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G W N e

Abstract

This perspective provides a multidisciplinary assessment of the use of lithium-ion batteries
from electric vehicles (EVs) for second-life applications, motivated by the need to improve
resource efficiency, reduce environmental impacts, and support a circular battery economy.
Second-life deployment requires the integrated consideration of technical performance,
legal compliance, and economic viability. The analysis combines a technical evaluation of
battery aging mechanisms, operational load effects, and qualification strategies with a legal
assessment of the EU Batteries Regulation (EU) 2023/1542 and an economic analysis of
market potential and business models (BM). From a technical perspective, the limitations
of State of Health (SOH) as a standalone indicator are demonstrated, highlighting the need
for multiple health indicators and degradation-aware qualification. A scalable two-step
qualification approach, combining qualitative inspection with a standardized quantitative
measurement protocol, is discussed. From a legal perspective, regulatory requirements
and barriers related to repurposing, waste classification, and conformity assessment are
analyzed. From an economic perspective, business model patterns and market dynamics
are evaluated, identifying Automated Guided Vehicles (AGVs) and industrial Energy
Storage Systems (ESSs) for renewable firming as particularly promising applications. The
paper concludes with recommendations for action and key research needs to enable safe,
economically viable, and legally compliant second-life deployment.

Keywords: second-life; lithium-ion battery; electric vehicle; reuse; battery safety; battery
aging; EU Regulation; Battery Regulation; business models; circular economy

1. Introduction

The rapid proliferation of electric vehicles (EVs) has resulted in a growing stock
of lithium-ion batteries reaching the end-of-first-life (EOFL). Despite being retired from
automotive use, these batteries retain significant remaining capacity, creating substantial
potential for repurposing in second-life applications. Researchers of the large-scale lithium-
ion batteries project SafeLIB have identified more than 60 stationary and mobile use
cases, demonstrating the technical viability and versatility of these batteries beyond the
automotive sector [1].
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The motivation for this perspective arises from the need to maximize resource effi-
ciency, reduce environmental impact, and support the transition to a circular economy by
extending the useful life of lithium-ion batteries. Achieving these objectives necessitates
addressing a diverse set of challenges that span technical, economic, and legal domains.
From a technical perspective, the longevity, performance, and especially safety of repur-
posed batteries is critical, given the degraded state and varied aging histories of batteries
at the EOFL. Economically, the feasibility of second-life applications depends on the costs
associated with repurposing, the viability of business models (BMs), and the likelihood of
commercial adoption. Legally, compliance with evolving industry standards and regulatory
frameworks is essential for market entry and operational safety.

The structure of this perspective reflects this interdisciplinary approach. Following this
introduction, Section 2 presents the technical perspective, including current insights into
battery aging, the impact of operational loads, and strategies for qualification and safety
assurance. Section 3 addresses the legal perspective, both on the European Union (EU) and
the Austrian national levels, focusing on regulatory requirements, compliance issues, and
barriers to market entry. Section 4 examines the economic perspective, evaluating BMs, cost
structures, and market potential. Each of the Sections 2—4 concludes with recommendations
for action and identifies further research needs to support the safe, economically viable,
and legally compliant deployment of second-life lithium-ion batteries. Finally, Section 5
discusses the main takeaways and conclusions, followed by Section 6, which provides an
outlook for future work.

2. Technical Perspective
2.1. Current Technical Insights

The transition of automotive lithium-ion batteries to second-life applications involves
several key steps. After removal from EVs, batteries are transported, disassembled, and
qualified. If deemed suitable, they are integrated into a second-life application. Quali-
fication is crucial to ensure repurposed batteries operate safely and reliably under new
conditions [2].

Battery aging has a significant impact on both safety and performance, necessitating
an effective qualification methodology. A study comparing the behavior of differently aged
cells demonstrated the complexity of battery degradation mechanisms by evaluating the
aging sensitivity of 31 health indicators against three key criteria: repeatability, sensitivity,
and monotonicity. Repeatability evaluates the consistency of a parameter by measuring the
spread of values obtained under identical conditions; sensitivity assesses a parameter’s
ability to reflect battery aging by comparing non-electrically aged cells with those aged
under varied electrical conditions, and monotonicity ensures parameters trend consistently
(increasing or decreasing) with aging, when comparing differently aged cells with non-
electrically aged ones [3].

The study identified 13 parameters with strong aging sensitivity, including State
of Health (SOH), hysteresis Open Circuit Voltage (OCV), surface thermal heterogeneity,
Coulombic efficiency, Area VdQ, Voltage Relaxation Profile (VRP), temperature rise, and
Constant Voltage Charging Profile (CVCP). Crucially, SOH did not always correlate with
more advanced aging states for all health indicators. Instead, distinct degradation mecha-
nisms, such as Loss of Lithium Inventory (LLI), Loss of Active Material (LAM), and Increase
of Internal Resistance (IRI), emerged depending on aging history, differentially impacting
health indicators. This confirms that SOH is insufficient to fully characterize the battery
state, as identical SOH values may mask variations in internal degradation mechanisms,
resulting in divergent performance and safety profiles [3].
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These findings underscore the necessity of comprehensive aging history assessments to
accurately evaluate end-of-first-life battery conditions and determine second-life viability.

2.1.1. Impact of Load Cases on Second-Life

The safety behavior of batteries in second-life applications is determined by both
their aging history and the operational loads to be encountered during use. In these
applications, batteries are subjected to thermal, electrical, and mechanical loads, each
of which can accelerate degradation and introduce safety risks. Therefore, establishing
optimal load limits based on the state of the battery at EOFL is critical for ensuring safe
and reliable operation.

To systematically address these challenges, a Failure Mode and Effects Analysis
(FMEA) was conducted to assess the criticality of potential electrical, thermal, and mechan-
ical loads by evaluating their severity and probability. The analysis differentiated between
stationary and mobile applications, reflecting the varying degrees of mobility among po-
tential second-life uses. Results indicated that the degree of mobility is a significant factor
influencing risk: while high C-rate electrochemical cycling presents a critical risk in all
applications, mechanical loads such as shock and indentation pose a great risk particu-
larly in mobile applications. In contrast, mechanical loads are generally not significant for
stationary applications and are considered negligible in this context [4].

To further investigate these risks, the effects of mechanical indentation and high C-
rate electrochemical cycling were analyzed in differently aged cells. The results showed
that identical loads can have varying impacts depending on their aging history [5,6].
Cells exposed to high C-rate cycling exhibited notable capacity degradation, as evidenced
by reductions in SOH and Area VdQ, suggesting that LLI is the predominant degrada-
tion mechanism. This effect was particularly pronounced in aged cells, but negligible in
non-electrically aged cells, underscoring the need for careful evaluation of high C-rate
applications in second-life contexts [5].

Mechanical indentation tests resulted in significant changes in SOH, Area VdQ,
Coulombic efficiency, and the VRP curve. A notable change in Area VdQ, Coulombic
efficiency, and VRP voltage drop indicates that IRl and LAM are the primary degradation
mechanisms, both associated with the mechanical loads and morphological changes in bat-
tery layers following mechanical deformation. No direct correlation with aging was found;
however, a relationship with initial cell thickness was identified. Aged cells, which tend
to be thicker due to irreversible swelling, did not show a direct correlation with SOH, as
swelling is strongly influenced by aging history [7]. Cells with lower initial thickness were
more affected by the same deformation depth, indicating that the impact of mechanical
loads varies. As a result, while remaining still critical, this effect is generally reduced at the
EOFL due to increased cell thickness from irreversible swelling [6].

The observed effects of applied loads on the parameters investigated confirm the
safety sensitivity of the health indicators, demonstrating their utility as critical indicators
of the battery safety status. These findings emphasize the importance of a qualification
framework that evaluates both the battery’s end-of-first-life condition and its resilience
regarding second-life operating conditions. A comprehensive qualification framework
should integrate aging history and expected operational loads to ensure safe and reliable
performance in new applications. By categorizing batteries according to their degradation
state and aligning them with suitable second-life applications, it is possible to extend
battery lifespan while maintaining safety and performance.
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Step 1: Qualitative inspection

2.1.2. Strategy for Second-Life Battery Qualification

A structured approach to battery safety qualification is essential for ensuring that only
suitable batteries are selected for second-life applications. One possible strategy involves
two main steps: an initial qualitative inspection, followed by a quantitative measurement
protocol. The process is shown in Figure 1.

Step 2: Quantitative measurement
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Figure 1. Two-step workflow for second-life battery qualification. Step 1: qualitative inspection. Step
2: quantitative measurement of key indicators.

The process begins with a qualitative inspection to identify and exclude batteries with
visible damage, thereby preventing unnecessary testing and optimizing resource use. The
qualitative inspection consists of four sequential phases, each designed to detect potential
defects or safety concerns at the cell level. In the first phase, the battery tabs are inspected for
integrity and cleanliness. Tabs are examined for contaminants such as glue, dirt, or moisture,
which are removed if present. The presence of all tabs is verified, corrosion is checked, and
tabs are inspected for visible deformation or looseness. If any tab is missing, corroded,
loose, or deformed, the check is failed. Only cells passing all tab checks proceed to the next
phase. The second phase focuses on the battery casing, which is examined for cleanliness
and external damage, including cuts, punctures, or evidence of electrolyte leakage that
could compromise structural or chemical integrity. Cells exhibiting such issues are rejected.
In the third phase, the geometric condition of the cell is assessed, including irreversible
swelling from internal gas buildup or mechanical deformations caused by external impacts
or internal stress, both of which accelerate degradation. Cells with significant swelling
or deformation are rejected. In the fourth phase, the electrical condition is evaluated by
measuring the voltage to ensure it falls within the datasheet-specified range. Voltages
close to zero indicate a soft or full internal short circuit, whereas voltages outside the
nominal range suggest prior over-discharge or over-charge, potentially compromising
safety and performance. Cells failing any of these checks in any phase are rejected, and only
those successfully completing all four phases proceed to the quantitative measurement
step. Cells failing any qualitative check are rejected, and only batteries passing all criteria
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proceed to the quantitative measurement step. By filtering out batteries unfit for reuse, this
initial assessment ensures that subsequent testing focuses on non-damaged cells, thereby
improving both efficiency and reliability.

After the qualitative inspection, a quantitative measurement is used to provide a
detailed evaluation of the battery state based on specific qualification parameters. The goal
is to extract key parameters that reflect both degradation and safety. As discussed above,
several indicators are critical for comprehensive battery qualification. The key parameters
are SOH, which reflects the remaining usable capacity of the cell; Area VdQ, which indi-
cates the retained energetic capacity and how much energy can be delivered under load;
Coulombic efficiency, which monitors ongoing side reactions that can affect both aging
and operational safety; VRP, which provides insight into internal resistance and electro-
chemical stability; and OCV, which reflects the stoichiometric balance of the electrodes
and can reveal deviations that may compromise safe operation. These parameters are both
aging- and safety-sensitive, as they degrade monotonically with aging and are influenced
by critical loads. By analyzing these indicators, it is possible to identify key degradation
mechanisms such as IRI, LAM, and LLI, each affecting the measured parameters differently.
Additionally, these indicators are specifically chosen as electrical quantities because they
capture the critical degradation mechanisms while remaining practical to measure. Other
potential indicators, such as pressure distribution or surface thermal heterogeneity, are
either complex to measure or exhibit poor reproducibility, limiting their applicability in a
standardized qualification workflow. The measurement of these electrical parameters can
be implemented offline using standard cycling and relaxation protocols and, due to their
low complexity, can also be integrated into online monitoring systems, enabling repeatable,
cost-effective, and timely assessment of battery state.

In the quantitative measurement, the measured values of these qualification param-
eters, which depend on the current state of the battery, are compared against predefined
safety margins calibrated for the specific cell type, format, and chemistry. These safety
margins ensure that only cells meeting minimum safety and performance requirements
are considered for second-life use. The safety margins can be further adjusted according to
the intended second-life application: higher demanding applications require more conser-
vative thresholds, while less demanding applications allow values closer to the nominal
limits. Cells with measured values above the type-specific safety margins but below the
application-adjusted margins are deemed unsuitable for that specific second-life application
but may still be suitable for a less demanding second-life use. Importantly, if any of the
checks during either the qualitative or quantitative inspection are not passed, the cell is
considered unsuitable for second-life deployment and should be directed to recycling.

A practical method for obtaining the qualification parameters used during the quanti-
tative measurement is through a controlled charging—waiting—discharging profile. During
the discharging phase, SOH and Area VdQ can be derived from the current-time and
voltage-charge curves. VRP features can be extracted during the waiting period at the
end of the charging phase by analyzing the voltage-time curve. The charging and the
discharging phases together provide Coulombic efficiency and the OCV hysteresis curve,
which can be obtained through the current-time and voltage-charge curves, respectively.
This protocol enables quantification of absolute parameter values, determination of battery
state, and assessment of proximity to safety margins.

A recent study defined safety margins for these indicators through extended elec-
trochemical cycling of differently aged cells. Specifically, thresholds identified were as
follows: 51% for retained SOH and Area VdQ, 79% for Coulombic efficiency, 89 mV for
two-hour VRP voltage drop, —7.09 uV/s for VRP voltage slope, and 1039 mV for the OCV
increase from the lower voltage limit at 25 Ah (50% SOC). These margins were calibrated
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for a specific NMC111/graphite pouch cell and therefore require validation or recalibration
before being applied to other cell formats and chemistries [8], because chemistry and design
can affect how qualification parameters relate to safety and performance.

The protocol itself is chemistry- and format-independent: it can be applied to LFP,
NMC, NCA cells and cylindrical, prismatic, or pouch formats. However, chemistry and
format influence how parameters evolve with aging. LFP cells generally maintain more
stable Coulombic efficiency and slower resistance growth, whereas NMC/NCA cells show
faster increases in internal resistance and capacity fade under equivalent conditions [9-11].
Additionally, OCV profiles also differ; LFP SOC-OCYV curves have broad flat plateaus and
pronounced charge/discharge hysteresis. Both shape and hysteresis magnitude vary with
chemistry and aging, affecting the interpretation of OCV-based indicators [12]. Conse-
quently, identical measured values can reflect different aging or safety states depending
on chemistry and format. Comparative studies show that similar measured values can
correspond to different safety and degradation behavior across lithium-ion chemistries and
formats [13-17]. For example, thermal and mechanical abuse testing of cylindrical 21,700
cells with different cathodes demonstrates that NMC and NCA cells undergo thermal
runaway at lower onset temperatures and with more violent reactions than LFP cells tested
under the same conditions, indicating that a given internal resistance or voltage indicator
may imply different safety risk depending on chemistry [13]. Similarly, format-focused
comparisons of prismatic and pouch cells under thermal abuse show distinct thermal
and venting behaviors despite comparable electrical signals, reflecting differences in heat
dissipation and structural response [17]. Thus, while the measurement protocol is universal,
robust second-life qualification requires chemistry- and format-specific calibration of safety
thresholds to ensure that absolute parameter values reliably represent safety margins and
usable life.

Since second-life applications expose batteries to different operational loads, safety
margins must be adjusted accordingly. For high C-rate applications, such as industrial ESSs
(Energy Storage Systems) used for transmission stabilization, more conservative margins
for SOH and Area VdQ are necessary due to expected faster degradation. In mobile
applications, such as Automated Guided Vehicles (AGVs), all margins should be set more
conservatively to account for the increased likelihood of mechanical loads, adding a layer of
safety. For example, considering the previously mentioned NMC111/graphite pouch cell, a
cell with SOH or Area VdQ = 52% would pass the threshold for a low-power stationary
ESS but fail for high C-rate ESS or AGV applications. Ensuring that second-life applications
operate within acceptable load conditions prevents excessive degradation of parameters
already near safety margins, reducing the risk of unsafe operation and improving both
reliability and longevity. The workflow explicitly requires as inputs the cell type, datasheet
specifications, and second-life requirements to calibrate safety margins for the specific
battery, together with the measured qualification parameters.

This structured approach not only provides a comprehensive evaluation of battery
condition but also aids in identifying the most suitable second-life applications, thereby
supporting safe and reliable battery reuse.

2.1.3. Measurement Protocol Optimization

The previously defined measurement protocol is straightforward to implement and
takes approximately 6 to 9 h, depending on the cell specifications and test conditions. While
it balances simplicity and accuracy, further time reductions are possible through refinements
such as adjusting rest periods, modifying cut-off criteria, or increasing current rates where
feasible. These adjustments could reduce the overall duration while maintaining the
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reliability of the extracted qualification parameters, ensuring practicality across various
battery formats.

One promising strategy for reducing time is to shorten the waiting period during
the voltage relaxation phase. The voltage slope in the VRP curve typically becomes linear
after about 30 min. Therefore, evaluating the slope between 30 and 60 min instead of
the first and second hours could reduce overall testing time by one hour. Additionally,
increasing the charging and discharging rates within the datasheet specifications of the cell
can further shorten the process. For example, using a 1 C-rate instead of C/2 can halve
the overall charging and discharging duration, saving about 2 to 3 h. Other refinements,
such as adjusting the cut-off current and discharge voltage limits, could also shorten both
the charging and discharging phases. For instance, transitioning the CCCV charging
phase to C/15 or C/10, instead of C/20, and slightly altering the lower cut-off voltage
or increasing the upper cut-off voltage could reduce the total duration of the overall
measurement protocol. However, these changes should be carefully assessed, as they could
directly impact the measured retained capacity. Therefore, finding a balance between time
optimization and the accuracy of parameter extraction is crucial.

Scaling the qualification process by testing multiple cells is essential for cost-
effectiveness. While cell-level testing is more expensive than module or pack-level testing,
validating the protocol at a larger scale could demonstrate its robustness and lead to sig-
nificant time and cost reductions. Once validated, this approach could enable quicker
qualification, as the entire qualification strategy can be directly applied at the system level,
such as for modules or packs.

An additional improvement could involve integrating real-time data analysis of the
qualification parameters during the battery’s operational life. This would enable the
extraction of absolute values and tracking of their evolution, potentially allowing decisions
to be made directly during use and bypassing the need for additional testing at the EOFL
of the battery. While this strategy requires further development, including addressing
legal barriers related to privacy concerns from data collection, it has the potential to
significantly reduce qualification time. Additionally, the protocol also relies on standardized
qualification parameters that can be extracted from lithium-ion cells independently of
capacity or chemistry, making the core approach capacity- and chemistry-independent.
However, calibration of safety thresholds is still required for each cell type, which can
be time-consuming and costly. Monitoring parameter evolution in real time, rather than
relying solely on absolute values, could enable universal, type-independent qualification,
reducing repeated calibrations across cell types and further optimizing the second-life
transition [18].

By systematically implementing these strategies, the measurement protocol can be
optimized to achieve a balance between efficiency, reliability, and scalability, supporting
the practical qualification of second-life batteries.

2.2. Technical Recommendations for Action

The following technical recommendations can be made regarding the increased use of
lithium-ion batteries in second-life applications:

o The wide range of potential second-life applications, including both stationary and
mobile use cases, necessitates a structured evaluation to identify the most suitable
repurposing options.

e Based on technical, economic, and legal criteria, AGVs and industrial ESSs for renew-
able firming emerge as the most promising second-life applications.

e  Both the battery’s degradation state and the operational loads expected in second-life
applications are critical factors influencing long-term safety and reliability.
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SOH alone does not fully characterize the state of the battery. Batteries with the
same SOH values may exhibit different degradation mechanisms, performance, and
safety properties.

A comprehensive qualification methodology requires multiple health indicators to
accurately assess battery state. Promising health indicators include SOH, Area VdQ,
Coulombic efficiency, VRP, and OCV hysteresis, all of which can be derived from
voltage and current curves, which are parameters typically measured in battery packs.
An initial visual inspection is essential for early identification and exclusion of visibly
damaged battery cells, thereby improving resource efficiency and focusing subsequent
testing on viable candidates.

Measurement protocols should be simple, adaptable, and scalable to accommodate
the dynamic battery market. The outcome should be robust even when the battery’s
aging history is unknown. The charging-waiting—discharging approach enables the
extraction of multiple key indicators in a single test without requiring first-life data.

2.3. Future Technical Research Needs

From a technical perspective, the following topics must be researched in depth in the

future in order to strengthen the use of second-life batteries:

Further optimization of measurement protocols is required to reduce qualification
time, improve logistics, lower costs, and accommodate the anticipated increase in
available second-life batteries.

The development of automated and scalable assessment methods is essential to en-
hance industrial feasibility, minimize costs, and enable large-scale deployment of
second-life batteries.

Validation of qualification parameters and safety margins across different cell
chemistries and formats is necessary to ensure transferability and broad applicability.
A more detailed assessment of second-life application-specific operational loads is
needed to refine second-life matching, improve battery performance and extend
service life.

Access to first-life operational data would improve qualification accuracy, reduce
testing efforts, and support predictive maintenance strategies. The mandatory imple-
mentation of battery passport regulations represents a crucial step toward standard-
ized data logging, facilitating access to aging history and improving the efficiency of
second-life qualification processes.

The development of data-driven predictive qualification models holds promise for en-
hancing qualification accuracy, anticipating failure risks, and optimizing deployment
strategies for second-life batteries.

Scaling up qualification methodologies from cell to module level and from module
to pack level is critical to support industrial implementation across different system
scales, with positive implications for both safety and economic viability.

Clearly defined recycling and disposal pathways are needed to ensure sustainability
beyond the second-life phase and to support circular economy principles.

3. Legal Perspective

3.1. Current Legal Insights

3.1.1. Legal Framework Overview

The jurisprudential analysis presented here covers the areas of law that are particularly

relevant to the use of second-life batteries. This analysis is based on the potential fields of

application identified in the research project [1].
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The relevant legal situation is complex in several respects. It arises formally from
international, European, and national legislation, but also from technical standards (which
are not legally binding in themselves). Substantively, various aspects of what is sometimes
referred to as “special administrative law” are relevant (battery law in the narrow sense,
and in particular waste law, product (safety) law, electricity law, and transport law). In
addition, there are flanking legal areas concerning market and competition (taxonomy,
state aid, and tax law) whose provisions help shape the practical framework conditions
for the first and second-life use of batteries. Moreover, general regulations—such as
those on the binding nature of and access to technical standards, especially harmonized
European standards—may also be significant. In an initial analysis of the legal framework
(international, EU, and national), the use of lithium-ion batteries from vehicles in second-
life applications was examined in particular from the perspective of waste law and product
law, as well as from the perspective of transport law. The basis for this was the preceding
interdisciplinary analysis of potential fields of application carried out in the research project.
At this point in time, a proposal for a European regulation on batteries that would be directly
effective in all member states was available and had already been evaluated in this review.
However, this proposal was still in the legislative process. The substantive legal framework
existing up to this point was largely determined by the EU Waste Framework Directive
and the Batteries Directive, which only had an indirect effect, and their specific design was
influenced by member states through national laws. It was then questionable how the legal
issues raised in the initial analysis would be specifically influenced and harmonized by the
planned Batteries Regulation [19].

In addition to the binding EU legal framework, international standards provide prac-
tical guidance for repurposing batteries. Discussion on unified standards for cascaded
utilization remains insufficient, and international guidance such as UL 1974 [20] and
EN 18061:2025 [21] highlights the need for structured health assessment, traceability, and
harmonized grading to enable reliable second-life deployment. IEC 63330-1:2024 [22]
and IEC 63338:2024 [23] provide general safety guidance but do not yet establish a fully
harmonized certification framework.

3.1.2. Current Legal Analysis with Particular Reference to the Batteries Directive

The Batteries Regulation, (Regulation [EU] 2023 /1542 of the European Parliament
and of the Council of 12 July 2023 on batteries and waste batteries, amending Direc-
tive 2008/98/EC and Regulation [EU] 2019/1020 and repealing Directive 2006/66/EC,
OJ L 2023/191, 1 as last corrected by OJ L 2025/90109) applies—in essence—from 18 February
2024, according to its Article 96 (2). As a regulation under Article 288 TFEU, it is directly
applicable in all member states, including Austria and Germany. Implementation in na-
tional law is neither required nor permitted under EU law (only national legislation for
operationalization is required). The Batteries Directive 2006/66/EC, which is still in force,
will be repealed on 18 August 2025. This directive was implemented in national law in
particular by the Austrian Batteries Regulation (hereinafter: BatterienV). Accordingly, the
project also had to clarify how the new European Batteries Regulation specifically influ-
enced the legal issues raised in the first analysis and the ’known’ national legal situation
(in particular product and waste law) based on the Batteries Directive [19]. These findings
formed the basis for further jurisprudential research, which took place with the inclusion
of the new legal framework created by the Batteries Regulation.

The Batteries Regulation contains important legal provisions for the repurposing and
second-life use of batteries, but not all of them. In contrast to the previous legal situation
under the Batteries Directive, the Batteries Regulation pursues a ‘life cycle-comprehensive’
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concept. Following this holistic approach, it should include raw material procurement,
production, all phases of use and the EOFL, when it is recycled as a waste battery [24].

From this comprehensive regulatory approach of the Batteries Regulation, it also
follows that certain (general) product and waste management regulations are no longer
relevant or only of subsidiary relevance for the repurposing and second-life use of batteries,
because the relevant provisions of the Batteries Regulation as lex specialis are to be observed.

Accordingly, the legal analysis focuses on the Batteries Regulation [24], without disre-
garding the other relevant areas.

Naturally, this white paper cannot address all the issues of interest. The following
issues, which are addressed in the project, are therefore mentioned only by way of example:

According to Article 3 (1) No. 31 of the Batteries Regulation, repurposing means any
operation that results in a battery, that is not a waste battery, or parts thereof being used
for a purpose or application other than that for which the battery was originally designed.
Repurposing is generally intended as a ‘special case’ of general product law reuse only
within the scope of the Batteries Regulation, as this is intended to enable the possibility of a
second life in another battery-related form of use, despite the many risks associated with
the technology and the ingredients, in a legally secure manner.

In terms of product law, the Batteries Regulation follows a concept based on the
so-called New Approach, in which legal regulations and technical standards ‘interact’.
According to the Batteries Regulation, a battery is presumed to comply with the safety
standards and other requirements of the regulation if it meets these harmonized European
technical standards or common specifications. The technical standards are therefore ‘almost-
binding’, but not truly legally binding. Conformity can also be assessed or proven by other
means. Since the assessment of a battery’s conformity with regard to its second life is based
on its original conformity assessment, the first step was to analyze the influence of risks
and hazards on this original assessment from a legal point of view. On this basis, it was
examined how the conformity of batteries can also be assessed in their second life [24].
It was also necessary to clarify how factual external influences are to be handled in the
context of conformity assessment, because, for example, traffic accidents can cause damage
to traction batteries that may entail a certain degree of uncertainty for the further use of the
battery [2,24].

From a waste law perspective, it is debatable from when a battery is to be categorized
as a waste battery in the sense of the Batteries Regulation and must therefore be subject to
the waste regime. The answer to this question is also relevant for the Extended Producer
Responsibility and thus the obligations concerning the EOFL of the battery. A related
preparation for repurposing, which is mandatory for waste batteries before they can be
placed on the market or put into operation again, makes repurposing more difficult because
it may only be carried out by specialized companies that are qualified to treat waste. For
cross-border shipments, Annex XIV of the Batteries Regulation requires documentation
demonstrating that batteries are used rather than waste, while UN 38.3 compliance ensures
safe transport but does not determine their legal status. In order to analyze the legal and
factual question of when the objective definition of waste is fulfilled by traction batteries,
all European and national legal acts were comprehensively analyzed and classified, and
the relevant case law of the European Court of Justice (ECJ]) and the Austrian Verwal-
tungsgerichtshof (VwGH) was reviewed. These findings were summarized, compared and
finally presented from a waste law perspective, showing which criteria are suitable and can
be used to distinguish between used batteries and waste batteries [24].

The jurisprudential examination of the Batteries Regulation within the framework
of the project, together with further analyses, is the subject of a doctoral thesis [24]. The
content of this dissertation is the jurisprudential treatment of all product and waste law
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issues in connection with the repurposing and second-life use based on the use cases
developed in the project, as well as the investigation and answering of accompanying legal
questions. In addition, practical guidelines are provided based on the scientific findings to
assist in practice [24].

3.1.3. The Relevance of Additional Legal Areas

The key regulatory instrument for traction batteries from electromobility is the Batter-
ies Regulation, which, as already mentioned, covers the essential product and substance-
related aspects of use and also repurposing throughout the life cycle. In addition, further
rules may apply depending on the specific second-life use. This is because the Batteries
Regulation does not govern the framework conditions for the use of the repurposed battery.
These arise (additionally) from the respective material-specific legal provisions. When
identifying these, different aspects may require a differentiated consideration, for example,
whether companies or private individuals are repurposing batteries or how (in qualitative
and quantitative terms) the repurposing is taking place (e.g., how many batteries with
which “previous life” are being repurposed). The use cases developed in the project are
particularly relevant to electricity law, commercial facilities law, product safety and liability
law, and transport law.

3.1.4. Promoting the Repurposing of Batteries
(1) General

In an interdisciplinary analysis, it was determined how the Union’s goals and plans
for implementing the European Green Deal are designed and what role electromobility,
traction batteries and second-life use can play in this context. The use of batteries in
second-life applications is a good way to increase circularity within the battery value chain.
Second-life use (naturally) extends the life cycle of traction batteries; as a result of their
further use in new applications, the (partly hazardous) substances contained in batteries do
not accumulate as waste, which goes hand in hand with the reduction of the consumption
of raw materials. At the same time, the transition to low-carbon energy production and use
can be supported.

(2) Financial support within the framework of state aid law

Against this background, financial support (aid) can be used to support the repurpos-
ing and second-life use of batteries. In particular, investment in research and development
is crucial to further develop freely accessible methods and standardized procedures. These
should enable a more precise assessment of the SOH and safety, as well as more efficient
composition of batteries.

EU state aid law was analyzed in the project with regard to the financial support
of innovative technologies relevant for environmental and climate protection, whereby
suitable approaches for promoting the use of batteries in second-life applications were
identified. The EU offers a wide range of measures in this regard. These range from non-
binding guidelines, the RDI framework (State aid framework for research and development
and innovation) and CEEAG (Guidelines on State aid for climate, environmental protection
and energy 2022), for projects with a greater need for financial resources, via the exemptions
for R&D Aid (aid for research and development) in the GBER (General Block Exemption
Regulation), with more freedoms for a smaller framework, up to aid to promote the
execution of an important project of common European interest (e.g., IPCEI EuBatIn).
This gives member states the freedom to take funding measures tailored to their funding
needs [25,26].
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(3) Battery competence centers

Investments and pilot projects at the interface between research, development and the
market are crucial to improving the safety, efficiency and scalability of second-life battery
systems. The instrument of battery competence centers under the Battery Regulation, to be
set up by the market surveillance authority or the member states, can play a central role
in this as an innovation cluster. It has the potential to act as a link to promote legal and
technical solutions for repurposing through networking. Market surveillance authorities
can work together with organizations representing businesses and consumers. Aid law can
serve as an effective instrument to support the establishment and dissemination of such
battery competence centers, for example under the GBER or IPCEI [26].

(4) Innovations in public procurement

Public procurement in Austria has a total order volume of around 60 billion euros.
This ‘public’ demand can also be utilized to promote the repurposing of batteries. When
procuring, aspects of promoting innovative solutions and reducing environmental impacts
must be considered in addition to simply covering state needs. The EU’s non-legally-
binding guidelines for public procurement promoting innovation for innovation processes
and their (potential) results provide approaches (Guidance on Innovation Procurement)
for promoting batteries in second-life applications. In addition, Green Public Procurement
(GPP) criteria have been developed for the procurement process at the EU level, which
take into account the entire life cycle of a product. The Battery Regulation also contains
provisions for taking into account the life cycle of batteries, which are binding for the award
procedure. The other relevant public procurement instruments range from innovation
funding in the research and development phase to series production: Pre-Commercial
Procurement (PCP), Public Procurement of Innovative Solutions (PPI) and European In-
novation Partnerships (EIP). In this way, member states can provide targeted support for
the development and dissemination of battery repurposing depending on the respective
technical level of development. At the national level, a platform promotes the exchange
between administration, companies and research (IOB-Plattform). This should be utilized
for the dissemination of the potential of repurposing and its requirement, so that member
states also actively apply their options to repurposing [25].

(5) Tax incentives

Tax instruments can also be used to promote the repurposing of batteries. Environmen-
tal protection is a central goal at the European level. In this sense, European environmental
policy is developing tax principles such as the polluter-pays principle to provide mem-
ber states with incentives for fair and environmentally friendly taxation. In recent years,
this has been implemented nationally in the context of green taxation, with a focus on
sustainability and incentives for environmentally friendly behavior. This created certain
incentives for repurposing, for example by giving tax breaks for the use of electric cars and
the expansion of photovoltaic systems with their stationary ESS. EVs, with their batteries
that serve as a resource for second-life batteries, benefited from tax advantages such as
input tax deduction, exempt benefits in kind and investment allowance.

There is great potential for promoting stationary ESSs through tax incentives if second-
life batteries were included in the existing tax system as a prerequisite for exemptions or
reductions. For example, a turnover tax exemption for stationary ESSs with second-life
batteries could be considered. Likewise, capital investment grants (Investitionszuschiisse)
under the Erneuerbaren-Ausbau-Gesetz (EAG) could be earmarked specifically for inno-
vative photovoltaic systems with such storage systems. In order to make the expansion
of photovoltaic systems with stationary storage systems made from second-life batteries
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more attractive, a tax-free feed-in of additional electricity could also be linked to this
condition [26].

(6) Repurposing as a sustainable economic activity

Another approach to promoting the use of batteries in second-life applications can
be to channel investment into companies with sustainable economic activities within the
meaning of the Taxonomy Regulation. The abstract formulation of the sustainable economic
activity ‘Manufacture of batteries’ in the delegated acts of the Taxonomy Regulation makes
it possible to cover a wide range of battery applications, which-with good arguments—could
also include the repurposing of batteries. If repurposing is recognized as a sustainable
economic activity under the Taxonomy Regulation, companies could report this economic
activity in their balance sheets and thus specifically address private investors in order to
gain easier access to capital [27].

3.2. Legal Recommendations for Action
3.2.1. Batteries Regulation

e Commission: Commission, adoption and publication of harmonized standards with
regard to the first life and repurposing/second life of traction batteries; see Article
15(2) and (3) of the Batteries Regulation.

e Commission: In eventu development and adoption of common specifications for
the first and second life of traction batteries in the form of a delegated act of the
Commission; see Article 16 (1) Batteries Regulation.

e  Commission: Definition of parameters for determining the SOH or State of Certified
Energy (SOCE) and the expected lifespan of the battery, taking into account market
developments and technical and scientific progress in the interest of synergies with
the parameters of UN-GTR No. 22 in the form of a delegated act; see Art 14 (4)
Batteries Regulation.

e  Commission: Adoption of minimum requirements for the shipment of waste batteries
in the form of a delegated act, in particular with regard to testing for age, in order to
be able to distinguish more purposefully between used batteries and waste batteries
at the Member State level; see Art 72 (2) subpara. 1 Batteries Regulation.

e Commission: Adopt an implementing act with detailed technical and end-of-waste
verification requirements to enable the targeted distinction between used batteries and
waste batteries in reverse order; see Art 73 (3) Batteries Regulation, see Article 73 (3)
Batteries Regulation.

e  Federal legislature: Adaptation and revision of the Austrian legal situation (BatterienV)
to the Batteries Regulation, with particular consideration of the Batteries Directive,
which will almost completely cease to apply on 18 August 2025.

3.2.2. Accompanying Measures

e  Establishment or initiation of interdisciplinary battery competence centers, including
those with legal expertise, in particular to promote safe repurposing and thereby,
among other things, to support the recyclability in the battery value chain, the associ-
ated self-sufficiency in critical raw materials and the transition to a sustainable and
resilient energy industry.

e  Creating legal possibilities and framework conditions for the establishment of real-
world laboratories in connection with the second-life use of traction batteries, possibly
in conjunction with Artificial Intelligence (Al) regulatory sandboxes within the mean-
ing of Art 57 et seq. Al Act.

e  Financial Support for State Aid Law.
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e  Analysis of the exemption clauses of the R&D aid of the GBER and the Commission’s
RDI framework and KUEBLL with regard to the financial support for repurposing.

e  Creation of a national aid framework for the targeted funding of repurposing trac-
tion batteries and their second-life use, as well as for the establishment of battery
competence centers.

e Promoting the collaborative development of (as far as possible) freely accessible
methods and standardized procedures in connection with repurposing, for example
for the precise assessment of the SOH and safety of traction batteries at all levels, as
well as for the composition of batteries.

3.2.3. Promotion Through Public Procurement

e  Formulation of new or more precisely defined GPP criteria at the EU level that take
into account the entire life cycle of batteries, with a particular focus on repurpos-
ing, so that these are given more weight in the procurement process than the pure
procurement price.

e Analysis of public procurement instruments (PCP, PPI and EIP) in relation to the
development phases relevant for second-life use: from finding solutions, to developing
prototypes and testing initial products or services, to scaling market-ready innovations.

o Targeted development of second-life applications for public clients, in order to also
strengthen market acceptance and promote the dissemination of such innovations.

3.2.4. Promotion Under Tax Law and Other Promotional Measures

e  Establishing tax incentives for batteries in second-life applications to support their
market penetration.

e  [Establishing tax instruments (e.g., input tax deduction, zero turnover tax rate, EAG
investment grants) for the second-life use of batteries in stationary ESS.

e  (larification of the Taxonomy Regulation and the delegated acts adopted on the basis
of it with the aim of explicitly identifying repurposing in the sense of the Batteries
Regulation as a sustainable economic activity.

3.3. Future Legal Research Needs

Under the Batteries Regulation, data on the state of aging and the expected lifetime
of a battery must be provided in the future. This requirement is intended to support
repurposing as a supplement to the basic information furnished by the battery’s producer.
In addition, an EV (or its software and sensors) collects and processes a broad range of data
relating both to the battery and to the vehicle’s usage, some of which may also be personal
data. This data, and particularly the introduction of the specific product pass in the form of
a digital battery pass, necessitates further interdisciplinary research into data use and data
security, with input from legal scholars.

For example, employing this data—potentially through Al—could support more
reliable and secure evaluation of traction batteries from first life to second life. Nevertheless,
a thorough examination of the (new) legal provisions in the European Al Act and the
provisions of the GDPR is required.

Development of (new or modified) legal instruments (as it were, “from a single
source”) is also necessary to promote circular economy systems, of which battery recycling
is a good example. However, such instruments should not burden the improvement
of recyclability with additional administrative effort (e.g., verification or documentation
obligations) but rather create legal certainty specifically at the “phase boundaries” and/or
exert a persuasive effect.

The extension of the useful life and the increase in the recyclability of batteries are also
suitable for fundamental jurisprudential research on an integrated circular economy law,
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which could replace the current legal situation (and which is examined in this research
project). This current legal framework is characterized by different and not always coherent
product and substance regulations (e.g., product safety law in the narrow sense and waste
management law). This could help address the problem of (excessive) complexity and
internal incoherence in the Union regulatory system, which has become apparent in this
research project and sometimes leads to legal uncertainty that runs counter to the actual
regulatory objective.

4. Economic Perspective
4.1. Current Economic Insights

This section explores the business opportunities and challenges associated with second-
life lithium-ion batteries in two leading applications: stationary battery ESSs and mobile
AGVs. Comprehensive market analyses reveal that, while the market environment for
second-life batteries is challenging, it also holds substantial potential for growth and
innovation. In-depth BMs investigations indicate that second-life batteries represent a
sustainable (environmental, economic, and social) alternative to new lithium-ion batteries.

4.1.1. Market Analysis

Understanding the market specifics, especially its latest trends, customer behavior, and
competitive landscapes, not only mitigates risks but also unveils strategic opportunities
and imminent challenges for both already established market players and new entrants.

(1) Market Analysis for AGVs

The AGV sector has been analyzed based on a dataset of 241 companies, collectively
representing a market size of approximately $131 billion. The integration of Industry 4.0
has significantly influenced the adoption of AGVs, facilitating seamless automation and
the incorporation of AGVs into smart manufacturing environments. As shown in Figure 2,
the majority of AGV companies are classified as micro-sized (fewer than 25 employees),
small-sized (26 to 100 employees), and medium-sized (101 to 500 employees) enterprises,
constituting the backbone of this industrial domain [28].

Large-sized
41 (17%)

Micro-sized
64 (26%)

Medium-sized
52 (22%)

Small-sized
84 (35%)

Figure 2. Customer segmentation by company size. Adapted from [24].

In terms of geographical distribution, the top AGV companies operate across 33 countries.
The United States (US) hosts the largest number, with 41 companies, followed by China
with 36, Germany with 33, Italy with 15, and France with 13. Figure 3 illustrates that these
companies serve a variety of industries. Logistics, manufacturing, and warehousing are
the primary sectors, each served by approximately 150 AGV firms. The healthcare and
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pharmaceutical sector also has a notable presence, with 89 AGV companies, while the
automotive sector is represented by 77 firms offering AGV solutions [28].

Distribution Transportation

E-commerce 33 (4%) 27 (3%)
43 (5%) \
Logistics
Retail 150 (18%)
57 (7%)

Food and Beverage

63 (8%)

Automotive
77 (10%)

Healthcare and Pharma

89

Manufacturing
146 (18%)

Warehousing

129 (16%)
(11%)

Figure 3. Customer segmentation by industry sector served. Adapted from [24].

(2) Market Analysis for battery ESS

The market analysis indicates a growing global customer demand for cost-effective
and sustainable battery ESS, with second-life batteries poised to play an important role in
supporting the expansion of renewable energy sources. The battery ESS market is expected
to grow significantly, with front-of-the-meter and behind-the-meter projects combined
projected to reach 1200 GW of installed capacity worldwide by 2030 [29]. Correspondingly,
the market size is estimated to reach between $120 and $150 billion [30].

In Europe, the top 5 markets for battery ESS installations are Germany, Italy, the
United Kingdom, Austria, and the Czech Republic. According to SolarPower Europe [31],
three scenarios have been forecast for battery ESS capacity by 2028: (1) a high scenario,
with improved market conditions and favorable regulatory frameworks, where storage
capacity is expected to exceed 400 GWh, whereas in (2), a medium scenario, the capacity
is projected to reach 260 GWh, and lastly (3), a low scenario anticipates 150 GWh due to
reduced renewable energy penetration, lack of subsidies, funding gaps, and supply chain
disruptions. These scenarios underscore the critical importance of policies and investments
in shaping the future of ESSs in Europe [31].

Second-life batteries are well positioned to capture a share of this growth by providing
cost-effective and sustainable solutions. As shown in Figure 4, the global cumulative
capacity of second-life batteries is expected to reach 352 GWh by 2030. Regionally, China
is projected to achieve 210 GWh, followed by Europe with 84 GWh, the US with 38 GWh,
and the Rest of the World (RoW) with 20 GWh. As per SolarPower Europe’s medium
scenario, new battery ESS installations in Europe are expected to reach 78 GWh by 2028,
with second-life batteries accounting for 18% (14 GWh). This highlights the significant
potential for second-life batteries to reduce investment costs and lower the carbon footprint
of battery ESS by repurposing EOFL batteries and conserving resources [31].
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Figure 4. Projected capacity of second-life batteries, 2024-2030. Adapted from [26].

Despite this potential, the economic competitiveness of second-life batteries faces
increasing pressure from declining new lithium-ion prices. Average battery pack costs fell
8% from 2024 to 2025, reaching 108 USD/kWh, with further reductions expected beyond
2026 due to LFP adoption and manufacturing overcapacity [32]. In comparison, second-life
battery packs are generally lower in cost and can reach values as low as 23 USD/kWh
depending on chemistry, SOH, and repurposing processes [33]. Even beyond 2025, this
cost advantage can be maintained if repurposing efficiency is optimized. In second-life
applications, EOFL battery purchases account for ~56% of total repurposing costs [34].
Cost reductions along the repurposing chain are therefore essential: full automation can
reduce costs by up to 97% and processing time by 85% [35,36], representing the main lever
for profitability. Break-even is reached when these savings offset the upfront investment
compared with new batteries, with EOFL cost, automation efficiency, and logistics as the
primary economic drivers.

Deployment cases and pilot studies indicate that second-life batteries can remain eco-
nomically viable when applied in suitable use cases and supported by appropriate business
models. In battery ESS, a municipal pilot in Phoenix, Arizona, deployed approximately
80 kWh of repurposed EV lithium-ion batteries for solar PV integration and emergency
backup. The system achieved upfront costs 20-30% lower than comparable new ESS,
operated reliably under high ambient temperatures, and reduced CO, emissions from
avoided new battery production [37,38]. In AGV and material-handling applications, pilot
reuse of high-voltage batteries from Audi e-tron and hybrid vehicles demonstrated techni-
cal compatibility, with remaining capacity sufficient to power forklifts and tow-tractors.
Scaling this approach across the fleet could generate cost savings of several million eu-
ros [39]. Given the substantial market potential for second-life batteries in both battery ESS
and AGYV applications, it is imperative to develop sustainable BMs to fully capitalize on
these opportunities. Consequently, a comprehensive strategic approach was applied to
meticulously analyze BM components as well as thriving BM patterns.
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4.1.2. BMs Analysis

The lithium-ion batteries of EVs are essential components in the automotive sector’s
transition to more sustainable passenger mobility and freight transportation, emphasizing
the elevated costs and greenhouse gas (GHG) emissions intensity [40,41]. This underscores
the importance of adopting a cradle-to-grave perspective in the exploration of innovative
BMs for second-life batteries [42—44]. The separately conducted exploration studies for
AGVs and battery ESS adopted distinct BM approaches, which are summarized below.

(1) BM Investigation for AGVs

17 out of 60 analyzed BM patterns of Gassmann et al. (2014) [45] were preselected for
further evaluation. In an expert workshop with SafeLIB project partners, these preselected
BM patterns were discussed, evaluated, and ranked to identify the most suitable ones,
leading to Direct Selling and Customer Loyalty (as two core BM patterns) and Trash to
Cash, Guaranteed Availability, Sensor-as-a-Service, and Make More of It (as four add-on
BM patterns).

A brief description of each of these six BM patterns is provided below:

1. Direct Selling-Involves selling repurposed second-life batteries directly to end cus-
tomers, which enables stronger market control and fosters customer relationships.
This BM pattern also facilitates direct collection of customer data, allowing businesses
to respond more quickly to market trends and adapt offerings proactively to meet
customer needs.

2. Customer Loyalty—Focuses on building long-term relationships through after-sales
support, warranties, and additional services to retain customers. This BM pattern
aligns well with “Trash to Cash”, “Sensor-as-a-Service”, and “Guaranteed Availabil-
ity,” enhancing customer engagement.

3.  Trash to Cash-Serves as an optional add-on service to core repurposing activities
by collecting used second-life batteries for further repurposing or recycling, thereby
reinforcing sustainability and circular economy goals.

4.  Guaranteed Availability-Ensures that customers have continuous access to functional
second-life batteries through services such as predictive maintenance and replacement.

5. Sensor-as-a-Service-Utilizes data collected from second-life batteries to provide pre-
dictive analytics, enabling monitoring and optimization of battery performance.

6. Make More of It-Involves monetizing expertise by offering consulting services and
technical know-how to additional customers, e.g., regarding design improvements
for Original Equipment Manufacturers (OEMs) or SOH assessment methods.

These BM patterns provide a scalable and adaptable framework for value generation in
the second-life batteries market. Direct Selling and Customer Loyalty form the foundation,
while the add-on BM patterns provide differentiation and long-term viability. This strategic
combination of BM patterns ensures that second-life batteries remain sustainable and
competitive in the evolving energy and mobility markets.

(2) BM Investigation of battery ESS

A strategic approach was adopted for the comprehensive analysis of BMs for battery
ESS, focusing on the detailed description of value proposition, value creation, value delivery,
and value capture.

Second-life battery ESS provides a value proposition comparable to those of new
battery ESS, including enhanced energy security, scalability, flexibility, improved grid
stability and reliability for a range of customer segments, such as utility-scale operators
(transmission and distribution system operators, retailers), commercial and industrial
users, and residential consumers. Furthermore, second-life battery ESS offers unique value
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propositions, particularly in cost reduction, as second-life batteries are generally more
affordable than new batteries. They also contribute to reducing the ecological footprint of
battery ESS by extending the lithium-ion battery’s life cycle, lowering GHG emissions, and
supporting circular economy goals. From an economic perspective, second-life batteries
create new revenue streams for OEMs of EVs through resale or rental models. These
advantages make second-life batteries relevant not only for stationary battery ESS but also
for mobile applications, where cost savings, environmental benefits, and extended usability
offer a compelling alternative to new battery solutions.

Realizing these benefits requires a well-structured approach to value creation, en-
compassing strategic activities, technological advancements, and the resolution of key
challenges. The availability of EOFL batteries depends on battery lifespan, fluctuating
market demand, and the lack of standardized sourcing platforms. Proper evaluation of
EOFL batteries is equally important, as pricing is affected by factors such as degradation
levels, market demand, and the cost of new batteries [46,47].

Ensuring the reliability and performance of second-life batteries necessitates stan-
dardized evaluation and testing. Many existing testing methods are designed for first-life
lithium-ion batteries, making it necessary to develop new methodologies tailored to repur-
posing companies, which often face challenges such as the lack of historical performance
data, tight cost margins, and time constraints. Disassembly costs are determined by factors
including the depth of disassembly, labor wages, automation level, and product design.
Research suggests that automation has the potential to revolutionize repurposing, with
full automation reducing time by 85% and costs by up to 97%, while semi-automation can
reduce time by approximately 75% and costs by 76% [36,48]. After disassembly, battery
packs/modules with similar SOH and other performance characteristics must be grouped
and reassembled for integration into new second-life battery applications. Establishing com-
prehensive testing and standardization protocols is essential to ensure optimal performance
and reliability of repurposed lithium-ion batteries.

The purchase price of EOFL lithium-ion batteries accounts for 56% of total repurposing
costs, making fair pricing a key factor in the economic viability of second-life battery
applications [35]. Additionally, transportation and packaging require specialized handling
due to safety risks, contributing 8-10% to total repurposing expenses (excluding battery
purchase cost).

The implementation of technologies such as robotics, Al, and computer vision can
further enhance efficiency, making second-life battery repurposing economically more
competitive. Recycling remains a competing alternative, with geographically variable
recycling infrastructure. However, repurposing is becoming increasingly attractive as the
use of rare earth elements like cobalt and nickel declines in newer battery chemistries [49].

Ensuring safety is another critical factor for the successful adoption of second-life
batteries. Lithium-ion batteries related risks, such as electrolyte leakage, thermal runaway,
and hazardous materials, require stringent safety protocols and regulatory compliance.
Increasing consumer awareness through targeted educational campaigns and robust after-
sales services is essential for building trust in second-life battery solutions and promoting
wider adoption.

From a technology perspective, the outlook for second-life batteries in battery ESS
is promising in the short to medium term. Emerging technologies like sodium-ion and
solid-state batteries currently pose minimal disruption to the second-life batteries market,
but ongoing advancements may influence the long-term trajectory of second-life batteries
adoption. Adapting to these developments will require continuous innovation, technology
foresight and monitoring, strategic collaborations, and research investments to identify
new applications for second-life batteries.

https:/ /doi.org/10.3390 /wevj17020066


https://doi.org/10.3390/wevj17020066

World Electr. Veh. ]. 2026, 17, 66

20 of 26

Effective value delivery to target customers is ensured through strategic distribution
and partnerships. Literature-based analysis on value delivery mechanisms reveals two
dominant approaches. First, EV OEMs manage the entire repurposing process internally,
maintaining full control over the value chain and using their own channels to deliver
value. Second, EV OEMs partner with or form joint ventures with startups, recycling
firms, or energy corporations to leverage shared expertise and resources. These findings
are supported by Jiao (2017), who categorizes value creation and value delivery models
into three main types: standard, collaborative, and integrative models [50]. Each defines
different levels of interaction between EV OEMs and repurposing companies, influencing
how second-life batteries reach the final consumers. Regardless of the model, direct sales
channels dominate value delivery for large-scale front-of-the-meter applications such as
utility-scale battery ESS projects. On the other hand, for the residential customer segment
behind-the-meter, a combination of dealer channels and direct sales is employed.

The BMs’ value capture focuses on converting customer benefits into profitable, long-
term revenue streams and on choosing the right pricing mechanisms. Insights from the
AGV BM patterns served as a foundation for the value capture in the battery ESS context.
Patterns such as Guaranteed Availability align with Pay-Per-Use or Energy-as-a-Service
options, offering flexible payment structures and dependable battery performance. Direct
Selling can be combined with Sensor-as-a-Service or Make More of It to monetize expertise
and data services. A Two-Sided Market BM pattern allows EV OEMs to capitalize on EOFL
batteries without deeply engaging in the second-life batteries value chain, simplifying
operations while still capturing monetary value. When combined with appropriate pricing
methods—particularly cost-plus pricing, which balances transparency and profitability
in an evolving market—these mechanisms address both the economic and perceptual
challenges associated with second-life batteries.

Collectively, these integrated activities from value proposition to value capture are
essential for ensuring the economic and sustainable success of second-life battery ESS. To
solidify the role of second-life batteries in the evolving AGVs and battery ESS business
landscape, recommendations are given in the next section.

4.2. Economic Recommendations for Action

For building a thriving business and streamlining the repurposing process, the follow-
ing recommendations are outlined:

e  Battery Testing Standards: Regulators and industry should collaborate to develop
standardized battery evaluation and testing methodologies for second-life qualifica-
tion. Clear regulations should be published by governmental organizations to ensure
uniformity in evaluation processes and ease the integration of second-life batteries
into new applications.

e  Battery Design Standardization: Battery design should be standardized to the extent
possible to streamline repurposing. Regulators should mandate that EV OEMs pro-
vide detailed disassembly information to repurposing companies without waiting
for the full implementation of the EU battery passport initiative in 2027. Industry
players in EV manufacturing and battery production should incorporate “Design for
Disassembly” and “Design for Maintenance” principles right from the beginning of
the battery lifecycle.

e  Economic Incentives: Tax breaks and subsidies should be provided to companies
engaged in battery repurposing to reduce operational costs. Additionally, incen-
tives should be offered to EV users who replace their batteries and provide them for
repurposing, encouraging participation in the circular economy.
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e  Mandate Minimum second-life batteries Utilization: Regulations should require a min-
imum percentage of second-life batteries to be used in battery ESS projects. This will
ensure that second-life batteries have a steady market demand and can be scaled up.

e Invest in Research and Development: Funding should be allocated to research and
development initiatives. Research on innovative repurposing processes and new
second-life battery applications should be encouraged to unlock their full potential
and foster widespread adoption.

4.3. Future Economic Research Needs

Future research shall prioritize the development of advanced evaluation and testing
methods to enable accurate assessment of the remaining capacity of EOFL batteries for
second-life qualification. In addition, exploring automation in repurposing processes-
especially in the disassembly of EOFL lithium-ion batteries by using robotics, Al, and
computer vision-offers significant potential to reduce costs and enhance scalability.

Conducting comprehensive economic analyses of second-life battery applications in
Europe, including procurement, repurposing, implementation, and revenue generation,
will provide valuable insights into market feasibility under European conditions.

These research directions will support the efficient and sustainable integration of
second-life batteries into stationary and mobile applications, contributing to the advance-
ment of the circular economy and the broader adoption of second-life battery solutions.

5. Discussion and Conclusions

The present paper presents a comprehensive interdisciplinary analysis of the repurpos-
ing of lithium-ion batteries from EVs for second-life applications, with a focus on technical,
legal, and economic dimensions. More than 60 s-life use cases have been identified, and
through an integrated assessment approach considering technical parameters (such as
C-rate, temperature, capacity requirements, and mechanical load), economic viability, and
legal compliance, two applications were highlighted as particularly promising: AGVs and
industrial ESSs for renewable firming purposes.

5.1. Technical Perspective

From a technical standpoint, second-life deployment of EV batteries presents both
opportunities and challenges. While batteries at EOFL retain sufficient capacity, their aging
state varies significantly depending on use history. The qualification of such batteries thus
requires a more nuanced assessment than SOH alone can provide. A comparative study of
31 health indicators led to the identification of 13 parameters—such as Coulombic efficiency,
Area VdQ, VRP, and OCV hysteresis—that exhibit strong sensitivity to aging and loading
conditions. It was shown that batteries with similar SOH values can differ markedly in
terms of degradation mechanisms such as LLI, LAM, and IRI.

Furthermore, operational loads during second-life use—especially mechanical and
high C-rate electrical loads—were found to pose varying risks depending on the degree of
battery aging. Mechanical loads, in particular, were more critical for mobile applications.
Based on these insights, a two-step qualification methodology was proposed: an initial
qualitative inspection (e.g., for swelling, corrosion, damage), followed by a quantitative
measurement protocol involving a standardized charging-waiting—discharging procedure.
This protocol enables the extraction of key safety-relevant parameters and supports load-
adapted safety margin assessments. The methodology is scalable and robust even in the
absence of first-life battery data, making it well-suited to industrial settings. Importantly,
the proposed qualification workflow also supports regulatory compliance and economic
transparency. By systematically measuring and recording key indicators (SOH, Area VdQ,
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Coulombic efficiency, VRP, and OCV) for each battery, the process generates documented
evidence of battery state that can be directly integrated into digital battery passports or
other reporting obligations under the EU Batteries Regulation.

To further enhance uncertainty-aware qualification, measured parameters can be
combined with predictive models. Approaches such as inter-cell deep learning, e.g., Bat-
LiNet [51], and standardized benchmarks like BatteryML [52] allow estimation of Remain-
ing Useful Life (RUL), accounting for cell-to-cell variability and usage history. Integrating
these models supports more precise calibration of safety margins, complementing tradi-
tional parameter-based screening.

5.2. Legal Perspective

Legally, the repurposing of EV batteries intersects with multiple regulatory fields,
notably product law, waste law, and transport law. The entry into force of the new EU
Batteries Regulation (Regulation [EU] 2023 /1542) marks a significant turning point. Unlike
the preceding Batteries Directive, the regulation follows a life-cycle-based approach, aiming
to govern battery use from production to recycling. It introduces clearer definitions of
“repurposing” and establishes the conditions under which a used battery does or does not
become waste.

However, significant interpretive questions remain, especially regarding the boundary
between used and waste batteries and the legal handling of potential damage (e.g., from
accidents) in the context of conformity assessment. The regulation’s interaction with
harmonized technical standards is also noteworthy: compliance is presumed when such
standards are met, although other proof mechanisms remain possible.

The legal analysis also identified complementary instruments for promoting repurpos-
ing. These include financial support mechanisms under EU state aid law, the potential of
public procurement (e.g., innovation partnerships, green criteria), tax incentives (e.g., ex-
emptions for second-life storage systems), and recognition of repurposing as a sustainable
economic activity under the EU Taxonomy Regulation. Recommendations were made for
legal adjustments, especially the need to adapt Austrian legislation (e.g., BatterienV) and
for the development of delegated acts and harmonized standards at the EU level.

5.3. Economic Perspective

Economically, the reuse of EV batteries in second-life applications offers a promising
means to reduce costs and support sustainability. In-depth market analysis shows con-
siderable potential for second-life batteries in both AGVs and stationary ESS, particularly
as demand for storage solutions grows globally. In the ESS segment alone, cumulative
second-life battery capacity is expected to reach 352 GWh by 2030, with Europe con-
tributing a projected 84 GWh. Second-life batteries can reduce investment costs and the
carbon footprint associated with battery storage, making them a competitive alternative to
new batteries.

BM analyzes, differentiated for AGVs and ESS, highlights viable patterns that align
with circular economy principles. For AGVs, six BM patterns were identified, including
Direct Selling, Customer Loyalty, Trash to Cash, Guaranteed Availability, Sensor-as-a-
Service, and Make More of It. These patterns can be combined flexibly to address market
needs and support sustainability goals. For ESS, BM components (value proposition,
creation, delivery, and capture) were assessed in detail. The importance of automation
in disassembly and testing was emphasized, with studies showing that automation can
significantly reduce costs and time.

Moreover, second-life batteries BMs must address economic constraints such as the
high-cost share of battery procurement, testing requirements, and logistics (e.g., packag-

https:/ /doi.org/10.3390 /wevj17020066


https://doi.org/10.3390/wevj17020066

World Electr. Veh. ]. 2026, 17, 66

23 of 26

ing, transport). Value delivery models may be standard, collaborative, or integrative—
depending on whether OEMs manage repurposing in-house or in partnership with other
actors. Value capture strategies (e.g., Energy-as-a-Service, Sensor-as-a-Service) must be
aligned with flexible and cost-transparent pricing methods to achieve commercial viability.

6. Future Directions

This interdisciplinary study demonstrates that the second-life use of lithium-ion EV
batteries is not only technically feasible and economically advantageous but also increas-
ingly supported by legal frameworks. However, the realization of these potentials requires:

e  The implementation of robust and scalable battery qualification methodologies.

e  The continued development and harmonization of the legal environment (particularly
under the EU Batteries Regulation).

e  The formulation of targeted BMs is supported by public incentives and industrial
collaboration.

Future research should focus on advancing automation in qualification and disas-
sembly, improving access to first-life battery data (e.g., via digital battery passports), and
refining predictive models for second-life suitability. At the legal level, further jurispru-
dential analysis is needed to clarify phase boundaries between product and waste law
and to ensure legal certainty in practical implementation. On the economic side, a better
understanding of market dynamics, value chains, and investment incentives is necessary
to foster the widespread adoption of second-life batteries across applications and regions.

In sum, repurposing EV batteries for second-life use stands as a crucial element of the
circular battery economy and the broader transition toward a sustainable energy system.
Continued interdisciplinary cooperation will be essential to translate insights into industrial
practice and policy.

Author Contributions: Conceptualization, ].M. and W.R.; methodology, ].M. and W.R.; formal
analysis, G.A., ER. and E.M.; investigation, G.A., ER. and E.M,; resources, G.A., VK., ER,, PAT.
and E.M.; writing—original draft preparation, ]J M., WR., G.A., VK, ER,, PA.T. and EM.; writing—
review and editing, W.R. and E.M.; visualization, P.A.T. and ER.; supervision, ]. M. and W.R.; project
administration, J.M.; funding acquisition, ].M. All authors have read and agreed to the published
version of the manuscript.

Funding: This work originates from the research project SafeLIB. The COMET Project SafeLIB is
funded within the framework of COMET—Competence Centers for Excellent Technologies (Grant
agreement No. 882506) by BMK, BMDW, the Province of Upper Austria, the Province of Styria, as
well as SFG. The COMET Program is managed by FFG. The authors thank the consortium members
of the SafeLIB project for supporting this work. Supported by the Open Access Funding and the
Research Initiative “nachhaltige Personen- und Giitermobilitdt” of Graz University of Technology.

Data Availability Statement: Not applicable.

Acknowledgments: Open Access Funding by the Graz University of Technology. The authors thank
the consortium members of the SafeLIB project for their valuable input to this work.

Conlflicts of Interest: Author Werner Rom was employed by the company SYRION e.V.—Systemic
Research & Innovation, Graz, Austria, a non-profit research organization focused on research and
innovation projects in sustainable mobility and related fields. The organization does not sell com-
mercial products related to this manuscript. The remaining authors declare that the research was
conducted in the absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

https:/ /doi.org/10.3390 /wevj17020066


https://doi.org/10.3390/wevj17020066

World Electr. Veh. ]. 2026, 17, 66 24 of 26

Abbreviations

The following abbreviations are used in this manuscript:

AGV Automated Guided Vehicle

Al Artificial Intelligence

BM Business Model

CVCP  Constant Voltage Charging Profile
EAG Erneuerbaren-Ausbau-Gesetz

ECJ European Court of Justice

EIP European Innovation Partnerships

EOFL End-of-First-Life

ESS Energy Storage System

EU European Union

EV Electric Vehicles

FMEA  Failure Mode and Effects Analysis
GHG Greenhouse Gas

GPP Green Public Procurement

IRI Increase of Internal Resistance
LAM Loss of Active Material

LLI Loss of Lithium Inventory

OoCv Open Circuit Voltage

OEM Original Equipment Manufacturer
PCP Pre-Commercial Procurement

PPI Public Procurement of Innovative Solutions
RoW Rest of the World

RUL Remaining Useful Life

SOCE  State of Certified Energy

SOH State of Health

Us United States

VRP Voltage Relaxation Profile

VwGH  Verwaltungsgerichtshof
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