regulation, including the Battery Passport (BP). This provides a comprehensive overview of the
complexity and challenges of the battery value chain. We provide an exhaustive description of the
new European battery regulation and its requirements. We then review the state of the art and the
latest advances in the BP, while discussing the challenges and opportunities related to its
implementation.

2. Lithium-Ion Batteries Technology: Critical Raw Materials and Market

2.1. Lithium-lon Batteries Production and Recycling: Evolution Roadmap

The widespread deployment of LIBs is driven by a favorable combination of energy density,
efficiency, and industrial maturity. However, the rapid scale-up of EV production in Europe and
globally is intensifying demands on battery performance, manufacturing, sustainability, and end-of-
life management [3,4]. Therefore, the main focus of researchers and industrial parts is to promote and
replace conventional LIBs through the integration of environmentally friendly materials as well as
resource-efficient production/recycling processes [5]. The production and recycling strategies are
critical and must adapt alongside the battery generations while ensuring all material sustainability
aspects [6].

The main classification of battery generations is illustrated in Table 1. Battery generations Gen 1
and 2 were built using graphitic carbon anodes coupled with cathode chemistries that evolved over
time. Early commercial LIBs in 1990seutilized lithium cobalt oxide (LCO) cathodes, while subsequent
designs in the 2000s incorporated lithium iron phosphate (LFP) and layered mixed transition-metal
oxides such as lithium nickel manganese cobalt oxide (NMC) and lithium nickel cobalt aluminum
oxide (NCA) [7]. These early systems are characterized by relatively stable material compositions and
standardized manufacturing methods, which have contributed to their technological robustness.
From a recycling standpoint, these batteries are particularly compatible with established
pyrometallurgical and hydrometallurgical processes, enabling the efficient recovery of critical metals
including Lithium, Cobalt, Nickel, and Copper [8,9]. Their maturity as technology has stimulated the
creation of industrial-scale recycling systems.

Generation Gen 3 points to the increase of LIB energy density through the incorporation of
Nickel-rich cathodes (NMC 622 to NMC 811) and Silicon-containing Graphite anodes [7]. This
generation is mainly characterized by the reduced battery mass and improved EV range. Yet, the
production and recycling process remain their most important challenges. The synthesis as well as
the cell manufacturing processes require careful management when high Nickel content cathodes are
employed. Moreover, the mechanical separation and chemical recovery of Silicon-containing anodes
at end-of life entails many complexities [10,11]. Higher metal content improves recycling profitability,
emphasizing the importance of robust collection and processing systems [12]. Gen 4 batteries
incorporate solid-state Lithium-ion and Lithium-metal technologies, aiming for higher performances
over the previously mentioned generations [13]. The employment of solid-state electrolyte instead of
conventional liquid ones allows higher capacities and safer use through the significant reduction of
the thermal runway risks. Yet, the supply of critical raw materials and the adoption of new
manufacturing and recycling strategies remain key obstacles for this particular generation [14,15].
Gen 5 batteries further advance innovations by exploring greener options like metal-air, Lithium-
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Sulfur, and advanced solid-state chemistries [16]. While environmentally promising, their
recyclability and scalability are uncertain. The lack of valuable metals may lower recycling incentives,
making efficient processes and regulatory support essential. Early design for recycling is crucial to
ensure a sustainable, circular battery value chain. In summary, advancements in lithium battery
technologies go hand in hand with evolving production techniques and recycling approaches. While
each generation delivers improved performance, it also presents fresh challenges for material
recovery and environmental stewardship. To ensure the long-term sustainability of lithium-based
energy storage, it is crucial to integrate technological progress with effective, scalable recycling

solutions.
Table 1. Classification of Battery generations.
Battery Electrodes active materials Cell Chemistry/Type Market
Generation deployment
Gen 1 & Gen 2 Cathode: LFP, NMC, NCA Li-ion Cell Since 1990s
Anode: 100% carbon
Gen 3 Cathode: NMC 622 to NMC 811 Optimized Li-ion Since 2020
Anode: carbon/silicon
Gen 4 Cathode: NMC Solid state Li-ion 2025
Anode: Si/C or Lithium metal Solid state Li metal
Solid electrolyte
Gen 5 Cathode: Oxygen (from air) or Sulphur Metal-air batteries >2035
or Lithium-based oxides or sulfides Lithium-Sulfur batteries
Anode: Lithium/Zinc/Aluminium or Advanced Solid-State
Lithium metal or Li metal / Multi-ion  Batteries (Lithium-Metal,
Solid State Multi-Ion)

2.2. LIB Market

LIBs are the dominant technology for EVs, consumer electronics, and stationary energy storage
systems. As a result, the LIB market has experienced rapid and sustained growth over the last decade.
The European LIB market reached an estimated value of USD 84.7 billion in 2024 and is forecast to
rise to USD 99.37 billion in 2025, with a projected CAGR of 17.32% leading to a market size exceeding
USD 350 billion by 2033 [17]. The European green deal aims to limit greenhouse gas emissions
towards climate neutrality by 2050. This led to the European LIB market expansion. Therefore,
advanced battery technologies are facing significant demand due to the large-scale investments in
electric mobility and renewable energies. Projections suggest that Europees annual battery
requirements may surpass 1 TWh by 2030, implying that domestic battery manufacturing capacity
must expand rapidly, with estimated yearly growth rates ranging from 31% to 68% to satisfy this
demand. It is already expected that domestic production could cover only 50% to 60% of the
European demand by 2030, which poses a great challenge, resulting in continued partial reliance on
imports within the EU [18]. This dependency is mainly related to the supply of critical raw materials.
The global lithium supply chain is highly concentrated, with major extraction activities located in
Australia and Chile, while processing and strategic control are increasingly dominated by Chinese
companies. For example, the acquisition of significant shares in key mining companies by firms such
as Tiangi Lithium has increased Europes exposure to geopolitical and economic risks [19]. To address
these challenges, the EU has launched several strategic initiatives, including the European Battery
Alliance (EBA) in 2017. The EBA aims to establish a competitive, sustainable, and integrated battery
value chain within Europe by promoting cooperation among industrial, institutional, and research
stakeholders. According to EBA estimates, the annual European battery market could reach a value
of €250 billion by 2025, highlighting both the economic potential and strategic relevance of the LIB
sector [20].
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2.3. LIB Critical Raw Material Extraction and Processing

Critical Raw Materials (CRMs) are essential for LIBs and constitute a major vulnerability of the
European battery value chain. Key elements such as Lithium, Cobalt, Nickel, and Graphite are
indispensable for battery performance, yet their extraction and processing are largely concentrated
outside the EU. The rapid expansion of electric vehicles and energy storage systems has therefore
intensified concerns related to supply security, environmental impact, and social responsibility.

In order to enhance security and sustainability for strategic resources, the Raw Materials
Initiative, according to the CRM concept, was first introduced by the European Commission in 2008.
CRM list, including several metals such as lithium, cobalt, nickel, copper and manganese, was
periodically updated since 2011, demonstrating their critical aspects [21]. The identification of CRMs
is based on economic importance (EI) and supply risk (SR), further refined by indicators of import
reliance and end-of-life recycling input rates, reflecting Europes exposure to external suppliers and
limited recycling performance [21]. For most battery-related CRMs, the EU exhibits very high import
reliance and extremely low recycling rates. In particular, Lithium recycling remains below 1%, while
Cobalt and Nickel recycling are still insufficient to significantly reduce primary resource demand
[22]. The global supply chain is highly concentrated, with China dominating processing activities and
extraction concentrated in a limited number of countries, such as Australia and Chile for Lithium and
the Democratic Republic of Congo for Cobalt [21]. This concentration exposes the European battery
industry to geopolitical risks, price volatility, and ethical concerns, including environmental
degradation and human rights violations [23]. To address these challenges, the EU adopted the
Critical Raw Materials Act (CRMA) in 2023, aiming to diversify supply, promote domestic extraction
and processing, and enhance recycling and circularity. The regulation sets targets for domestic
extraction (10%), processing (40%), and recycling (15%) by 2030, although their achievement remains
uncertain [21]. In this context, improving recycling efficiency and data transparency is crucial.
Recycling reduces energy consumption and environmental impacts compared to primary extraction
but requires accurate information on battery composition and material flows [22]. The Battery
Passport (BP) is therefore expected to play a key role by enabling material traceability across the
battery lifecycle, supporting due diligence, reducing supply risks, and increasing CRM recovery at
end-of-life [24].

3. EU Battery Regulation

The European Union (EU) has introduced a transformative regulatory framework for batteries
to support sustainability, transparency, and circular economy objectives. The Regulation EU
2023/1542 [2], adopted on July 12, 2023, replaces the previous Directive 2006/66/EC [25] and
establishes new sustainability and recycling requirements, including the introduction of the BP.

The EU Battery Regulation (BatReg) focuses on three main pillars. The first aim of BatReg is to
promote battery production by standardizing and sharing a set of rules for all market participants.
Then, the recycling gaps are to be mitigated by improving multiple steps (collection, recycling...),
which supports the circular economy for batteries. The third objective is to prioritize sustainability
and safety standards, leading to improving the social impact of the overall battery life cycle.
Moreover, the regulation expands battery categories to include EVs batteries and light means of
transport (LMT) batteries (e.g., e-bikes, e-scooters). With a time frame spanning throughout the next
13 years, BatReg addresses different stages of each battery category and its life cycle. The milestones
listed in Figure 1 outline most of the main requirements and timelines introduced by the new BatReg
with the aim of having a sustainable battery supply chain and simplifying the End-of-Life (EoL)
battery management.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.0368.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 February 2026 d0i:10.20944/preprints202602.0368.v1

5 of 19

Regulation enters in force Supply chain control Easy identification Minimum recycled content

Carbon footprint QR code for easy Minimum recycled
™ — L0 | declaration and (o] @ IN | information access | @@ = | content rates (16% Co,
I :—% & | supply chain due O ® g oo 3 | 85%Pb, 6% Li, 6% i)
8 “ax o | diligence ® Y 7 ~

Art. 7.1, Art. 48 Art. 77 Art. 8.2

Providing of information Carbon footprint 0, Carbon footprint Minimum recycled
about electrochemical performance oo% threshold and recycled content rates (26% Co,
performances and class B content for Li, Ni, Co, 85% Pb, 12% Li, 15% Ni) E
durability in battery BMS @ or Pb active materials

Art. 10, Art. 14 Art. 7.2 Art.7.3,Art. 8.1 Art. 8.3

2024 +

2026
2028
2036

Carbon footprint Leverage sustainability Consistent recycled content

Figure 1. Milestones for the development of a sustainable battery supply chain [26].

According to Figure 1, the regulation aims to reduce the environmental impact of the battery
value chain by imposing stringent sustainability requirements on both battery manufacturing and
second-life management. Key measures include mandatory carbon footprint reporting for industrial,
LMT, and EVs batteries starting in 2025, followed by the enforcement of maximum carbon footprint
thresholds from 2027. Moreover, toxic chemicals including mercury and cadmium were subjected to
strict restrictions by the regulations, aiming to overcome environmental and health issues. The
definition of due diligence requirements by the framework is quite critical. In this context, battery
manufacturers must identify, assess, and focus on social risks throughout their supply chains.
Therefore, raw materials must be subjected to responsible sourcing policies as well as the supply
chain. In general, the regulation is in accordance with the Organization for Economic Co-operation
and Development (OECD) due diligence guidance towards visible and environmentally friendly
battery supply chain.

A transparent and traceable battery value chain is essential to guarantee the application of all
the other requirements. The implementation of the BP allows to keep track of all the actions involved
in the battery value chain with easy access to consumers, manufacturers, and authorities. By February
2027, the BP will become mandatory for all LMT, EV, and industrial batteries.

BatReg underlines the need for removable and replaceable batteries, in particular for LMT. But,
today, batteries that are replaced are often technically abandoned despite the fact that their
operational life may be prolonged through battery replacement, leading to significant e-wastes.

According to the regulations, portable batteries should be gathered with a collection rate ranging
from 45% (at the end 2023) to 63% and 73% by 2027 and 2030 respectively. In this context, collection
points and awareness projects support these goals to contribute to the collection systems growth.
Moreover, ites necessary to define recycling performances and recovered fractions, to ensure the
reduction of pristine raw materials dependence.

The Extended Producer Responsibility (EPR), mandates that battery manufacturers take full
responsibility for their products over their entire lifecycle, including end-of-life management. Under
EPR, manufacturers must also finance and manage battery waste collection systems at no cost to
consumers.

The regulation requires significant changes in manufacturing practices to meet new
environmental, transparency, and ethical standards. While to meet the recycled content targets by
2028, significant investments in new technologies are needed as well as for recycling infrastructure
and partnerships with suppliers of recycled materials. The regulation also encourages the use of
sustainable and less hazardous materials in battery production. It also promotes the development of
sustainable alternatives that meet safety and performance standards, such as green and bioinspired
batteries, composed by biodegradable materials [27]. New compliance and certifications are required
such as CE (European Conformity) marking and Third-party audits, indicating compliance with
evolving EU safety, health, and environmental standards, especially for carbon limits and recycled
content. This requires the implementation of rigorous testing and certification processes. Article 13
of BatReg states that a QR code must give access to a batterys product passport and must be printed
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or engraved visibly, legibly and indelibly on the battery and should respect the guidelines of ISO/IEC
18004:2015 [28].

4. The Digital Battery Passport
4.1. Battery Passport

As introduced in BatReg, Battery passport (BP) is a digital and dynamic collection of batterye
data, i.e. a digital product passport (DPP), ensuring transparency and traceability throughout the
battery life cycle, from production to end-of-life management. Currently EU is among the first
regulatory bodies to have formalized its framework. However, the goal is to establish the BP as a
global standard, given the highly fragmented nature of the battery supply chain and markets.

The BP roadmap defined by Delegated and Implementing acts, scheduled by BatReg, sets as the
first step the definition of the Carbon Footprint (CF) evaluation methodology. During 2025, many
other requirements must be adopted to ensure consistency across the entire battery value chain,
including the harmonised specification on labelling, data formats and information to be reported to
the European Commission, CF declaration format, CF performance classes, and rules for calculation
and verification of recycling efficiency. In 2026, several additional requirements must be defined,
including access rights for the battery passport, CF formats for labelling and threshold values,
methodologies for the recovery of critical materials, and minimum electrochemical performance
criteria. All these requirements are essential for establishing the methodologies and key information
needed for an accurate assessment of the data to be included in the BP from 2027 onwards.

The BP must be accessible through a QR code, which is a unique identifier provided by the
operator placing the battery on the market. This operator is responsible for verifying and updating
the BP information and for storing the corresponding data. The BP expires once the battery is
recycled. If the battery is remanufactured, repurposed, prepared for re-use, and subsequently placed
on the market again, a new BP is issued. The producer or the waste management operator is
responsible for the BP when the battery is considered waste [29].

BatReg establishes that the BP must have different accessibility layers for the following access
groups: the general public; notified bodies, market surveillance authorities, EU Commission; and any
natural or legal person with a legitimate interest in accessing and processing that information [2].
General information on the battery will be available to the public. Data on battery composition,
dismantling technique and safety measures, for example shall be accessible to both the EU
Commission and to persons having legitimate interest [2].

BP collects data from multiple sources, from raw material suppliers, passing through
manufacturers, up to end-users. Hence, the data format should be interoperable and transferable
through an open data exchange network. BP must possess standardized data formats (e.g., JSON,
XML), ensuring interoperability across different systems and stakeholders. All the information inside
a BP must be also secure and immutable without permission because a digital attack can lead to
dangerous situations or wrong economic investments. To avoid this issue, it is possible to introduce
a Blockchain technology, a methodology to store data in a decentralized way, that guarantees data
immutability, transparency, and security [29]. The interoperability is divided in four main levels
according to Figure 2. QR codes, NFC tags, Data Matrix codes and/or GS1 links are the data carriers
for the battery definition and its passport access (first level). If the single identifier is unavailable, the
second level emerges. In this context, the decentralized unique identifiers are enabled, ensuring
security and reliability. The third level must ensure storage solution flexibility, including the storage
of the BP data, across several databases for companies and authorities.
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Figure 2. Examples of levels of BP data Interoperability.

For instance, the DIN DKE SPEC 99100 [30], a new open standard recently published by the
German Institute for Standardization (Deutsches Institut fiir Normung DIN) and the German
Commission for Electrical, Electronic & Information Technologies (Deutsche Kommission Elektrotechnik
Elektronik Informationstechnik, DKE) is a practical guidance to implement and develop the BP.
According to this standard, the BP consists of multiple data attributes divided into the 7 main
categories highlighted in Figure 3.

Table 2 reports the data attributes for each category. For each data attribute, the BP must specify
the EU Battery Regulation reference, the kind of data access (Public, Person with Legitimate Interest
“PLI"), the Data type (unit), if label information is present and the information level (the information
relates to either battery model, battery batch or battery item). In addition, data can be “static” or
“dynamic”. Static data are unchangeable and inserted by the stakeholders of the supply chain.
Instead, the dynamic data are an event record or life status of the battery and are updated in real-
time as the battery moves through its lifecycle.
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key information

* [dentifier and device general properties

* Documentation of conformity

* Carbon footprint assesment

* Supply chain transparency

* Material sourcing and composition

* Recycled and renewable content
* End-of-life waste prevention and collection

* Capacity, energy and voltage

* Power capability and internal resistance

* Round trip energy efficiency, battery lifetime
* Temperature conditions and negative events

Figure 3. Battery Passport Key information.

Table 2. Battery Passport — Data Categories and Attributes according to [30]. Mandatory data are: battery

identification, manufacturere identification, manufacturing place, manufacturing date, battery category, battery

weight, battery status.

Category Data Attribute Description/Notes

Identifiers and Battery passport identifier Unique identifier assigned to each battery
Product passport

Data Battery identifier Identifier linked to the individual battery

Manufacturer and operator details

Manufacturing date and location
Battery category

Battery mass

Battery status

Symbols, Labels, and Separate collection symbol
Documentation of ~ Carbon footprint (CF) label
Conformity Extinguishing agent category

EU declaration of conformity

Carbon Footprint and Total battery carbon footprint

Information on manufacturer and
responsible operator

Date and place of battery production
Battery type (LMT, EV, industrial, etc.)
Total mass of the battery

Original, reused, repurposed,
remanufactured, or waste

Symbol indicating recycling compliance
Mandatory for EV and industrial batteries
Recommended extinguishing agents for
safety

Official declaration of compliance with EU
regulation

Carbon footprint expressed in
kgCO.e/kWh

Sustainability Metrics Carbon footprint per lifecycle stageEmissions per stage: raw materials,

Battery CF performance class

manufacturing, distribution, end-of-life
Classification based on carbon footprint
performance
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Supply Chain Due

Diligence

Link to public CF study
Due diligence report information

Third-party assurances
Supply chain indices

Battery Materials and Battery chemistry

Composition

Circular Economy
and
Resource

Efficiency

Performance and
Durability

Battery Lifetime

Temperature
Conditions

Negative Events

Critical raw materials content
Hazardous substances content

Dismantling manuals and spare
parts

Recycled content percentages
Safety measures for handling and
disposal

End-user role

SoC, SoH, rated capacity
Capacity and power fade

State of Certified Energy
Round trip energy efficiency

Self-discharge rate
Expected lifetime

C-rate of cycle-life test

Energy and capacity throughput
Required temperature range
Time in extreme temperatures
Deep discharge or overcharge

events
Accidents information

Reference to publicly available carbon
footprint study

Information on responsible sourcing
practices

Certifications from recognised schemes
Indicators of sustainability and
responsible sourcing

Cathode, anode, and electrolyte materials
Content of lithium, nickel, cobalt, etc.
Presence and impact on environment and
human health

Information supporting repair and
disassembly

Pre-consumer and post-consumer
recycled material

Safety instructions for end-of-life
management

Guidance for collection and second-life
applications

Battery condition and nominal capacity
Reduction over time compared to initial
values

Usable energy at a defined lifetime stage
Ratio of discharged energy to recharge
energy

Energy loss over time without use
Lifetime in years or charge/discharge
cycles

Charge/discharge rate relative to nominal
capacity

Total energy/capacity delivered over
lifetime

Operating and idle temperature limits

Duration of exposure to extreme
conditions

Number of critical electrical events

Records of accidents involving the battery

4.2. The Battery Passport Through the Battery Supply Chain

The BP implementation involves all the stakeholders of the supply chain, as shown in Figure 4.

The players involved can be divided into two main groups. The upstream group that is formed from

all the entities involved in the chain before a battery arrive to the user. The downstream group

includes all parties engaged in the various stages of the battery's operational lifecycle.
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Figure 4. Battery passport system-view across the value chain [24].

Figure 4 schematizes the circular battery value chain. The first step, i.e. mining, supplies the
CRMs used in batteries, and should provide information about the carbon footprint of the process,
the origin and the extraction methodologies, as well as the environmental, ethical, and social impact
resulting from this work. Mining players must comply with regulations and implement some
traceability technologies to ensure data accuracy and immutability. The second process (refining)
transforms raw materials into high-quality components by different methodologies, like chemical
purification to obtain Lithium Hydroxide from Lithium Carbonate, or metal separation and
extraction of Nickel, Cobalt and Manganese. It is a high energy consuming process that contributes
significantly to the carbon footprint, and involves critical risk for the environment, like high water
consumption and pollution for lithium refinery, and hazardous waste disposal for Nickel. The
stakeholders of the refinery stage are responsible for providing the following information in the BP
[24,30]: (i) refining process methodology and documentation, (ii) environmental impact and CO:
footprint report, and (iii) due diligence, ensuring responsible and ethical sourcing and refining
practices, in compliance with EU standards. The third important part is related to the Cathode Active
Material (CAM) producers which transform refined materials (lithium, nickel, etc.) into high-purity
chemical compounds to be used for the CAM synthesis. The CAM producers should provide: (i) the
mandatory declaration of CAM composition, (ii) the quantity of recycled materials in the production
of the CAM, with minimum targets set for 2030 and 2035, (iii) the environmental impact and CO:
footprint report, as well as (iv) the traceability of sourcing raw material. Cells and modules, after their
manufacturing, should be provided with labels with the indication of the production carbon
footprint, recycled content and performances and durability of the cell [30]. The next stage (pack
assembly and integration) involves assembling cells and modules into final battery packs, complete
with a Battery Management System (BMS), embedded sensors to enable real-time digital monitoring
of performance and diagnostics and the BP QR code. The assembly process of the battery pack is
crucial, as it directly impacts key qualities such as thermal and energy efficiency, structural integrity,
safety, lifespan, and recyclability. At this point, the BP is assigned to the battery.

In addition to incorporating all the data collected in previous stages, the BP must include the
following essential requirements [24,30]:

—  Traceability and origin of the battery pack components.

—  Performance and durability metrics (refer to DIN DKE standards)

—  Recycled content targets to promote sustainability.

—  Carbon footprint associated with the pack assembly process.

—  Reliable communication of ESG (Environmental, Social, and Governance) data.
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—  Guidelines for disassembly and recycling of the battery pack.
—  Safety measures to ensure compliance with industry standards.

Indeed, consumers should be able to access to reliable and comparable information inside the
BP, which facilitates a more conscious purchasing decision [24]. Moreover, the user is a passive part
of the supply chain; thus, it cannot introduce/modify any BP information. Its access is granted for the
sole purpose of being formed on propel maintenance and disposal of the device.

The next step is related to reuse, remanufacture, or repurpose of batteries for second-life
applications. At this stage, performance and durability data (e.g., remaining capacity) enable
downstream businesses and private users to assess the residual value of the battery and decide
between recycling or 2 life application. [24]. The battery reuse or repurpose has a higher priority
than recycling from the End-of-Life (EoL) management hierarchy of EVBs. It is estimated that
repurposing EVBs can extend their lifetime for another 8 to 10 years after their 1+ life and reduce
resource depletion and polluting production of a new battery [31]. The repurpose of EVB can happen
when its State of Health (SoH) is close to 80% of the nominal capacity, since it cannot provide the
required acceleration and mileage of an EV, therefore the battery enters in its 2nd life as a stationary
energy storage system (SESS), including large-scale energy storage units for grid, or small-scale for
residential buildings. In the latter, the reuse of EVB has a lower climate change impact compared to
production and using a new battery [32].

Remanufacturing, on the other hand, refers to the process of upgrading a battery whose SoH is
between 100 % and 80 %. Through this process, the performance of the battery is restored to a level
comparable to its original condition. The objective of this stage is to save material and reduce GHG
emissions, as well as preventing premature recycling of batteries. Second-life batteries must carry
certifications and traceability to prevent fraudulent reselling and guarantee verified battery
transition. By 2027, non-compliant batteries will not be permitted for resale, repurposing, or recycling
within the EU [24].

The first step in EoL management of EVBs is collection and logistics [31]. The collection and
logistics of EVBs involve getting EoL batteries from the location where EVs are retired and moved to
facilities for disassembling. The European Union has established collection rate targets to enhance
the physical infrastructure for collecting, transporting, and managing End-of-Life electric vehicle
batteries. These measures aim to ensure widespread collection, as well as secure, efficient, and cost-
effective transportation of EVBs [33]. In addition, safety concerns arise during collection and logistics
as potential battery damage or leakage, which will result in the necessity for specialized handling
and transportation systems, in compliance with regulations concerning the logistics of hazardous
materials [34]. Different research papers have shown substantial variations in the collection and
logistics cost. However, the estimated average is 41% of the total cost of the EVB recycling system
[35]. Moreover, the collection and logistics of EoL batteries are estimated to contribute 1-4% of the
total GHG emissions in the entire life cycle of battery [35]. The battery passport will help this stage
by providing information on proper material composition and classification speeding up the sorting
and dismantling.

Finally, the battery recycling stage closes the lifecycle loop. BP is fundamental to ensure an
efficient recovery of valuable materials by providing data on battery composition, recycling routes,
and dismantling methodologies, with the simultaneous reduction of hazardous waste production
and pollution [24]. Automated discharge and dismantling processes are introduced to reduce human
exposure to hazardous substances. The last data of the battery is added to the BP concerning the name
of the certified recycling facility and the date of recycling treatment. The quality of the final recycled
product has to be kept constant, because its variability negatively impacts new battery compositions.

4.3. The Battery Passport Framework and Pilots

BP is not yet mandatory, but many agencies and companies are working on its development,
like the Global Battery Alliance (GBA) and the Battery Pass Consortium. GBA is a partnership of more
than 170 businesses, governments, academics, industry actors, and international and non-
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governmental organizations that cooperate with the aim of ensuring a sustainable and responsible
battery value chain. Some of the most important automotive industries membership of GBA are Audi,
BMW, Renault group, Honda, Volkswagen, and Tesla. GBA has released 3 different Proof-of-Concept
(POC) BPs, one for Tesla and the other two for Audi, obviously, they are not completed with full
features and information, but still permit having a clear vision of the future BP framework. To get
insight of the GBA BPs, we suggest accessing the related website [36].

The Battery Pass Consortium is a group of partners from industry and research institutions that
are focused on creating standards and guidelines to implement the new battery regulations. For
example, they worked on the development of DIN DKE SPEC 99100. Some of the Battery Pass
Consortium key members are Audi, BMW, BASF, Siemens. The Battery Pass Consortium has released
a demo version of a BP with a linked QR code, which is reported in Figure 5 [37]. The Figure includes
the pie charts that show the carbon footprint and material composition with recycled content share.
From the carbon footprint, it is noticeable that the impact of raw material extraction represents 65%
of the overall battery carbon footprint, while recycling contributes only 5.8%, demonstrating the
advantages of recycling compared to extraction. In the recycled content chart, there is also a
subdivision between pre-consumer share and post-consumer share, the first one refers to the leftover
material of the manufacturing process that has never been used in working battery packs; instead,
the post-consumer share represents the material recovered from end-of-life products that have been
recycled.

Given that the Battery Passport will become mandatory within the EU, data interoperability is
more than just a necessity, ites a critical requirement. Therefore, organizations such as GBA and the
Battery Pass Consortium have established collaborative partnerships to ensure integration and
standardization of data across industries.

» CED
» Economic operator
M-41698615 992356610548948

l’.\
EV 499.00:
® Original 2023-09-05

Exide Batteries Auditor ©

SUMMARY REPORT

Figure 5. BP POC proposed by the Battery Pass Consortium with the QR code to the BP demo version, the battery
general information and composition and carbon footprint. The information present in these Battery passports
is just for demonstration so are not fully reliable data but still represents an interesting overview of different

battery pass frameworks. [37].

In addition to GBA and the Battery Passport Consortium, there are several more initiatives
actively developing BP solutions or contributing to this innovation, and some of them already have
an available battery passport platform but is restricted to the manufacturer and not yet accessible to
public. The European Commission funded many initiatives, focused on Digital Product Passports,
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Battery Passports, LIBs production and value chain assessment. Some of them are BatWoMan,
BATRAW and RECIRCULATE [29]. BatWoMan is an EU Horizon Project [38] involved in the
development of a sustainable Li-ion battery cell production concept. It is a consortium of 8 partners
with the goal to create a low-emission battery cell manufacturing, with half of production cost and
energy consumption respect to conventional processes. This will be achieved by innovative electrode
processing, dry rooms, energy-efficient cell conditioning and improved electrolytes. These
technological improvements are supported by Digital Battery Passport Al-based platform [39].
RECIRCULATE focuses on developing a Battery Marketplace [40]. Their concept is to create a
structured, safe, and trusted digital environment in which all the supply chain actors could trade
batteries and components equipped with Digital Product Passports, as a guarantee for complying
with EU battery regulation requirements [40]. The BATRAW project [41] is a significant example of
an EU-funded initiative focused on improving battery sustainability and circularity. They are
working on the implementation of two pilot systems for EV and domestic batteries to improve
sustainable recycling and end-of-life management. The goal is to create a secondary stream of
strategically vital critical raw materials, and to establish new methods for battery repair and reuse
[30].

Among the companies that are already active in setting BP, Siemens [42] has developed a
platform to digitally document the entire battery lifecycle. The platform features a user-friendly
interface to minimize training time, with the support of robust Application Programming Interfaces
(APIs) for continuous data exchange across the supply chain. While initially focused on batteries, the
platform is designed to be flexible and expand its utility towards other emerging digital product
passports, by incorporating DPP 4.0 submodules [42]. Also, Circularize is a leading software platform
that specializes in end-to-end traceability for complex industrial supply chains. Circularise has
developed an own battery passport platform, yet only for demonstration purposes and does not
contain any data [43,44], Minespider is another traceability technology company that provides
blockchain technology to enhance transparency, traceability, and compliance throughout the battery
supply chain [45,46]. In addition, RSC Global Group (RSCGG) works mainly in responsible battery
supply chain mapping, responsible sourcing, and mining of raw materials. By collaborating with the
GBA in 2023, RSCGG presented the first battery passport pilot, with a digital platform named Claritas
[26]. AVL is also known for its focus on the development, simulation and testing of electric motor
propulsion in automotive and other sectors. AVL group have launched their own BP claiming about
an advanced and secure digital data platform, also using Al-based decision support and validation
of lifecycle scenarios [47].

The BP is under development worldwide, as described in Figure 6. According to the same figure,
some Countries have already launched and/or are currently assessing the feasibility of BPs and
planning their implementation soon.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.0368.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 February 2026 d0i:10.20944/preprints202602.0368.v1

14 of 19

:)Jm;ed Kingdom (UK) 4 ana EU Union
Canada ;° uct :a“po"sl,pmp“e a: The introduction of DPP
Involvement in BP initiatives, advocated as a policy concept by mandated for (large) batteries by

the UK government in its waste
and resource strategy

the Battery regulation by Feb.
2027

considering Passport for EV
batteries

— — China
Development of Chinese
digital battery passport
lunched

Japan
Disclosure of EV battery production
emissions to be mandated, for which a
- | digital battery passport could be used

United States (US)
BP discussed by industry, e.g.
for ensuring compliance with
inflation reduction act
upstream and  optimizing
recycling downstream

;P ——— e ——— - — India
1 Others ¥ India Identified digital battery passport as
| International  standardisation  activities 1 opportunity to leverage experience of deploying
| regarding Digital product passports also scalable digital solutions across stakeholders in the
1
1
|

taking place in other countiers (Brazl, batterv value chain
Indonesia, South Korea, Australia and Chile).

- Digital product passports (DPP) mandated.

Efforts regarding digital product passports ongoing.

Figure 6. Globally efforts on the introduction of a digital traceability platform for batteries [24].

As an example, in Japan, the Ministry of Economy, Trade and Industry launched the Ouranos
Ecosystem in April 2023. As its first use case, the project focuses on establishing a traceability system
for rechargeable batteries. Following these indications, Denso, a global automotive component and
embedded system product supplier, developed an own BP [48].

Finally, the Circular Energy Storage (CES) platform, which is a digital platform that collects data
from all parts of the value chain worldwide and provides analytics consultancy, focused on lithium-
ion battery end-of-life market. The platform serves as a BP data collector for batteries used in electric

vehicles and energy storage systems [49].

4.4. BP Challenges and Opportunities

From the previous section, it clear that BP development is expanding rapidly, with a
competitive race to develop the best platform to capture this future market, which has extremely high
expectations for growth. However, implementing the BP tool has some non-negligible challenges to
overcome. Most of the challenges are technical aspects regarding the ability of collecting and sharing
data [29]. The main BP implementation challenges can be classified into 6 categories as shown in

Figure 7.
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Figure 7. The main six categories of the BP challenges.

From a technical perspective, there is a need for harmonized standards, and some measures have
already been taken, such as the recent publication of DIN DKE SPEC 99100. Additional issues which
need to be solved are the lack of reliable and interoperable infrastructure, the complexity of
integrating data into existing systems, and handling large volumes of data. The latter can be partially
solved by stakeholders with the use of blockchain technology. The blockchain can also help to resolve
the second challenge - data security - protecting data from unauthorized exposure and ensuring
privacy and security of personal data. In addition, concerns still arise from measures varying across
different organizations and regions worldwide.

Data accuracy and collaboration among the actors are mutually dependent. Gathering all
battery-related information needed to compile the BP is practically challenging, even when data
collection tools are available [29]. Indeed, it requires transparency and collaboration among suppliers
and producers, battery dismantling and repair operators, and users. As aforementioned, these actors
are spread worldwide, which results in a complex coordination between them. These organizations
have also a general reluctance to share data without a non-disclosure agreement. This, in addition to
the competitive market nature, leads to a lack of trust between different actors. Then, it is also
important to establish procedures or systems to regularly review and verify the data collection, for
guaranteed data quality and reliability [24]. Moreover, as mentioned in the battery regulation
requirement, due to BP service providerse growth, the system interoperability and confidentiality
become challenging issues to address [29].

The definition of responsibilities for implementing the BP throughout the battery life cycle can
be ambiguous, particularly when the end of life (EoL) is reached and the battery is considered for
repurposing, second use, or recycling [24]. At this stage, it can be unclear which actor is responsible
for gathering and updating the BP, whether the producer or the other operators.

Challenges may also arise from the carbon footprint requirements of the Batteries Regulation.
While the European Commissione Joint Research Centre has provided methodological guidelines
for calculating the carbon footprint of batteries [50], they do not consider that, at present, the battery
supply chain is not standardized and depends on battery type and chemistry. It is difficult to compare
carbon footprints, which require considering even diverse global conditions (e.g. in terms of
temperature, humidity) where the battery production takes place and for the involvement of multiple
actors.

The impact of these challenges is the highest for the role of the passport issuer like automotive
OEM, that must coordinate all the technical set-up, the data accuracy and security, the collaboration
among the actors and have the responsibility of the BP [24]. Instead, the data provider and receiver
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like miner, manufacturer, recycler, and end-consumer authorities are the main concerns about only
data security and accuracy. In terms of economic, environmental and social impact, the
implementation of the BP will bring some drawbacks, which will hopefully be offset by equivalent
benefits, as highlighted in Figure 8, and suggested by the battery pass consortium.

Economical Environmental Social

Drawbacks Benefits Drawbacks Benefits
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Figure 8. Drawback and benefit balance from the BP implementation [24].

Many other opportunities will come with the implementation of the BP. Starting from the first
step of the battery supply chain, the difficulties into collecting reliable carbon footprint measures will
be rewarded by a huge help for industry actor in finding solutions for reducing emissions along the
supply chain [29].

Along the battery lifecycle, two processes will significantly benefit from the introduction of the
BP i.e., recycling management, and reuse or repurpose of second-life batteries. The BP will provide
performance data, like SOH, that can help the operator responsible for managing EoL batteries to
predict the optimal time at which the battery will have to be recycled. Performance data also could
simplify the residual value determination and reduce technical testing cost. The indication of battery
manufacturing, composition and dismantling will ease the definition of the recycling paths and
methodologies, including pre-processing and teardown.

ESG and due diligence requirements play a key role in ensuring responsible and sustainable
material sourcing, which represents an opportunity for suppliers and customers. Indeed, producers
of batteries with a low carbon footprint and recycled materials can distinguish themselves from
competitors and attract customers and investors committed to sustainability. In turn, consumers will
be informed on the environmental impacts of batteries and will be educated on eco-conscious
decisions [29].

5. Conclusions

The BP is the strategic tool introduced by the new EU Battery Regulation, aiming to establish a
sustainable and transparent battery value chain by introducing a set of requirements spanning battery
design, composition, and production, and by defining the responsibilities of the different operators.
Overall, the transition towards electric mobility is quite mandatory and requires an improved EoL
battery management processes. This could be done by enhanced visibility regarding the ecological
and social aspects along the battery supply chain, through the incorporation of effecient BP systems.
Yet, several challenges are to be considered related to the BP to better explore its advantages. For
instance, data collection and sharing is quite necessary and must follow reliable mechanisms. This
results in strong coordination within regulatory authorities, industry stakeholders and all
participants of the battery value chain. To achieve this, it is necessary to transcend competitive
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barriers and to focus on collective action, aiming for a resilient and environmentally responsible
future.
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