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Given the critical importance of lithium-ion batteries in the electric vehicle market and the limited availability
of critical raw materials like lithium, cobalt, and graphite, effective and profitable battery recycling processes
are vital for reducing European dependency on imports and enhancing the sustainability of batteries. The anal-
ysis of economic and structural challenges of lithium-ion battery recycling is based on expert interviews with
13 stakeholders in the battery value chain, including vehicle manufacturers, logistics providers and recycling
companies. The investigated processes include battery collection, classification, transport, intermediate storage,
mechanical treatment, and chemical processing. The findings confirm that current recycling practices are not
profitable: transport can account for up to 70% of total recycling costs, chemical processing infrastructure
requires investments of around 23 euros per kg of input material, and many recycling plants operate at less than
10% of their capacity due to insufficient battery return volumes. To address these challenges, a decentralized
structure is proposed, with regional pretreatment facilities and centralized chemical processing hubs, to reduce
transport distances, lower costs, and improve scalability.

1. Introduction

The recycling of lithium-ion traction batteries from electric vehicles
(EVs) plays a crucial role in reducing environmental impact and se-
curing access to critical raw materials in Europe. The European Union
(EU) classifies battery materials, such as lithium, nickel, and cobalt,
as critical due to their economic importance and associated supply
risks (EU, 2023). With an expected demand of 3500 GWh for traction
batteries by 2030 (Alliance, 2019), Europe faces a strategic challenge to
secure sufficient material supply for battery production. Recycling of-
fers a promising pathway to mitigate resource dependency and promote
sustainable battery production by reintegrating recovered materials
into the value chain (Bruno and Fiore, 2023; Gonzales-Calienes et al.,
2023). The cost of recycled battery materials must be competitive with
that of primary raw materials. Achieving this requires economically
viable recycling processes.

After its use in the electric vehicle as an energy storage system, the
traction battery is removed from the vehicle, initiating the downstream
phase of the battery life cycle, which includes collection, transporta-
tion, disassembly, and material recovery (Fig. 1). Depending on the
battery’s state of health (SOH), different second-life applications such as
remanufacturing or repurposing may be possible. However, ultimately
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all batteries reach their end-of-life and require recycling. This process
typically begins with transportation of the battery to recycling facilities,
followed by temporary storage, pretreatment, mechanical recycling,
and final processing into metal salts or precursors. The transportation
of the intermediate product can take place between the mechanical and
hydrometallurgical processing steps.

The logistical handling of traction batteries poses significant chal-
lenges. Due to their high weight, often exceeding 500 kg per battery,
and their hazardous nature, batteries must be classified before trans-
port according to their safety risk: end-of-life, defective, or critically
defective (Plotnikov et al., 2023). Transport regulations require the use
of certified packaging and specialized equipment (UN, 2023). These
factors, along with the lack of standardized storage regulations, have
been identified by several studies as major obstacles to the efficiency
and profitability of battery recycling systems (Slattery et al., 2021;
Lander et al., 2021).

Pretreatment involves discharging and disassembly of the traction
batteries. For safety reasons, batteries should be discharged to a voltage
below 1.5 V prior to disassembly (Wu et al., 2022). Disassembly is
generally performed down to the module level to separate components
such as housings, cells, thermal systems, and wiring harnesses (Ret-
tenmeier et al., 2024; Klohs et al., 2025). Due to the wide variation
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Fig. 1. Battery life cycle with focus on battery recycling downstream processes.

in battery pack designs, disassembly is often done manually, which
increases operational costs of battery recycling. Some battery packs can
be dismantled significantly faster than others. For example, the Tesla
Model S requires approximately 80% less effort than a Nissan Leaf pack,
directly influencing the profitability of battery recycling (Lander et al.,
2021). Although research has begun to explore automated disassembly
and design-for-recycling approaches, these solutions are not yet widely
implemented in industry practice (Klohs et al., 2023; Scott et al., 2023).

Subsequent mechanical recycling, such as shredding and separation,
yields a material mixture known as a black mass. It consists of anode
and cathode active materials along with impurities such as aluminum
and plastic. This black mass is typically processed by pyrometallurgical
or hydrometallurgical methods to recover valuable materials, including
metal salts and precursors such as nickel sulfate (Doose et al., 2021).
Several studies have evaluated the cost and performance of various
recycling processes (Reinhart et al., 2023; Woeste et al., 2024). How-
ever, techno-economic assessments of battery recycling processes do
not take into account upstream factors such as battery collection, trans-
portation, storage, and disassembly. Regulatory barriers, inconsistent
safety requirements, and supply chain dependencies are also frequently
neglected, despite their substantial impact on system-level feasibility
and competitiveness (Kampker et al., 2023; Barkhausen et al., 2023).

This study takes a comprehensive system-level perspective on the
electric vehicle battery recycling chain, from battery collection to
hydrometallurgy and their interdependencies. In contrast to existing
studies that focus on isolated technical processes or economic factors,
this study draws on expert interviews to incorporate market-oriented
insights and stakeholder perspectives. The objective is to identify key
factors that influence recycling profitability and to explore strategies to
improve the cost effectiveness of battery recycling in Europe. To this
end, the following research questions are addressed:

1. Is current traction battery recycling in Europe profitable?

2. What are the main challenges in the downstream processes of
traction batteries?

3. Are there any promising approaches to increase the profitability
of these downstream processes?

2. Methodology

To understand the economic factors and challenges of the down-
stream processes of traction batteries with a focus on battery recy-
cling, we conducted interviews with 13 stakeholders, also referred
to as participants. These included battery producers, original equip-
ment manufacturers (OEMs), logistics companies, and battery recycling
companies. The interviewed logistics and recycling companies are well-
established and recognized players in the European recycling sector,

and can be considered representative of the market. The number of
13 expert interviews was considered sufficient to reach thematic sat-
uration and identify recurring patterns across stakeholder groups. In
qualitative research, especially in exploratory studies with a focused
scope and well-defined stakeholder categories, sample sizes between
12 and 20 interviews are commonly accepted to yield valid insights
and achieve data saturation (Hennink et al., 2017; Guest et al., 2006).
Battery recycling is represented by seven participants from different
companies. During the interviews, each participant shared their insights
and discussed the specific challenges they face in the recycling market.

The structure of the interview is divided into four sections, contain-
ing a total of eight questions and two hypotheses, as demonstrated in
Fig. 2. If participants felt they lacked the knowledge to answer certain
questions, they were not required to do so. The first section addresses
the general challenges of battery recycling. The second section focuses
on the economic aspects, including cost drivers and other financial
influencing factors, and identifies potential indicators that can improve
battery recycling profitability. The third section focuses on future de-
velopments and technical change, such as increasing return volumes,
evolving battery chemistries, and transport issues. The fourth section
explores external influences on battery recycling, such as challenges in
the transport sector and the impact of regulations on the market.

The interviews were conducted digitally between November 2023
and February 2024, each lasting 45 min to an hour. Two types of ques-
tions were used: Likert scale and multiple choice. Likert scale questions
allowed respondents to express varying levels of agreement or per-
ceived impact, which is well suited to capture technical knowledge and
perception (Joshi et al., 2015). This format enables reliable, compara-
ble measurement of opinions and facilitates the identification of trends
or consensus among experts (Mokuolu et al., 2023). Multiple choice
questions were used to collect categorical data based on predefined op-
tions. These focused on anticipated challenges from increasing battery
return volumes, current black mass destinations, and transport-related
obstacles, rather than evaluative judgments. The multiple choice format
allowed for systematic identification of observed patterns and recurring
issues between stakeholder groups. The responses were analyzed to
identify dominant patterns and recurring challenges in the stakeholder
groups. The qualitative insights provided during the interviews were
thematically clustered to support and contextualize the quantitative
results.

3. Results

The interview is based on the system-level view of battery recycling,
which includes the whole recycling chain from transport to hydromet-
allurgy. In this context, profitability is considered a crucial factor in
Europe, especially given the strong competitive pressure from major
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Fig. 2. Overview of interview questions and hypotheses categorized by thematic sections and response formats.

Hypothesis: “The recycling of traction batteries in
Europe is currently not profitable.”

Hypothesis: “The spoke-and-hub structure for battery

recycling should be implemented in Europe.”
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Fig. 3. Evaluation of hypotheses regarding the profitability and structural implementation of battery recycling in Europe.

Asian players. 62% of participants rather agree and an additional 15%
fully agree with the hypothesis that the recycling of traction batteries
in Europe is currently not economically viable (Fig. 3) This reflects
the current market situation, where traction batteries return volumes
remain low. To bridge the resulting input gap, recycling companies
temporarily rely on batteries from electronic devices or scrap mate-
rial from battery production. Dedicated facilities for traction battery
recycling operate currently at just 5%-10% of their capacity for such
batteries. At present, the profitability of recycling processes is often
supported by disposal fees, also known as gate fees, which help cover
operational costs. In 2022, these fees were approximately two euros
per kilogram of battery for Lithium-Nickel-Manganese-Cobalt Oxide
(NMC) chemistries and have been decreasing over time.

Experienced recycling companies benefit from existing infrastruc-
ture, regulatory know-how, and established supplier and customer
networks, factors that provide a competitive advantage over new en-
trants. Startups in the battery recycling sector are therefore required to
innovate in order to differentiate themselves and gain market traction.
To improve the economic outlook for battery recycling, the spoke-
and-hub structure is seen as a promising strategy. According to the
interview results, 77% of the participants agree and another 23% rather
agree with the hypothesis that this structure should be implemented
in Europe. However, several participants emphasized that practical im-
plementation strategies for the spoke-and-hub structure are still lacking
and must be developed.

Fig. 4 presents the interview results using a Likert scale format.
The sequence of questions follows a logical structure: it begins with
Question 1 (Q1), which addresses general challenges in the recycling
of traction batteries. Q3 then focuses on the key cost three drivers in
downstream processes. Q4 explores which factors need to be adapted
to make battery recycling more economical, especially in light of the
increase in battery return volumes in the future. Q7 examines how
technological changes in lithium-ion batteries impact the adaptability

of recycling companies. Finally, Q10 assesses the influence of different
players in the recycling market. The percentages highlighted in Fig.
4 reflect the share of participants who rated each item moderate,
significant, or high.

The most widely acknowledged challenge in battery recycling, rated
by 77% of the participants as moderate, high or significant, is securing
future return batteries for recycling companies. The participants em-
phasized that future return volumes are currently difficult to forecast
and that securing them is highly dependent on long-term partnerships
and contractual arrangements. A significant increase in available bat-
tery volumes is expected by one participant between 2029 and 2031,
which may temporarily ease the competitive pressure between battery
recycling companies. The concern of battery recycling companies re-
volves around how to participate effectively in the market dynamics to
secure these batteries and recycle them at competitive prices.

In light of the new European battery regulation from 2023 (EU
2023/1542), recycling companies perceive the achievement of man-
dated recycling efficiencies and quotas as a significant yet feasible
challenge. According to Commission Regulation (EU) No 493/2012,
recycling efficiency is defined as the percentage obtained by dividing
the mass of output materials, those that have ceased to be waste and
can be reused for their original or other purposes, excluding energy
recovery, by the total mass of processed waste batteries and accu-
mulators (EU, 2012). Recycling companies mentioned that challenges
arise when aiming for over 95% of recycling efficiency due to the long
recycling chain that involves several recycling processes. Even with
highly efficient individual steps with 99% efficiency, it cumulatively
struggles to maintain final efficiency at 95%. This difficulty increases
with the recycling of the portable batteries, where the presence of
substantial non-metal components like casings and battery manage-
ment system complicates mass balance calculations, impacting overall
recovery rates.
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Fig. 4. Survey results on challenges, cost drivers, and influencing factors in battery recycling.

Due to the dynamic market regarding the constantly changing and
increasing variety of battery design and technology, the flexibility to
react to new batteries in recycling processes is indispensable and is
seen by 62% of the participants as a moderate to significant challenge.
Furthermore, participants see the standardization of the recycling pro-
cess as not possible, as it is only conceivable with the standardization
of battery design and chemistry. Standardization of recycling process
would be detrimental as the recycling companies advertise the unique-
ness and innovation of their recycling process and set themselves and
their recycling process apart from the competition.

The availability of suitable locations for battery recycling is consid-
ered a moderate to significant challenge by 50% of the participants.
The challenges arise because such facilities typically combine stor-
age, mechanical, and chemical processes, each subject to strict safety
and environmental regulations. The approval process involves com-
plex negotiations with regulatory bodies and fire departments, as well
as engagement with local communities. This makes site selection a
lengthy and complex endeavor. Two recycling companies highlighted
the repeated failure to secure locations for mechanical recycling fa-
cilities due to the opposition of the local community. In particular,
concerns about noise pollution from battery shredding operations. The
battery recycling process itself presents several risks, including fire, due
to heating, short circuit, overcharging, deep discharge, or secondary
hazards of fire spread, and explosion risks from flammable electrolyte
vapors forming ignitable vapor or gas/air mixtures. These risks re-
quire early and detailed involvement of fire safety authorities in the
planning process. Hydrometallurgical plants, which involve the use of

chemicals and acids, cannot be located in mixed-use commercial areas
due to their stringent safety and environmental requirements. Instead,
hydrometallurgical plants require placement in dedicated industrial
parks where proper handling of hazardous materials can be ensured.
This requirement significantly narrows the availability of suitable sites.
The regulatory landscape varies significantly across Europe. Although
some Central West countries offer relatively streamlined procedures,
expansion into Eastern European regions is often hindered by more
fragmented or less predictable regulatory frameworks.

The cost drivers in the battery downstream process with the greatest
impact are addressed in Q3. The hydrometallurgy, also known as
chemical treatment, is seen by 92% of the participants with moderate
to high impact on recycling costs. The participants stated the need for
a complex infrastructure and large specialized plants that enable the
handling of aggressive chemicals. The extraction of valuable metals
such as lithium, nickel, cobalt, and manganese from the black mass
requires precise controls and complex procedures to ensure that they
are recovered in high purity. The waste produced during hydromet-
allurgy can contain toxic substances and heavy metals that require
further treatment.

About 75% of the participants view thermal treatment methods,
such as pyrolysis and pyrometallurgy, as having moderate to high cost
impact on battery recycling. These processes require substantial energy
input, particularly for heating. Without sufficient throughput, much of
this energy is wasted on maintaining the system temperature rather
than driving the reaction. Thus, scaling up is crucial to improve both
cost-efficiency and energy utilization.
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The battery transport is seen by seven participants (58%) to have
a moderate to significant impact on the overall costs of the recycling
process (Q3) and by eight participants (62%) as a moderate to high
challenge (Q1). Detailed analysis of the challenges of battery transport
is addressed in Q8. After the batteries are transported to a recycling fa-
cility, the batteries are stored. Participants do not view battery storage
itself as a cost driver (30%). However, it was mentioned as a challenge
during the initial setup of battery recycling plants due to the lack of
guidelines and the high uncertainty of insurance companies and local
authorities.

Building on the identification of challenges (Q1) and cost drivers in
battery recycling (Q3), Q4 explores which adjustments are necessary to
enhance the economic viability of battery recycling in the future. Seen
by all participants, innovation is seen as a driver to improve battery
recycling processes efficiency, reduce costs, and minimize environmen-
tal impacts. The participants stated that as the demand for effective
recycling solutions grows, there is a continuous need for innovative
approaches to improve current methods. Some participants believe
that the recycling process, particularly mechanical recycling, is already
mature. Four participants stated that although pursuing disruptive in-
novation is important, the focus should be on scaling battery recycling
processes to take advantage of economies of scale.

The input material into a recycling process is seen by the partic-
ipants with a high degree of uncertainty, stemming from the varied
battery designs, different chemistries, and varying conditions of batter-
ies returning from different markets at different times. Battery recycling
companies stated in interviews that there is often a discrepancy be-
tween what is declared by the sender and what is actually received
by recyclers. For instance, recyclers might expect to receive individual
battery cells, but instead receive modules or encounter mislabeled
batteries, where NMC batteries are incorrectly declared as lithium-iron-
phosphate (LFP) and vice versa. Such inconsistencies arise primarily
because the sender may not have the accurate information to complete
the documentation for the batteries being sent for recycling. The pre-
sorting of the incoming batteries is seen by 92% of the participants as
a moderate to significant factor in improving the economic efficiency
of battery recycling. The participants stated the need for tools in the
industry that enable the identification of battery chemistries in packs
or modules without disassembling them first. Battery diagnostic is
time-consuming and costly, especially at the cell or module level.

Automating battery recycling, especially the disassembly operations
of battery systems, is seen as a potential way to improve efficiency and
reduce costs as battery disassembly is currently conducted manually.
However, this advancement faces significant challenges because of the
high variability in battery designs, each of which requires different dis-
assembly techniques. This diversity makes automation more complex
and capital intensive compared to battery manufacturing environments,
where processes are standardized.

Q7 addresses the challenges recycling companies face when adapt-
ing to the wide variety of battery cell sizes, not only regarding different
cell formats such as cylindrical, pouch, or prismatic, but also with
the emergence of larger formats such as blade cells. The challenges of
recycling different lithium-ion chemistries and the implications of var-
ious cell-to-x design approaches, such as cell-to-pack or cell-to-chassis
architectures, are also explored.

The participants explicitly differentiate between mechanical and
hydrometallurgical processes when addressing the recyclability of dif-
ferent lithium-ion battery chemistries. Mechanical processes in bat-
tery recycling generally offer considerable input flexibility with regard
to battery chemistry. This flexibility enables the processing of vari-
ous chemistries, such as NMC, LFP, lithium-titanium oxide (LTO) and
nickel-cobalt-aluminum (NCA), within a single facility without the
need to adjust the process parameters. Some companies stated that it
may even be possible to recycle solid-state batteries up to the black
mass stage in mechanical recycling plants designed for lithium-ion
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batteries, as long as the electrolyte is based on lithium hexafluo-
rophosphate. In contrast, hydrometallurgy faces greater challenges,
particularly with black mass from new battery types like sodium-
ion. These chemistries often require the redesign of existing recycling
methodologies and value chains to accommodate their unique mate-
rial compositions. The emergence of solid-state batteries, which still
primarily rely on lithium, is not considered problematic under current
recycling frameworks. However, innovations on the anode side, such as
the shift from graphite to silicon or silicon-graphite anodes, may require
slight adjustments in hydrometallurgical processes. Upon receiving a
batch of black mass, one participant in the field of hydrometallurgy
stated that it is standard practice to conduct tests to determine the
specific material composition. This step is crucial because it allows the
recycling facility to adjust its processing methods appropriately to the
chemical characteristics of the received black mass.

In the downstream battery lifecycle, which includes activities such
as removal, diagnostics, transport, disassembly, and recycling, six stake-
holder play distinct and interconnected roles. Gigafactories are large-
scale battery manufacturing facilities that not only produce battery cells
and modules but may also engage in closed-loop recycling strategies
of battery production scrap. OEMs integrate batteries into electric
vehicles and typically coordinate service logistics and handling when
batteries are still under warranty. Electric vehicle owners become the
legal owners of the battery upon vehicle purchase, and their decisions
about when and where to service or dispose of batteries directly
affect return flows. Once out of warranty, many batteries are handled
by independent workshops, which often lack formal links to OEMs
but are critical gatekeepers for aging or defective batteries. Logis-
tics companies are responsible for the transport of batteries between
locations. Finally, battery recycling companies perform mechanical
and chemical processing to recover valuable materials. Q10 aims to
explore which of these stakeholders has the most influence on the
battery recycling market. According to the participants, gigafactories,
OEMs and recycling companies are perceived as having the highest
level of influence. However, OEM-affiliated participants expressed a
different perspective: they consider owners of electric vehicles and
independent workshops to play a very significant role in shaping the
recycling market. When a customer purchases an electric vehicle, they
also become the legal owner of the battery. This ownership limits
OEMs’ direct access to the battery, meaning that downstream processes
are often influenced by the decisions of owners themselves. Once
the traction batteries are out of warranty, they increasingly end up
in independent workshops. According to the interview participants,
a steady and predictable supply of end-of-life batteries is critical
for the business model of battery recycling companies. This supply
is increasingly dependent on strategic partnerships with OEMs and
logistics providers. OEMs, when in possession of returned batteries,
typically issue short-term tenders, usually lasting between one and a
half and two years, for recycling services. These limited durations mean
recyclers must regularly reapply, preventing long-term planning and
supply security. Participants noted that financially strong new market
entrants can disrupt the market by offering unsustainable low prices
to win tenders, even if it means operating at a loss in the short term
to gain market share. Logistics companies can also win such tenders
and thereby gain considerable influence over the flow of batteries,
unless the OEM explicitly defines the recycling destination. With the
introduction of the 2023 EU Battery Regulation, participants observed
that OEMs are beginning to take more direct control of recycling
partnerships. This shift is seen as a way to align recycling activities
with their corporate sustainability and responsibility goals, while also
ensuring greater oversight of the downstream battery lifecycle.

Fig. 5 summarizes the responses of participants to selected multiple
choice questions. Q5 addresses the anticipated challenges associated
with increasing the return volumes of traction batteries by 2035. Q6
focuses on current pathways for black mass produced in Europe, while
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Fig. 5. Key challenges related to battery return volumes, commercialization of black mass, and battery transport in Europe.

Q8 examines key challenges related to the transport of traction batteries
for recycling.

The participants emphasized that the scaling effects vary signifi-
cantly between different stages of the battery recycling process.
Economies of scale were described as limited in the earlier downstream
steps, such as sorting and shredding, but were increasingly relevant in
the hydrometallurgical treatment of black mass. Several participants
indicated that cost-efficient operation of hydrometallurgical plants re-
quires annual input volumes between 20,000 and 60,000 tons. Planning
for such capacities is complicated by the lack of reliable data on
future battery return volumes. As traction batteries have only recently
entered widespread use, return forecasts remain speculative and are
based primarily on assumptions rather than empirical evidence. This
uncertainty makes it difficult to determine the appropriate timing and
scale of investment, contributing to a landscape of small-scale pilot and
demonstration plants throughout Europe. While the results of Q5 do
not point to a single dominant challenge associated with increasing

return volumes, participants mentioned a broad set of concerns related
to logistics, input variability, and infrastructure readiness.

The results show that all participants confirmed independent sales
to markets outside Europe as the predominant destination for black
mass produced in Europe (Q6). Only a fraction reported sales on the
European commodity market (44%) or return of black mass to battery
distributors (11%). According to participants, export dynamics are
driven primarily by more competitive pricing in markets such as Korea,
China, and the United States. Although European buyers are present,
their offers are generally less attractive. Black mass pricing is typically
based on global commodity market trends, particularly the spot prices
for metals like cobalt and nickel, but is adjusted downward to account
for the additional processing required in hydrometallurgical recovery.

The transport of batteries in downstream processes was identified
as a relevant barrier. In Q1, 62% of the participants rated transport
as moderate to significant challenge. Similarly, in Q3, 58% of the
respondents considered battery transport to have a moderate to high
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cost impact on overall downstream processes. Moreover, 50% of the
participants stated in Q4 that reducing transport distances would have
a moderate to significant effect on the profitability of recycling. Q8
builds on these insights by examining the specific challenges associ-
ated with battery transport in more detail. The results of Q8 show
that battery transport is a critical bottleneck in recycling processes.
All participants identified high transport costs due to strict safety
requirements as a major challenge. This is compounded by a lack of
transparency regarding the condition or composition of the batteries,
which often leads OEMs to classify returned batteries conservatively
as high-risk to avoid liability. As a result, transport procedures are
subject to stringent packaging regulations, especially for defective and
critically defective batteries, which together account for approximately
55% of incoming material according to a recycler (45% defective and
10% critically defective). The transportation of these batteries requires
certified containers, which are typically leased at costs ranging from
900 to 1,500 euros per shipment. In addition, the heavy and bulky
nature of these containers, often weighing up to two tons when empty,
limits the utilization of truck capacity and further increases costs.

4. Discussion

The findings of this work confirm that the recycling of traction
batteries from electric vehicles is currently not economically viable
in Europe. Expert interviews revealed several structural and economic
barriers along the downstream processes, including high transportation
costs, the technological and infrastructural complexity of hydrometal-
lurgy, insufficient return volumes, and the lack of harmonized opera-
tional guidance, particularly regarding battery storage and stakeholder
coordination.

One of the most pressing cost drivers identified is the high capital
expenditure (CAPEX) required for the construction of hydrometallurgi-
cal plants. Specifically, the investment cost for chemically treating one
kg of black mass is approximately 23 euros, which is about five times
higher than the CAPEX of mechanical recycling facilities. Although me-
chanical processes incur lower CAPEX, their operational expenditures
(OPEX) can still be substantial, around 1.3 euros per kg of battery
material, primarily due to high energy consumption. In comparison,
the OPEX for hydrometallurgical treatment stands at roughly 4.7 euros
per kg of black mass. These figures highlight the importance of scale:
Recycling plants, especially hydrometallurgy, can operate profitably
only at high throughput levels, which in turn require sufficient return
volumes and coordinated material flows.

Another major barrier to economic recycling is the transport of bat-
teries, which, depending on battery condition and safety classification,
can account for 30 to 70% of total recycling costs. Return battery
transportation is subject to strict regulations and requires certified
containers and special handling, which contribute to high logistical ex-
penses. Given the complexity and risk associated with these processes,
a clear test protocol should be developed to assess the risk of batteries
prior to transport. Decentralized solutions, such as regional reception
and sorting facilities, could reduce the transport distance of batteries,
decrease the costs.

Battery return volumes in Europe are expected to increase signif-
icantly in the coming years. Although current recycling capacity is
estimated at 355,920 tones per year in 2025, announced projects could
raise this to over 723,000 tones per year in the next few years (Soldan,
2025). Current return volumes remain low, and several plants operate
below capacity. New small-scale facilities have played a vital role in
demonstrating technological viability and process innovation, laying
the groundwork for future scaling. While technological progress in bat-
tery design enables improved performance and cost efficiency, it poses
major challenges for recycling. The increasing diversity of chemistries
and formats, such as LFP, sodium-ion, or solid-state, results in complex
safety, diagnostic, and processing requirements.
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Battery ownership also emerged as a central issue in the interviews
for OEMs. Currently, traction batteries are typically owned by the
electric vehicle user, which complicates reverse logistics and access
to end-of-life batteries for OEMs. Battery leasing models, in which
the OEM retains battery ownership, offer a promising solution. This
model ensures that batteries are returned to the OEM at end-of-life
and can be reused or recycled under controlled conditions. Renault and
NIO already implement such models on scale (Gonzalez-Salazar et al.,
2023).

Battery ownership at the end of its life cycle has a direct impact on
the organization and efficiency of recycling processes. When original
equipment manufacturers (OEMs) retain ownership through leasing
models, they can ensure that batteries are returned systematically and
handled within controlled processes. In contrast, if the battery belongs
to the end user, it may end up in independent workshops or informal
channels, making tracking and collection more difficult. This creates
uncertainty for recyclers and hinders long-term planning. These owner-
ship constellations influence how recycling networks can and should be
structured to ensure efficient material flows and clear responsibilities
across stakeholders. A system design that reflects these interdependen-
cies is the spoke-and-hub network, which can accommodate diverse
ownership and coordination models while addressing key economic and
logistical challenges. In such a system, decentralized spoke facilities
perform battery reception, diagnostics, disassembly, and mechanical
treatment (Fig. 6). These processes generate a black mass consisting
primarily of active electrode materials mixed with impurities such as
plastics and aluminum. The spokes are designed to be small in capac-
ity but geographically distributed, minimizing transport distances and
reducing logistical costs. The black mass is then transferred to central
hub facilities, where hydrometallurgical treatment is applied to recover
high-purity metal salts or precursors suitable for cathode production.
This spatial and functional separation supports the economic scaling of
chemical processes while maintaining regional accessibility.

The spoke-and-hub network addresses the most pressing challenges
identified in this study. It reduces transport costs by shortening dis-
tances for hazardous batteries, supports flexible regional deployment
of mechanical processing, improves throughput and profitability of
centralized chemical hubs, and allows for adaptability to evolving bat-
tery chemistries and formats. Its successful implementation depends on
robust stakeholder collaboration and institutional support. The decen-
tralization of operations, the variability in battery ownership, and the
capital requirements of hub facilities require clearly defined roles and
coordination mechanisms among OEMs, recyclers, logistics providers,
independent workshops, and public institutions. Producer Responsibil-
ity Organizations (PROs) could play a central role in enabling this
coordination. Acting as neutral intermediaries, they can facilitate data
flows, oversee compliance with extended producer responsibility (EPR)
requirements, and ensure transparent and equitable access to returned
batteries. In doing so, they can support both regulatory alignment and
operational scalability across the regional and national levels.

Despite the comprehensive scope of this study, several limitations
must be acknowledged. The findings are based on qualitative inter-
views with 13 stakeholders, including well-established players in the
European battery recycling sector. Although the sample was sufficient
to identify recurring patterns and insights, it may not capture the full
diversity of perspectives. Furthermore, many of the conclusions, such
as projected return volumes, technological readiness, and future cost
structures, are based on stakeholder expectations rather than empir-
ical market data. These projections are inherently uncertain due to
the dynamic development of battery technologies, regulatory environ-
ments, and recycling infrastructure. The study focuses on stakeholder
perceptions and expert assessments, which, while valuable for identi-
fying challenges and trends, do not substitute for quantitative system
modeling. Future research should therefore aim to complement these
findings with broader datasets and scenario-based modeling to validate
and expand on the insights presented here.
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Fig. 6. Proposed spoke-and-hub network for the recycling of traction batteries in Europe.

5. Conclusions

This work investigated the economic and structural factors that
influence the profitability of downstream processes in the recycling of
lithium-ion batteries from electric vehicles in Europe. Expert interviews
confirmed that traction battery recycling is currently not economically
viable. Key cost drivers include high transportation expenses, due to
strict safety regulations, and the capital and operational requirements
of hydrometallurgical processing. The findings highlight the need for
coordinated approach at the system level rather than isolated process
innovations. A scalable value creation network, based on regional
pretreatment and centralized hydrometallurgical plants, also called
a spoke-and-hub network, was identified as a promising strategy to
reduce costs and improve process efficiency.

The input of stakeholders also underscored the importance of sta-
ble battery return flows, access to batteries through clear ownership
structures, and legal clarity regarding the treatment of used batteries.
Organizational models based on Producer Responsibility and battery
leasing can help ensure transparency, control, and compliance with
European regulatory goals. Future research should focus on devel-
oping implementable blueprints for circular battery value networks.
These blueprints should integrate technical, legal and economic per-
spectives: assessing phase-wise network scaling, location requirements,
and the accounting treatment of batteries across countries. Further-
more, scenario-based planning tools can support infrastructure develop-
ment by aligning logistics, disassembly, and chemical processing with
return forecasts and regulatory requirements in the European Economic
Area.
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