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Global resource consumption is expected to reach the equivalent of three Earths by 2050.
Today’s linear economy operates beyond planetary boundaries consuming resources and
energy as they were infinite. This has led to serious environmental issues including climate
change and biodiversity loss, forcing the need for rethink of resource management. The
circular economy framework has been presented as a solution that disconnects resource
consumption from economic growth. The model is based on three principles: eliminating
pollution and waste, keeping materials in circulation at their highest value, and regeneration
of natural systems.

The automotive sector is one of the largest single-product markets, and a major employer
worldwide. The sector is undergoing a transition to electric mobility due to decarbonization
strategies. However, electrification is switching the sector from carbon-intensive to material-
intensive one. Particularly, the demand for critical raw materials with concentrated supply
chains is increasing significantly. Additionally, decarbonization strategies are forcing the
implementation of lightweight materials, which often are harder to recycle, potentially
reducing overall material circularity.

This thesis, based on literature review, investigates current challenges and the potential of
implementing circular solutions in the European automotive. The key findings suggest that
recycling is the most adapted circular solution in the sector, and the factors limiting
circularity include material complexity, economic viability, and the EU’s legislation that
mandates recycling rates by weight. In the future, it is important that the sector implements
higher value circular solutions, such as ecodesign and lifetime extension strategies.
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Maailmanlaajuisen luonnonvarojen kulutuksen ennustetaan saavuttavan tason, joka vastaa
kolmen maapallon resurssien kulutusta vuoteen 2050 mennessd. Tamén péivén lineaarinen
talousmalli ylittdd planeetan kantokyvyn rajat ja kdyttdd luonnonvaroja ja energiaa, kuin
niitd olisi rajattomasti. Tdmd on johtanut vakaviin ympéristdongelmiin, kuten
ilmastonmuutokseen ja biodiversiteettikatoon, pakottaen uudelleenarvioimaan resurssien
hallintaa. Kiertotaloutta on esitetty mahdollisena ratkaisuna erottamaan luonnonvarojen
kaytto talouskasvusta. Témad malli perustuu kolmeen pddperiaatteeseen: jdtteiden ja
padstdjen minimointi, materiaalien pitdminen kierrossa mahdollisimman pitkddn, seka
luonnonvarojen uudistaminen.

Autoteollisuus on yksi maailman suurimmista teollisuudenaloista ja merkittava tyollistdja.
Ala on kdymadsséd ldpi muutosta kohti sdhkdistd litkennettd CO»-péidstojen vihentimiseen
tdhtddvien strategioiden vuoksi. Sdhkoistyminen kuitenkin siirtdd alan hiili-intensiivisesta
materiaali-intensiiviseksi. Erityisesti kriittisten materiaalien kysyntd kasvaa merkittavésti.
Lisédksi autojen keventdmiseen tdhtddvat ratkaisut lisddvit sellaisten materiaalien kayttoa,
joiden kierrdttdminen on usein hankalampaa, miké voi vihentdi kiertotalouspotentiaalia.

Téassd diplomitydsséd tarkastellaan kiertotalouden toteuttamiseen liittyvid haasteita ja sen
tuomia mahdollisuuksia autoteollisuudessa Euroopassa. Tulokset osoittavat, ettd kierrdtys
on yleisimmin sovellettu kiertotalousratkaisu, ja keskeisimmét rajoitteet ovat materiaalien
monimutkaisuus, kierrdtyksen taloudellinen kannattavuus sekd EU:n lakisdddénto, joka
velvoittaa kierrdtyksen painoperusteisesti. Tulevaisuudessa on tirkedd, ettd autoteollisuus
ottaa kdyttoon “korkeamman arvon” kiertotalousratkaisut, kuten ekologisen suunnittelun
(ecodesign) seké tuotteiden elinikéé pidentdvia ratkaisuja.
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1 Introduction

The world faces an unsustainable future: by 2050, global consumption requires resources
equivalent to three Earths, forcing a fundamental change in how we produce, consume, and
recycle (European Commission, 2025). Current take-make-waste economy has led to serious
global challenges including climate change, biodiversity loss and resource scarcity. To
address these issues, the circular economy (CE) model has been proposed as a regenerative
framework for detaching economic growth from resource consumption. In the circular
economy, materials and products are kept in continuous circulation, resource use is avoided
and waste generation is minimized. (Ellen MacArthur Foundation, 2019) In the European
Union (EU), the linear economic model has created resource use issues in sectors undergoing
green transitions, highlighting the need for circular solutions to reduce the dependency on
primary materials and reduce waste generation (European Commission, 2023). In response,
adopting this model is a cornerstone of the EU’s strategy to mitigate natural resource
depletion, fight against biodiversity loss, reach climate neutrality by 2050, and strengthen

Europe’s economic resilience and global competitiveness. (European Commission, 2025)

Automotive sector is experiencing a fundamental transformation, transitioning from a fuel-
intensive to a material-intensive energy system, driven by electrification and global climate
targets (IEA, 2021). As the electric vehicles (EVs) are steadily phasing out traditional
internal combustion engine vehicles (ICEVs), two critical challenges emerge. First, electric
vehicles require scarce and expensive raw materials, with their extraction causing serious
environmental and social issues. Second, current recycling infrastructure is insufficient. The
next few decades will see hundreds of millions of these new vehicles with large batteries
deployed worldwide, forcing us to rethink material flows, energy management, and the

integration of circular solutions. (Castelvecchi, 2021)

Manufacturing a single passenger vehicle requires around 50 different materials, including
metals like steel and aluminium, as well as plastics, glass, and rubber (Ortego et al., 2020).
In 2024, approximately 62 million ICEVs and 18 million EVs were sold globally (IEA,
2025a). With electric vehicles set to dominate the automotive market, the requirement for
battery materials is expected to skyrocket, raising concerns about sustainability, sourcing,

and costs (Farmer & Watkins, 2023). The EU alone would need over 227 Mt of critical raw
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materials (CRMs), including lithium, cobalt, and aluminium to electrify its entire passenger
car fleet (Blot & Stainforth, 2022). While electrification plays a significant role, the
automotive sector’s increasing material footprint is also driven by the consumer demand for
larger SUVs (sport utility vehicles) (IEA, 2025a). The combination of SUVs and electric
motors results in significantly heavier vehicles, forcing manufacturers to adopt
lightweighting strategies such as material substitutions. Currently, alternative materials
under development include advanced alloys, carbon fibers, and biobased materials.
(Cimprich et al., 2023) However, lightweight materials, such as plastics and composites are
harder and more expensive to recycle (Merkisz-Guranowska, 2018) and producing carbon

fibers requires much more energy compared to steel (Ghosh et al., 2021).

In 2024, over 255 million passenger vehicles were on the road in the European Union
(ACEA, 2026). Annually, 6.5 million of these vehicles reach their end-of-life. Functioning
and proper management of the end-of-life vehicles (ELVs) is crucial in terms of resource
recovery, environmental sustainability, economic efficiency, and supply chain resilience, in
addition to supporting circular economy principles. Without proper recycling and recovery
infrastructure, valuable materials from ELVs will be lost to landfills or inefficient disposal,
leading to wasted resources, environmental degradation, and economic drawbacks.
(Ragonnaud, 2025) In the upcoming years, the first wave of electric vehicles will reach their
end-of-life presenting new and unprecedented challenges: how to manage the growing

volume of battery waste sustainably (Farmer & Watkins, 2023).

Current end-of-life vehicle management focuses on bulk metals, such as steel and
aluminium, often overlooking critical raw materials (Iglesias-Embil, et al., 2020). As a
result, many of these valuable materials are downcycled or sent to landfills (Ortego et al.,
2018). Material recovery generally has lower environmental impact than utilizing primary
materials (Farmer & Watkins, 2023). However, extracting the material in many cases is
cheaper than recycling it (Castelvecchi, 2021). These challenges extend beyond
environmental issues. Global decarbonization strategies will place significant pressure on
critical raw material supply chains, as many green technologies from EVs to renewable
energy rely on these minerals. Achieving Paris Agreement climate targets through clean
energy technologies can increase the demand for copper and rare earth elements (REEs) by
40 %, for nickel and cobalt by up to 70 %, and for lithium by 90 %. (IEA, 2021) The

extraction and processing of these critical materials are concentrated in just a few countries,
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causing regions like the EU to be heavily dependent on imports, posing supply security risks,
domestic production strategies, and creating price volatility (European Commission, 2020).
In addition to circular strategies, such as reusing and recycling, researchers are exploring
alternatives to replace critical raw materials. While substitution could offer advantages like
lower costs, removing the very materials that make recycling economically viable might

undermine the implementation of circular solutions. (Castelvecchi, 2021)

This thesis studies the implementation of the circular economy within the automotive sector,
with particular focus on the European Union. The study explores the challenges associated
with ongoing electrification and its impact on material demand, while also identifying the
environmental and economic challenges related to automotive supply chains and the current
state of material circularity within the automotive sector. Different types of circular solutions
are explored for conventional automotive materials, including steel, aluminium, plastics, and
copper, in addition to battery materials, including lithium, nickel, cobalt, manganese, and
graphite. Furthermore, Europe’s critical raw material resilience is evaluated and future
perspectives and challenges for the automotive industry are discussed. The research

questions of this study are:

- What are the current challenges and limitations of implementing circular economy
in the European automotive industry?
- How can the automotive industry improve material sustainability through circular

solutions and future innovations?

Chapter 2 presents the framework of the circular economy, including circular business
models and the key drivers for its adaption. Chapter 3 provides an overview of conventional
automotive materials and battery materials, in addition to examining current challenges
related to supply chains and material circularity. Chapter 4 describes research methods.
Chapter 5 explores circular solutions in the automotive industry, in addition to material
resilience and future development pathways. The results of this thesis, the comparative
material assessment table is also represented in chapter 5. Lastly, chapter 6 discusses the

results and overall topic.
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2 Circular economy: background and framework

After the industrial revolution, global economic development has relied on the extraction of
finite resources and the degradation of natural capital to generate economic value. The
revolution laid the foundation for today’s economy, where products can be mass-produced,
increasing availability and affordability. The relentless pursuit of growth further promoted
the misconception that raw materials and energy were infinite, an assumption that is now
threatening the very system global economies depend on. (Ellen MacArthur Foundation,
2023) While today, it is widely acknowledged that this kind of economic model is
unsustainable and goes beyond planetary boundaries, yet natural resources cost as if they are
from unlimited sources (Chiarotti et al., 2025), and global consumption continues increasing

every year, exceeding the capacity of three Earths by 2050 (European Commission, 2025).

Resource extraction and processing are causing 90 % of global biodiversity loss (European
Commission, 2025) driven by the mindset of consuming resources equals economic growth.
Current economy is linear, where material is taken from Earth, then manufactured into
products, and then thrown away as waste. (Ellen MacArthur Foundation, 2019) In the
European Union alone, 2.1 billion tons of waste is generated every year (European
Parliament, 2023) and 14 tons or raw materials are consumed by each European (Eurostat,
2025a). From late 2010s to 2050, global waste generation is expected to grow by 70 %
(World Bank, 2018). Resource extraction, including fossil fuels, metal ores, non-metallic
materials, and biomass is expected to grow from today’s 106 billion tons to 165 billion tons
by 2050 (UNEP, 2025). This so called, take-make-waste economy relies on huge quantities
of cheap, easily accessible materials (European Parliament, 2023), and is a key driver for
global challenges including climate change, biodiversity loss, pollution, waste, and resource

scarcity (Ellen MacArthur Foundation, 2019).

Resolving these global challenges demands a fundamental rethink of how resources are
managed, how products are designed and used, and what happens to the materials after their
initial use. As a solution, the circular economy model has emerged as a regenerative
framework that separates economic growth from resource consumption, driven by three
principles: eliminating waste and pollution, keeping materials and products in circulation at

their highest value, and regenerating nature. (Ellen MacArthur Foundation, 2019)



16

2.1 Framework of circular economy

The circular economy presents a closed-loop system, where products and materials are kept
in continuous circulation, resource extraction is avoided, pollution and waste generation are
minimized, and nature is regenerated (Ellen MacArthur Foundation, 2019). In practice,
circular economy is sharing, leasing, reusing, repairing, refurbishing, and recycling already
existing products and materials, which ensures that the product lifecycle is extended and
further value is created (European Parliament, 2023). This approach is further demonstrated
as the 10 R-strategies (OECD, 2025), or R-hierarchy, or -ladder to visualize and rank circular
solutions by their potential to minimize resource use and waste generation. As seen in Figure
1, refuse is at the top of the hierarchy, reflecting the core principle of the CE. The greatest
positive impact on sustainability and resource efficiency is present in the beginning of value
chain, where strategies like refuse, and reduce prevent waste from being generated in the
first place. By prioritizing shorter loops, such as reuse, repair, or refurbishment over
recycling, the CE maximizes value creation and lessens the environmental impact, aligning

with its regenerative goals. (Circularise, 2023)

Circular
Economy RO Refuse
« Design phase
» Most sustainable
+ Adds value
+ Responsible use
and manufacturing
R2 Reduce
P
"®)) R3Reuse
o
% R4 Repair
= Consumption phase %
0 WlIEIINES 0 RS Refurbish
+ Preserve and extend %«,
life of products
Eﬂ?"j R6 Remanufacture
é[@ R7 Repurpose
W}
+ End-of-life Eea g Recycle
or return phase &la]
« Capture and retain value
+ Use waste as a resource 2o R9 Recover
« Loss of resources 1
Linear + Value lost Eﬁ Landfill or Incineration
Economy + Environmental pollution
v
v

Figure 1. The hierarchy of circular solutions (Circularise, 2023).
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Circular economy framework divides resource flows into two distinct cycles, technical and
biological cycles. To visualize these material flows, Ellen MacArthur Foundation (2019)
introduced the butterfly diagram (Figure 2), where the wings present the two primary cycles.
The right hand side of the diagram represents the technical cycle, which consists of products
designed for use rather than consumption. In this side, materials are kept in circulation
through actions, such as sharing, maintaining, and recycling. On the other side of the diagram
is biological cycle, which contains products meant for consumption. In this cycle, nutrients
from biodegradable materials are returned to the Earth through processes like composting
and anaerobic digestion regenerating nature. (Ellen MacArthur Foundation, 2019) Today,

circular solutions heavily focus on technical cycles (Navare et al., 2021).

RENEWABLES I é FINITE MATERIALS
RENEWABLES FLOW MANAGEMENT N STOCK MANAGEMENT

o

PARTS MANUFACTURER

Voo

PRODUCT MANUFACTURER

Voo

SERVICE PROVIDER

- L, g .
/

COLLECTION COLLECTION

BIOCHEMICAL
FEEDSTOCK

REGENERATION

CASCADES

ANAEROBIC
DIGESTION

EXTRACTION OF
BIOCHEMICAL
FEEDSTOCK?

1 Hunting and fishing
2 Can take both post-harvest and post-consumer waste as an input

SOURCE

Ellen MacArthur Foundation

Circular economy systems diagram (February 2019) MINIMISE SYSTEMATIC

wwiw allenmacarthurfoundationorg L MRS SYSTEMATIC ELLEN MACARTHUR
Drawing based on Braungart & McDonough EXTERNALITIES

Cradle to Cradle (C2C)

Figure 2. The butterfly diagram of circular economy (Ellen MacArthur Foundation, 2019).

Rethinking material flows through circular practices, as visualized in the butterfly diagram,
fundamentally changes how resources are used and managed. Unlike the current linear
economy, which links resource consumption to economic growth, circular solutions detach
these two. (Ellen MacArthur Foundation, 2019) Additionally, circular economy includes
nature regeneration, which refers to the process of restoring and enhancing natural

ecosystems and biodiversity through sustainable practices, building natural capita (Ellen
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MacArthur Foundation, 2022). Circular economy provides systemic solutions to some of the
world's most urgent challenges, like climate change, biodiversity loss, waste, and pollution.
Additionally, the CE addresses smaller scale yet deeply ingrained issues, such as planned
obsolescence. This is a deliberate strategy, where products are intentionally designed for
short lifespan, resulting in consumers having to buy replacements more often. (European

Parliament, 2023)

2.2 Circular business model

Circular business models represent a fundamental shift from traditional linear economies by
changing how value is created and captured. Instead of relying on raw material extraction,
these models utilize continuous material circulation through strategies like rental, repair, and
remanufacturing. By selling access rather than ownership through rental, pay-per-use, and
sharing platforms, and extending product lifetime through services, like maintenance and
refurbishment, circular models reduce the demand for new products, and transform waste
into valuable resources. This approach not only closes material loops but also unlocks new
business opportunities by turning unavoidable waste or by-products into higher value

products. (Ellen MacArthur Foundation, 2019; Ellen MacArthur Foundation, 2025)

Circular business models create economic value by introducing new revenue streams and
reducing costs, build resilience by mitigating supply chains risks and adapting operations,
improve brand value through customer loyalty and achieving a distinctive market position,
in addition to environmental benefits by cutting emissions, eliminating waste, and
regenerating natural systems (Ellen MacArthur Foundation, 2025). However, the transition
to circular business models presents many uncertainties and challenges (Tuni et al., 2023)
and organizations often fail to expand circular models beyond pilot stages (Baldassarre &
Calabretta, 2023). Especially startups, and small and medium-sized enterprises generally
lack sufficient resources, like money, technology, and expertise, which can make

implementing circular business models challenging (Alshibani et al., 2026).

Today, the circular economy is viewed as a framework for developing more sustainable
business models (Barros et al., 2021). While circular economy, circularity, and sustainability
share common objectives, addressing environmental, economic, and social challenges, the

relationship between circularity and broader long-term sustainability outcome remain
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unclear (Sewenet et al., 2026). This uncertainty is reflected in real-world cases, where
circular practices often struggle to separate resource consumption from economic growth.
Even when innovative materials or processes are launched, challenges in practical feasibility,
scalability, and unintended trade-offs, such as greenwashing or increased energy use,
highlight the limitations between theoretical circular business models and their real-world
sustainability impacts. (Kopnina, 2019) Efficiency gains and cost savings from circular
activities can also lead to rebound effect, where consumers spend their leftover money for

additional products, increasing overall material consumption (European Commission, 2018).

Building a successful circular business means testing ideas on a small scale, working
together with diverse stakeholders, and using feedback to shape and refine the model
(Alshibani et al., 2026). Research also highlights that long-term success requires developing
targeted strategies to promote adoption. For example, some consumers may choose circular
solutions for environmental reasons, but cost savings and convenience are often the drivers
for engagement. (Tanveer et al., 2024) Tackling these practical challenges and establishing
circular market can deliver substantial economic benefits. Circular innovations and markets
have potential to reach the value of 1.5 trillion in the EU by 2040 (Ellen MacArthur
Foundation, 2025), grow the European Union GDP (gross domestic product) by 0.5 %, and

offer 700,000 new jobs for circular services by 2030 (European Commission, 2018).

2.3 Drivers for the adaption of circular economy

Adapting circular economy successfully requires both actions and policies from multiple
stakeholders. However, the limited knowledge of the risks involved remains a significant
barrier, particularly for businesses. The transition from linear to circular business models
presents many uncertainties and multidisciplinary risks, including market, supply, finance,
political and regulatory, and technical risks. (Tuni et al., 2023) Despite these pressing
concerns, there is no scalable and transferable guideline for adapting circular business
models (Lewandowski, 2016), in addition to the knowledge gap on underlying
implementation challenges in scientific literature (Baldassarre & Calabretta, 2023). For these
reasons, the governments often are the key driver for change by setting clear targets and

regulatory framework (Morseletto, 2020). At the same time, research shows that citizen
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engagement and technological innovations have critical roles in the adaption of circular

economy (Aina et al., 2026).

The EU has recognized circular economy as a crucial strategy for reducing resource
depletion, protecting biodiversity, and achieving climate neutrality by 2050 while building
more resilient and competitive Europe (European Parliament, 2023). In 2020, European
Commission published Circular Economy Action Plan (COM/2020/98 final) framework
which sets out a comprehensive roadmap to reduce EU’s consumption footprint and double
the rate of circular material use within the next decade. The framework drives systemic
change by promoting sustainable product design, waste prevention, and closed-loop systems,
across many industries, including automotive industry. This will be further reinforced by the
Circular Economy Act, scheduled to come in force in 2026. This regulation aims to establish
a thriving single market for secondary raw materials, increasing the availability of high-

quality recycled materials and driving demand across the EU. (European Parliament, 2026)

Achieving circular Europe requires addressing challenges on local and global level to avoid
unwanted outcomes, such as burden-shifting (Kettunen et al., 2019). Burden-shifting is a
consequence of addressing a problem in one context that creates negative impacts elsewhere
(Lai & Karakaya, 2024). While the European Union is targeting leadership in the circular
economy by 2030 (European Parliament, 2023), its global impacts through international
trade have received little attention. For example, some EU member states have chosen to
reach their recycling targets by exporting their waste outside of the EU. Waste exports can
cause environmental and social issues in developing countries, lacking the proper
infrastructure for processing and recycling. This results in higher costs of recycling,
landfilling, and downcycling which lowers the potential of implementing circular economy

in general. (Kettunen et al., 2019)

An effective transition to circular economy requires efforts from national, regional and local
level, as well as from businesses. Circular economy should be accessible, affordable, and
competitive. Circular policies should also drive circularity upstream and ensure just and
regionally balanced transition. (OECD, 2025) As the report by Kettunen et al. (2019)
highlights, the EU circular economy is not sustainable by default; its full potential can only

be achieved if both domestic and global implications are addressed.
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3 Automotive materials: overview and sustainability challenges

The automotive market is one of the largest single-product markets globally (IEA, 2025a).
In 2024, 75.5 million passenger cars were manufactured globally, of which EU accounted
for 11.4 million units, representing 15 % of global production. The sector is also a major
employer in the EU, providing around 14 million jobs across the value chain, including 2.5
million in vehicle manufacturing. (ACEA, 2025a) Vehicle production drives 17 % of global
aluminium demand and 6 % of steel demand, and vehicles are the largest consumer of oil
globally. Global car sales are valued at € 2.5 trillion per year, the supplier market alone at €
1.12 trillion. (IEA, 2025a) Today, the automotive industry is facing significant changes due
to global net zero targets, which essentially means decarbonization of major industries,
including the automotive sector. In 2019, transport sector accounted for 23 % of direct global
energy related emissions. Under business-as-usual scenario, the emissions from the sector
could increase up to 50 % by 2050. (IPCC, 2022) As a key solution, electrification is gaining
momentum as climate strategies demand more sustainable and low-emission mobility
options. The decarbonization of automotive industry, however, shifts the focus from fuel-

intensive to material-intensive sector. (IEA, 2021)

The modern electric vehicle era began in 2010 with the launch of Nissan Leaf, the world's
first mass-market electric vehicle, laying the foundation for today’s electric mobility
(Nissan, 2020). Today, alongside EV-only manufacturers, many automotive brands produce
EV models, while some brands have decided to focus solely on EV production. For example,
in 2017, Volvo announced that every model launched after 2019 is powered by electricity
(Volvo, 2017). In 2024, every fifth vehicle sold was an electric vehicle, while the market for
internal combustion engine vehicles has decreased by 30 % in the past eight years. With
substantial technological advantages and lower production cost, China has emerged as a
dominant EV manufacturer, producing approximately three quarters of all EVs sold globally.
Since 2024, China has been a leader in car exports, passing the EU, who led car exports for
years. Additionally, China holds a key position in refined battery mineral production, of
which many are critical. (IEA, 2025b) Electric vehicle production depends on these critical
raw materials, being essential for battery manufacturing. As EVs are expected to overtake
traditional vehicles in the automotive market, the demand for battery materials is expected

to surge. This shift in material demand presents new challenges across the whole value chain,
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from environmental impacts and sourcing challenges to higher material costs and complex

end-of-life management processes. (Farmer & Watkins, 2023)

Decarbonization strategies are forcing automotive manufacturers to design more fuel-
efficient and low-emission vehicles. Manufacturers are responding to these requirements,
for example by adopting lighter materials to reduce car weight. At the same time,
electrification and consumer preference for large SUVs has led to significant increase in
vehicle weight, but also material consumption. While electric vehicles contribute to
decarbonization by providing a zero-emission vehicle, they are simultaneously increasing
the automotive sector material footprint. (IEA, 2025c¢) To ensure both environmental
sustainability and market competitiveness, the EU is promoting the adaption of circular
economy principles in the automotive sector (European Commission, 2023). Furthermore,
circular solutions, recycling essentially, is the only way out of raw material dependency in

long term (Biinting et al., 2023).

The automotive market features a range of powertrain technologies. The most common types
on the market include conventional internal combustion engine vehicles (ICEVs), hybrid
electric vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs), and battery electric
vehicles (BEVs). (IEA, 2025a) The term EV is referring to BEVs in this thesis. ICEVs are
powered by petrol or diesel engine. Hybrid vehicles combine a petrol or diesel motor, with
an electric motor. Plug-in hybrid electric vehicles can be externally charged and run on
electricity only, while hybrid electric vehicles use regenerative braking to charge its battery.
Battery electric vehicles are powered by electric motors only. (European Commission, 2022)
BEVs are the most environmentally advantageous since they are 2 to 4 times more efficient
(IEA, 2021), and have zero emissions during use, although the source of electricity is a
decisive factor (Farmer & Watkins, 2023), in addition to pollution from car tires as it does
in every type of vehicle (European Commission, 2022). Whether a hybrid or internal
combustion engine vehicle is better depends on the priorities. Hybrids require more material
use but offer significant advantages in lowering carbon emissions and fossil fuel dependence.

(HenBler et al., 2016)

A passenger vehicle typically contains about 10 000 individual components (Volkswagen,
2024a), which are made of about 50 different types of metals, such as aluminium and steel,
and other raw materials, such as plastics, glass and rubber (Ortego et al., 2020). EV

manufacturing also requires many critical raw materials, such as lithium, cobalt, aluminium
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and rare earth elements (Blot & Stainforth, 2022). EVs, on the other hand, have much simpler
vehicle design and up to 80 % fewer moving components compared to ICEVs (IEA, 2025a).
The components can be broadly grouped into larger systems including body-in-white (BIW),
powertrain, chassis, interior, closures, and others. These systems include components like
structural components, batteries, engine and transmission components, electrical and
electronic components, suspension and steering systems, thermal and cooling systems,
safety systems, interior components, and tires. (Lutsey, 2010) Overall, dozens of different
types of materials are used across these vehicle components. Careful material selection is a
critical yet challenging task, as it must balance functionality, performance requirements,
minimizing raw material and production costs, while maintaining quality. Desired material
qualities include high strength-to-weight ratio, energy intensity, manufacturability,
maintainability, recyclability, and other environmental aspects. Lightweight materials are

key focus in today’s automotive industry. (Chirinda et al., 2024)

A vehicle’s weight is primarily composed of steel (60 %), plastics (20 %), and aluminium
(10 %), however, there are significant differences between car models and powertrain types
(IEA, 2025a). EVs generally contain 50 % more metals in terms of mass (Iglesias-Embil, et
al., 2020), with mineral requirement reaching about 200 kg (kilograms) per vehicle, which
is over six times more (30 kg) what it is needed in ICEVs (Ragonnaud, 2023; IEA, 2021).
In total, electric vehicles are about 20 to 30 % heavier than ICEVs. In terms of value, electric
vehicles rely on more expensive raw materials, critical minerals alone accounting for around
half of the material value. In comparison, both steel and aluminium each account for 15 %
of the material value in EVs, compared to 30 % in ICEVs. The only critical mineral required
in ICEVs but not in EVs is platinum. It is used in catalytic converters, and although in small

quantities, it accounts for over 5 % of the value. (IEA, 2025a)

Electric vehicles are dependent on heavy batteries containing many critical materials (IEA,
2021). It also is the most expensive component in EVs, accounting for 50 % of the material
and production costs. The most common battery type for EVs is lithium-ion battery (LIB),
with nickel-manganese-cobalt oxide (NMC) or nickel-cobalt-aluminium oxide (NCA)
chemistry. These batteries have the same basic components; battery case, cathode (positive
electrode), anode (negative electrode), electrolyte and separator. (Biinting et al., 2023) LIBs
contain numerous high impact and high value materials, with nickel being particularly

prominent, accounting for 60-80 % of the metal content. High nickel content improves the
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battery performance and energy density, in addition to replacing cobalt, which is more

expensive and a scarce material. (Farmer & Watkins, 2023)

With the automotive industry moving toward heavier and larger vehicles, particularly EVs
and SUVs (IEA, 2025a), materials selection has become a critical consideration to reduce
consumption and lower carbon footprint (Chirinda et al., 2024). While low-density materials,
such as high strength steel or aluminium replacing steel, are increasingly utilized to
substitute heavier components in vehicles, the overall weight of cars continues to rise
(Kawajiri et al., 2019). Between 2008 and 2022, the average weight of internal combustion
engine vehicles increased from 1350 kg to 1490 kg (IEA, 2025a). Similarly, material
compositions have changed, with shares varying significantly depending on the car model,
age, and powertrain type (Bui et al., 2024). For example, while in 2022, the average
aluminium content of a vehicle was approximately 205 kg, smaller Fiat Panda MHEV (mild
hybrid electric vehicle) contained around 92 kg of aluminium, and larger Land Rover Range

Rover PHEV contained as much as 777 kg (European Aluminium, 2023).

3.1 Steel

Steel is by weight, the most common material in cars. Steel accounts for over half of a
vehicle’s mass, amounting to roughly 800 to 900 kg per vehicle. It is used in many
applications throughout the vehicle, including vehicle bodies, engines, transmission, and
many other parts. (Bui et al., 2024) Due to specific characteristics needed for safety, strength,
formability and other performance criteria, steel in car industry is generally higher quality
steel (Bui et al., 2024), mostly galvanized steel and high strength alloys. About a third of
steel in body structure of ICEV is low-strength. The rest are high-strength steel, AHSS
(advanced high strength steel), UHSS (ultra-high strength steel) and press-hardened steel.
(IEA, 2025a) Steel is not as common material in EVs as it is in ICEVs because its application
in powertrain system components (Lovik et al., 2021). Steel is an alloy, consisting of iron,
carbon, and other elements, including nickel and manganese. Iron ore extraction is
concentrated into few countries, mainly in Australia (38 %) and Brazil (18 %). The iron and
steel industry are linked to huge environmental issues, causing 7 % of global carbon
emissions. (Negri et al., 2024) Iron ore extraction causes air pollution and has been one of

the key factors causing deforestation in Amazon. Steel production is the largest consumer of
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energy, and source of carbon emission globally. (Kiiblbock et al., 2022) Global iron ore
resources are estimated to be more than 900 Gt (gigatons), containing 260 Gt of iron. Total
reserves (iron content) are approximately 87 Gt, mainly in Australia (27 Mt) and Brazil (15

Mt), which also have the largest mining operations. (USGS, 2026a)

European car manufacturers source about 90 % of their steel within the EU, however some
quantities and qualities are still imported (ACEA, 2025b). A large share of purchased steel
is higher-emission steel, likely due to the use of higher quality steel is in automotive
applications. On average, European steel production for automotive purposes results in
emissions of 2.1 tons of CO; (carbon dioxide) per ton of steel. (Negri et al., 2024) Fossil-
free steel production technologies can reduce vehicle steel carbon emissions by over 95 %
and manufacturing emissions by 27 % (Bui et al., 2024). However, fossil-free steel is not
available at commercial scale yet (Negri et al., 2024). Steel is 100% recyclable and is the
most recycled material in the world (SSAB, 2026a).

Secondary steel generally contains primary steel and scrap. For example, Finnish company
Outokumpu produces steel that is 87 % recycled content (Outokumpu, 2026), and Swedish
Ovako steel is derived from 97 % steel scrap (Ovako, 2024). Recycled steel in automotive
applications is limited due to contaminators in steel scrap. Scrap that contains elements, such
as copper and lead, cannot be economically removed, causing downcycling to lower quality
products. Consequently, the use of recycled steel in vehicle applications depends on the
availability of high-quality scrap. (Negri et al., 2024) In 2025, Swedish steel manufacturer
SSAB produced recycled steel with fossil-free energy, and used it in Volvo Trucks
production (SSAB, 2026Db).

3.2 Aluminium

Approximately 10 % of the vehicle mass is aluminium (IEA, 2025a). The material is used
throughout the vehicle, including body-in-white, brakes, chassis, body structure and
closures, powertrain, steering, trim and interior, transmission, wheels, and EV specific
components. Due to its thermal management properties, aluminium is also used in battery
boxes, cooling systems and energy storage applications, and EV charging infrastructure. In
2022, an average passenger vehicle contained around 205 kg of aluminium. By 2030, the

number is projected to grow by 51.5 kg, as the demand for lightweight EV-specific
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components continues to rise. (European Aluminium, 2023) One EV battery contains
approximately 120 kg of aluminium (Ragonnaud, 2023). Using aluminium reduces vehicle
weight and emissions, but also improves safety, enables design for disassembly and is 100
% recyclable (Hydro, 2026). Aluminium is lightweight, durable, and corrosion-resistant
material with good electrical conductivity. It has excellent strength and energy absorption
properties (European Aluminium, 2026). Compared to steel, aluminium reduces weight by
30 % (Hydro, 2026) and absorbs twice the crash energy per kilogram while having one-third
of steel’s density. In addition, 95 % of the metal is recoverable from ELVs. (European

Aluminium, 2026)

Aluminium is produced from critical mineral, bauxite (Grohol & Veeh, 2023), and it is the
second most used metal globally. Extracted bauxite is refined into alumina, which is smelted
into primary aluminium. Aluminium production process is energy-intensive process causing
significant emissions globally. Bauxite extraction is often open-pit mining, that require large
areas usually close to high water stress, and high biodiversity and indigenous land, such as
tropical forests. Bauxite extraction has also been the most significant factor in deforestation
of Amazon. (Georgitzikis et al., 2021) Global bauxite reserves are about 29 Gt, the largest
reserves located in Guinea (7.4 Gt) and Australia (3.7 Gt) which are also the key bauxite
refiners. Alumina is produced mainly in China (93 Mt). (USGS, 2026b) The EU imports 63
% of its aluminium from Guinea. The raw material import reliance is 89 %, while the end-

of-life recovery rate is 32 %. (Grohol & Veeh, 2023)

The EU is a world leader in low-carbon aluminium production. However, the demand for
aluminium is higher than current production capacity. (Blot & Stainforth, 2022) Norwegian
aluminium manufacturer Hydro produces recycled aluminium made from 75 % scrap, which
can be utilized in automotive applications (Hydro, 2026). Recycled aluminium saves 95 %
of energy use compared to primary production. Currently aluminium recycling rate from
end-of-life vehicles is about 90 %. (European Aluminium, 2022) Automotive brands, such
as Volvo and Polestar, have already incorporated recycled aluminium and steel in their

vehicle production (Volvo, 2025a; Polestar, 2024).
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3.3 Plastics and polymers

A passenger vehicle contains over 2,000 plastics parts (Plastics Europe, 2018), covering 10
to 20 % of the vehicle’s weight. Electric vehicles contain up to 45 % more plastics than
ICEVs. The material is functional for wide range of applications because of its multiple
advantageous properties, especially related to safety and lightweighting. Plastics resist dents
and corrosion, which makes it suitable material for hoods and door panels. Bumpers contain
plastic materials with reinforcements that together provide impact resistance. (ACC, 2024)
Compared to alternative materials, a plastic bumper weighs half a less and absorbs up to five
times more energy (Plastics Europe, 2018). Sunroofs and windows can contain plastic to
provide UV protection and glare prevention. Plastic endures high temperatures, which makes
it suitable in lights, as well as in control and instrument panels. Interior parts are made from
polymer composites, and artificial leather. Dashboards contain acrylic fiber optic cables that
have replaced heavy copper wiring. Plastics are used for safety purposes such as in seatbelts
and airbags. Utilizing plastics in the powertrain, shafts and gears, and the system of bearings
can reduce the number of parts that are needed for a single component, in addition to offering
high strength-to-weight ratio and anti-corrosive properties. (ACC, 2024) Plastics and metal
can be melted together to create a hybrid material, combining the advantages of both
materials, such as high levels of functional integration, improved material performance and
dimensional tolerances, reduced buckling of thin steel structures, improved -crash

performance, high stiffness and low weight (Plastics Europe, 2018).

In the EU, automotive sector is the third largest consumer of plastic (10 %). Approximately
3 % is recycled plastic, of which 80 % is from industrial sources, not from post-consumer
waste. Currently, only 19 % of plastics from ELVs is recycled, 41 % is used for energy
recovery and 40 % is disposed to landfill. (Baldassarre et al., 2025) Recycling plastics is
challenging due to their diverse varieties and degradation during recycling. Most plastics
cannot be mixed with one another as they have different chemical compositions. (Merkisz-
Guranowska, 2018) Recycling is technically possible through a variety of methods, while
the feasibility of these methods differs. Some processes are costly, energy-intensive or cause
downcycling. Materials with complex design decrease process efficiency due to
contaminants. Utilizing a single approach to deal with ELV plastic is not technically feasible

nor economically viable. (Versteeg et al., 2026)
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3.4 Copper

The copper content in vehicles has grown significantly over the last years. Electric vehicles
contain about 70 kg of copper, whereas internal combustion engine vehicles contain around
20 kg. Copper is used in batteries, electric motor components, and wires across the vehicle.
(Gross & Hermine, 2025) Copper is naturally conductive material, offering superior energy
efficiency in electrical applications compared to many REEs. It also offers longevity,
ductility and corrosion resistance. (IEA, 2024) By 2032 copper demand for automotive
applications is estimated to reach 1.7 Mt per year by 2032, with electric vehicles accounting
56 % of this demand. Additionally, EV charging infrastructure is expected to reach 152
million units by 2040, requiring almost 1 Mt of copper. (ICA, 2022) Globally, 8 % of
produced copper was used in automotive applications in 2018 (ICA, 2023).

The EU considers copper a strategic raw material due to its diverse supply (Grohol & Veeh,
2023), while in general it is considered critical (IEA, 2025¢c). Worldwide copper reserves are
estimated at 980 Mt, while total identified resources are 2.1 Gt. Chile (180 Mt) and Australia
(100 Mt) holds the largest reserves. Chile (5.3 Mt) and Congo (3.2 Mt) have the largest
extraction activities, and China holds the key position in refining (14 Mt). (USGS, 2026c¢)
Copper ore is mined in open pits causing environmental and human health issues, and
significant amounts of waste. The production of 1 ton of copper requires the mining and
processing of over 150 tons of ore, generating huge volumes of tailings that often contain
high levels of toxic metals. Additionally, mines often release acid mine drainage causing
water pollution. (Rzymski et al., 2017) Copper ore is one of the key contributors to the
manufacturing material footprint of a vehicle by 20 % and battery 45 % (Sen et al., 2018).

The EU’s copper supply is diverse, sourced from Poland (19 %), Chile (14 %), and Peru (20
%). The raw material import reliance is 48 %, and end-of-life recovery rate is 55 %. The EU
also has domestic production, for example in Spain, Bulgaria, Sweden, and Finland. (Grohol
& Veeh, 2023) In Finland, copper is mined in Kevitsa mine at Sodankylé, processed in
Boliden Harjavalta, and recycled at Kuusakoski Recycling (Friedrichs et al., 2025).
Kuusakoski Copper Center can produce 40 tons of secondary copper per week,
corresponding to the amount needed in 500 EVs (Kuusakoski, 2022). The EU’s battery
regulation (EU) 2023/1542 set the recycling rate of 95 % for copper by 2031.
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Copper is 100 % recyclable and it can be reused multiple times without losing its qualities.
However, in 2018, about 40 % of the copper was recycled and reused, and almost 50 % was
discarded as waste from ELVs. (ICA, 2023) Today, miniaturization and complex material
compositions cause challenges with copper scrap processing and recycling (Loibl &
Espinoza, 2021). 7 % of copper scrap in the EU originates from end-of-life vehicles.
Recycling inefficiencies during separation and shredding cause significant material and
economic losses. (ICA, 2023) A copper supply deficit may emerge as early as 2030, and
secondary copper supply has not improved in the last decade due to low primary material
prices. However, as batteries and motors from end-of-life EVs become available in larger
volumes, recycling becomes more economically viable. (IEA, 2024) Additionally, given the
increasing demand for copper and the depletion of copper ore mines, there is a risk of rising

primary material costs (Gross & Hermine, 2025).

3.5 Critical and strategic materials

The demand for critical and strategic raw materials has increased globally, due to their
application in green technologies, including electric vehicles (IEA, 2025¢). Critical materials
are economically vital and have high supply risk due to their concentration in very few
countries. Strategic materials are considered crucial for green and digital transition, as well
as for defense and aerospace applications. Materials can be critical and strategic. (European
Commission, 2020) In some cases, material is considered only strategic due to its good
supply diversification, for example copper in the EU (Grohol & Veeh, 2023). Generally,
supply risks are particularly relevant to the EU due to its significant dependence on materials
imports. As a result, the EU closely monitors these materials and updates its report on critical
raw materials every three years. (European Commission, 2020) In 2023, EU’s battery
regulation (EU) 2023/1542 set targets for material recovery from end-of-life batteries and

recycled material content for certain battery materials, to secure CRM supplies in the future.

In 2020 assessment, the following materials were evaluated as critical and relevant in
automotive industry: antimony, baryte, bauxite, beryllium, borate, cobalt, coking coal,
gallium, indium, lithium, magnesium, natural graphite, natural rubber, niobium, platinum
group metals (PGM), heavy and light rare earth elements, scandium, silicon metal, titanium,

tungsten, and vanadium. (European Commission, 2020) Arsenic and manganese were added
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to the list, and natural rubber and indium was excluded in 2023 assessment. Additionally,
copper and nickel were included as strategic raw materials, while they are not categorized
as critical in the EU. (Grohol & Veeh, 2023) Strategic automotive materials are antimony,
bismuth, boron, cobalt, dysprosium, gold, indium, lithium, neodymium, nickel, silver,
tellurium, and terbium, applying Strategic Metal Index (SMI) methodology (Ortego et al.,
2020). Researchers also evaluate critical and strategic materials from thermodynamic rarity
perspective. This approach quantifies the exergy required to obtain a mineral from average
crustal abundance using the best available technology measured in kilojoules (kJ). This

feature is closely linked to material sustainability and the CE. (Iglesias-Embil, et al., 2020)

3.5.1 Lithium

In nature, lithium exists in the form of lithium salts found in solid minerals or dissolved in
solutions, for example in salt lakes. Due to its high reactivity, lithium is not found as a pure
metal. All current lithium production comes from land-based ores and brines, with global
reserves estimated at 22 Mt of lithium content. (Biinting et al., 2023) While lithium is one
of the most abundant resources in the Earth’s crust, economically viable deposits are limited
and concentrated in few regions (Richert & Dudek, 2023). Lithium extraction requires
significant amounts of energy and water (Farmer & Watkins, 2023) and causes serious land
disruptions and soil contamination (Ali et al., 2025). However, modern technologies with

lower environmental impact are currently explored (Castelvecchi, 2021).

Lithium is used in lithium-ion batteries in electric vehicles. Lithium battery production
accounts for 70 % of global lithium demand (Biinting et al., 2023), with electric vehicles
driving over 50 % of total consumption (IEA, 2025a). One battery contains 8 kg of lithium
on average (Ragonnaud, 2023). Processing lithium into battery-grade materials is a complex
process that, depending on the impurity levels, often requires multiple chemical purification
steps (Biinting et al., 2023). Lithium recycling processes from end-of-life batteries have
improved in the last years, and recovery rates of 95 % have been achieved. Secondary lithium
has significantly lower environmental impact and reduces reliance on primary extraction,
which is a critical advantage as global lithium demand is expected to surge. (Ali et al., 2025)
However, lithium is currently cheaper to mine than to recycle (Castelvecchi, 2021). Lithium

demand has tripled since 2020, and is expected to triple again by 2030, with the EVs driving
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90 % of this surge (IEA, 2025¢). The EU’s battery regulation (EU) 2023/1542 obligates
recycling rates of 80 %, and recycled material content of 12 % for lithium by 2031.

The largest lithium resources are found in Bolivia (23 Mt) and Argentina (20 Mt). Australia
is the largest producer, securing over half of the global supply. (Richert & Dudek, 2023) In
Europe, 79 % of lithium supply is imported from Chile. Processed material import reliance
is 100 %, and recovery rate 0 %. (Grohol & Veeh, 2023) Portugal has been the only country
extracting lithium (not for battery manufacturing) in Europe, however, there is no refining.
Lithium reserves have been found in multiple European countries, and numerous projects
are in development. (Biinting et al., 2023) Finland took a pioneering step in early 2026 by
becoming the first European country to begin mining battery-grade lithium (YLE, 2026).

3.5.2 Nickel

Nickel, the fifth most abundant element on Earth, primarily occurs in nature combined with
iron and sulfur, as well as in nickel-laterite ores formed through geological processes in
tropical regions. Global nickel resources are estimated at 300 Mt in addition to reserves
found at the ocean floor. (Biinting et al., 2023) The largest nickel reserves are found in
Indonesia (62 Mt), Australia (25 Mt), and Brazil (16 Mt), total being 140 Mt (USGS, 2026d).
Nickel is mainly refined in China (33 %) and Indonesia (12 %) (Grohol & Veeh, 2023).
Nickel is extracted from ores that have very low nickel concentrations, resulting in huge
amounts of waste and environmental issues (Farmer & Watkins, 2023), such as pollution,
depletion of water resources and biodiversity loss. Additionally, nickel mining has been
contributing to extensive deforestation in Indonesia, which also has the largest nickel mining
operations globally. (Lo et al., 2024) In 2017, Philippines government banned almost half of
its nickel mines due to environmental issues, while Indonesian mining companies were
planning to use deep-sea disposal for millions of tons of mining waste generated annually
(Farmer & Watkins, 2023). Nickel is generally classified as critical material (IEA, 2025c).
This excludes the EU, where it is considered strategic rather than critical due to its good

supply diversification (Grohol & Veeh, 2023).

Nickel is used as cathode material in batteries. The largest nickel consumer is stainless steel
production, while battery production accounts for only 11 % of global nickel demand. The

demand for cell production is expected to be 17 times higher by 2030 compared to 2021.
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(Biinting et al., 2023) One NMC battery contains about 35 to 40 kg of nickel, also being one
of the most valuable materials in batteries. This high nickel content combined with its critical
role in battery performance, makes it highly desirable material for recovery (Castelvecchi,
2021). In the EU, the recycling rate of 95 %, and recycled material content of 15 % for nickel
should be achieved by 2031 (Regulation (EU) 2023/1542).

29 % of refined nickel supply is imported from Russia, 17 % from Finland, and 10 % from
Norway. The EU’s raw material import reliance is 1 %, and end-of-life recovery rate is 16
%. (Grohol & Veeh, 2023) Finland is leader in nickel ore mining in Europe. If the extracted
nickel was used in battery production, it could potentially cover the entire European demand.

There are other potential sites in Europe, however, in early stage. (Biinting et al., 2023)

3.5.3 Cobalt

In nature, cobalt is found in minerals containing cobalt, and it tends to be a by-product from
copper and nickel production, rather than sourced through direct mining. Cobalt resources
are estimated at 25 Mt worldwide, in addition to 120 Mt assumed at the bottom of the oceans.
(Biinting et al., 2023) The largest cobalt ore reserves are found in the democratic Republic
of Congo (3.5 Mt), which is also the leader in mining (63 %) (Grohol & Veeh, 2023), and
Australia (1.4 Mt). China is the largest producer of cobalt, of which 80 % is utilized in
domestic lithium-ion production. (Biinting et al., 2023) Global cobalt mining is heavily
concentrated in the Democratic Republic of Congo, raising significant ethical and
environmental concerns. The mining activities in the region have raised concerns about
widespread child labor and severe health risks, while cobalt’s toxic properties pose

additional risks if improperly managed. (Castelvecchi, 2021)

EV battery manufacturing accounts for 76 % of global cobalt demand (Cobalt Institute,
2024). It is the most expensive material in lithium-ion batteries (Farmer & Watkins, 2023),
average battery content being 13 kg (Biinting et al., 2023). Researchers are working on
cobalt-free cathodes due to the raw material price, scarcity, and other issues (Castelvecchi,
2021). While future demand for cobalt is expected to increase, recent estimates have been
revised downward due to shifts in battery chemistries (IEA, 2025¢). The EU set the
following targets for cobalt: recycling rate of 95 % and recycled material content of 26 %

(Regulation (EU) 2023/1542).
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Cobalt mining in Europe is minimal, with the extraction occurring mainly as a by-product
of other mining activities, particularly in Finland (Biinting et al., 2023). Finland has an
important role in the EU cobalt supply, with the largest known resources (3 % global
resources) and active mining operations in Europe. Finland is also the second largest cobalt
refiner after China. (Konnunaho et al., 2023) However, the EU is dependent on imports, and
developing new deposits by 2030 is unlikely (Blinting et al., 2023). The EU’s import reliance
is 81 % for raw material (1 % for processed) and recovery rate 22 % (Grohol & Veeh, 2023).

3.5.4 Manganese

Manganese is found in nature as manganese dioxide, manganese silica or as a mixture of
various manganese oxides (Biinting et al., 2023). Global manganese resources are estimated
at 1.8 Mt, largest deposits located in Australia (580 kt, kilotons) and South Africa (550 kt).
South Africa (7.6 kt) and Gabon (5 kt) have the largest mining operations. (USGS, 2026e)
China is the largest importer of manganese ore (70 %) (Biinting et al., 2023). Manganese is
a major pollutant, as its mining and associated soil erosion releases the mineral into water
systems. Although manganese is important micronutrient to plants and animals, high levels
of exposure to humans are toxic and can cause serious health issues. (Dey et al., 2023) In
addition, manganese mining waste can lead to long-term ecosystem contamination by
elevating mineral concentrations in soil, water, and aquatic life, presenting risks to the

environment and human health (Queiroz et al., 2021).

80 to 90% of manganese is mainly used in steel production (Sokolova et al., 2025), and
approximately 0.2 % of the demand 1s for EV battery production. Manganese is used in NMC
batteries as a cathode material, containing approximately 12 kg of it. (Biinting et al., 2023)
While a decade ago, there were limited opportunities for cathode recycling (Poyraz et al.,
2016), today the manganese recovery rates exceeding 90 % are achievable from end-of-life
batteries (Li et al., 2023). Yet, manganese recovery remains overlooked in recycling systems
due to its lower market value compared to other battery materials and the related process
costs that are often higher than the economic return. Since the demand for the material is
projected to increase annually, manganese recovery offers notable market potential and

strategic advantages. (Chen et al., 2026)
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The EU is heavily dependent on manganese imports (96 % of raw material), while end-of-
life recovery rate is less than 10 %. Manganese is mainly imported from South Africa (41%)
and Gabon (39 %). (Grohol & Veeh, 2023) Ukraine holds 7 % of global manganese reserves
at 140 Mt (UGS, 2024) and provides 3 % of the EU supply (Grohol & Veeh, 2023). There
is an ongoing project in Czech Republic, where manganese is planned to be extracted from
old mining waste, i.e. tailings, that has been left from a mine closed in 1975 (Euro
Manganese, 2025). Additionally, Finnish company Tracegrow produces recycled battery

grade manganese (Tracegrow, 2025).

3.5.5 Graphite

Graphite is found in nature but is also artificially produced through the coking of carbon-
rich precursors, such as coal and crude oil. In nature, graphite occurs as flakes, in
metamorphic rock, and as veins in pegmatite. Both are used in battery cell manufacturing.
(Biinting et al., 2023) The largest reserves are in China (100 Mt), and Brazil (74 Mt), total
reserves estimated at 310 Mt. China (1.4 Mt) and Madagascar (80 kt) have also the largest
extraction activities. (USGS, 2026f) Graphite extraction and processing cause carbon
emissions and pollution. Natural graphite purification process includes acid treatments to

remove impurities, the wastewater causing soil and water contamination. (Park et al., 2025)

Battery production accounts for a third of global demand, with about 50 % used in EV
batteries. One EV battery contains 50 to 100 kg of graphite where it is used as anode material.
(Park et al., 2025) The demand for battery cell production is expected to be 23 times higher
by 2030 compared to 2021 (Biinting et al., 2023). Graphite recycling is still a developing
field that has been neglected due to its lower value compared to cathode materials (Tian et
al., 2023). Currently, graphite recovery from end-of-life batteries is not commercially viable.
However, research is now conducted to meet the growing demand, since graphite primary
production stays quite limited. (Park et al., 2025) Graphite recovery faces several challenges
such as its complex composition, impurities, high energy consumption, and economic
feasibility (Kosenko et al., 2023). No viable alternative for graphite as an anode material has
existed (Tian et al., 2023). However, it is estimated that global graphite supply is not enough
to meet the demand for electric vehicles by 2030 (Nagy et al., 2024).
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Graphite is mined in Ukraine and Norway but also is smaller quantities in Germany and
Austria (Biinting et al., 2023). The EU imports natural graphite from China (40 %) and Brazil
(13 %). The material’s import reliance is 99 % and recovery rate 3 % (Grohol & Veeh, 2023).
In January 2026, it was reported that Sweden approved graphite mining operations in
Vittangi. The mine is expected to produce 100,000 tons of graphite ore a year, which would
be processed into 20,000 tons of battery anode material. This would meet 2 % of Europe’s
expected graphite demand by 2030. (Johnson, 2026) Siikalatva area in Finland might also
have potential for battery quality flake graphite in the future (GTK, 2024).

3.6 Supply chain: environmental and economic challenges

The vehicle production requires substantial raw material inputs, with the extraction and
processing activities causing serious environmental issues. By 2050, the demand for
automotive materials in the EU is expected to grow by 50 %, largely driven by inefficiencies
in material use that persist throughout the lifecycle, from raw material extraction to end-of-
life management. (Chiarotti et al., 2025) Using materials efficiently reduces the need for

primary extraction, and therefore material demand (Domaracka et al., 2022).

Raw material consumption (RMC), or material footprint, measures all the raw material that
is extracted, processed and used to manufacture a product reflecting to its total demand for
resources and efficiency (Eurostat, 2025a). A considerable amount of primary raw materials
is frequently wasted along the value chain and never utilized. For example, only 40 % of
mined nickel and 30 % of mined lithium are ultimately used in battery production (Slotte et
al., 2025), and the raw material consumption of Polestar 2 vehicle is reported at 57,130
kilograms per car, while the physical weight of the vehicle is 2,165 kg (Polestar, 2024).
Additionally, the production of a single passenger vehicle generated over 70 kg of waste and

0.4 tons of carbon emissions (ACEA, 2025a).

While the vehicle manufacturing phase is the largest contributor to the life cycle material
footprint (Sen et al., 2018), maintenance, such as replacing tires, can increase the total
material demand up to 30 % (von Kockritz et al., 2026). Overall, the use phase of a vehicle
is very unoptimized which causes notable losses in efficiency. First, a car is not in use 92 %
of the time in the EU. When it is in use, there are 1.6 passengers on average. Lastly, 86 % of

fuel consumption is caused by engine losses and idling. (European Commission, 2018) With
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electrification, material inefficiency concerns grow more pronounced: the life cycle material
footprint of an electric vehicle is about 60 % greater than that of a conventional vehicle, with

the battery alone accounting for over half of the total material footprint (Sen et al., 2018).

Beyond material consumption, electrification poses uncertainties related to the availability
and prices of raw materials due to increased demand. The production of battery materials,
such as lithium, cobalt and nickel, or rare earth elements used in permanent magnets are
concentrated in few countries globally posing significant supply chain risks to regions
dependent on imports. In the EU, for example, 98 % of the rare earth element supply is
imported from China. (Richert & Dudek, 2023; European Commission, 2020) Europe does
not currently mine the raw materials needed for battery cell manufacturing in significant
volumes, while also having insufficient processing infrastructure further increases

dependency on imports (Biinting et al., 2023).

Although raw materials are extracted worldwide, China has a key position in processing of
these raw materials (Figure 3) (IEA, 2021; European Commission, 2020). Additionally,
China holds a lead position in EV manufacturing due to competitive prices, access to critical
minerals, manufacturing efficiency and automation, and lower energy and labor costs. China
can produce a small SUV 30 % cheaper, battery cell prices are 30 % lower, and battery cell
production costs are 70 % lower in China than in Europe. (IEA, 2025b) Battery cell
manufacturing is a complex and energy intensive process, with the energy costs alone
accounting for 20 % of total production expenses (Hill et al., 2019). Following, almost three

quarters of the EVs sold worldwide were manufactured in China (IEA, 2025b).
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Figure 3. Top producing countries of selected critical minerals and fossil fuels (IEA, 2021).
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The increasing number of vehicles on the roads, and growing material intensity of electric
vehicles makes the implementation of circular economy necessary to improve sustainability
of the industry (Chiarotti et al., 2025). While the transition to a circular economy in the EU
is expected to increase GDP (gross domestic product) and create hundreds of thousands of
new jobs, the automotive sector faces a contrasting reality. The changes in production
processes from ICEVs to EVs might cause a net reduction of 291,000 jobs in vehicle
manufacturing in the next ten years. (CLEPA, 2021) This is caused by automation, which

reduces the need for manual labor (European Commission, 2018).

3.7 Material circularity today: challenges and limitations

Currently, natural resources cost as if they were from unlimited sources (Chiarotti et al.,
2025). Material extraction is often more cost-effective than recycling, for example in case
of lithium (Castelvecchi, 2021). However, many components and materials could be reused
or remanufactured before recycled. For example, LIBs outlive the vehicle itself by 5 to 20
years offering a second life for similar or different purposes (Farmer & Watkins, 2023). But
although second-life batteries are cheaper than first-life batteries, as a downside, they have
shorter lifespans, and refurbishment costs can be expensive (Graulich et al., 2021).

Currently, only 5 % of spare parts are remanufactured in the EU (Ragonnaud, 2025).

Recycling processes are designed to recover bulk metals, such as aluminium and steel. Often
high-quality critical raw materials are left outside of these solutions, ending up downcycled
or landfilled. In terms of thermodynamic rarity, 4.5 % of the metals are downcycled on
average, while their rarity value is around 27 %. (Ortego et al., 2018) While technologies for
recovering high-value metals exist, this is not generally practiced. The EU sets recycling
target by mass, which means lighter materials do not get recycled, even though it would be
important from resource and environmental point of view. (Arnold et al., 2021) Material
recovery is dependent on its feasibility, which depends on multiple factors. These include
the combination of metals with other elements, application, distribution across the vehicle,
required disassembly to prevent non-functional recycling, and the limitations of existing
recycling technologies. For example, gold can be found in 177 components, of which 175
contains less than 0.1 grams of gold each. (Iglesias-Embil, et al., 2020) Additionally,

recovering high-value metals from electronics may not be profitable due to dismantling time
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and labor costs (Arnold et al., 2021). Achieving high recovery rates for some materials can
be challenging due to insufficient recycling infrastructure and processes. For example, fiber-
reinforced plastics and modified organic materials are theoretically 100 % reusable but rarely
exceed 70 % recovery in practice. Glass could be fully recovered, but the rate often drops

below 50 % due to poor disassembly and process losses. (Merkisz-Guranowska, 2018)

While manual material recovery can be time-consuming and costly, improper management
may also lead to contamination. A major contaminator, copper wires, has previously been
managed by mixing contaminated scrap with cleaner materials to keep the copper
concentration acceptable. However, the rising copper content in end-of-life vehicles, due to
electrification, is challenging this method and poses a growing risk to future scrap quality.
If contamination thresholds are exceeded, copper concentrations can surpass manageable
levels, which would reduce scrap quality to the point where it could no longer be used in
highly tolerant steel grades. (Gross & Hermine, 2025) Currently, Europe has a surplus of
steel scrap containing these hard-to-remove impurities, including copper. However, the scrap

is largely exported rather than being recycled within the EU. (Dworak & Fellner, 2021)

In 2023, over 4 million passenger vehicles, vans and small trucks reached end of life in the
EU. The total weight of these scrapped vehicles was about 5 Mt, of which about 95 % was
reused and recovered and around 88 % was reused and recycled. (Eurostat, 2025b) Since
2015, under the EU End-of-Life Vehicles Directive (Directive 2000/53/EC), Member States
have been required to meet minimum rates of at least 85 % for reuse and recycling and at
least 95 % for reuse and recovery, based on average vehicle weight. These numbers include
the materials that end up incinerated (for energy recovery) and waste that are sent abroad for
cheaper recycling, which often have lower environmental and labor right standards
(Kettunen et al., 2019). Currently, the EU exports end-of-life vehicles, aluminium scrap,
LIBs, and other waste. Exports are problematic especially for lithium-ion batteries as their
complex recycling process is considered dangerous due to the composition of the batteries

containing hazardous and toxic chemicals. (Blot & Stainforth, 2022)

In the coming years, the rapidly growing volume of end-of-life electric vehicles represents
a pressing challenge regarding sustainable battery waste management at scale. By 2040, end-
of-life EV batteries could reach 7.8 Mt per year. The economic viability of battery recycling
is dependent on the market value of recoverable materials. If materials prices are not high

enough or battery waste volumes are low, recycling is not profitable. Currently, material
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recovery focuses on cobalt and nickel. Only after 2016, lithium recovery became profitable
in the EU. (Farmer & Watkins, 2023) Recycling cathode and anode materials in EV batteries
faces several critical challenges. First, battery materials degrade over time and lose their
performance capabilities after 10 to 15 years, making them unable to match the efficiency
of newer chemistries. Second, direct recycling processes are technically complex and
economically unviable, requiring standardized battery designs and chemistries. Lastly, many
non-EU manufacturers are reluctant to share battery chemistry details, which complicates
efforts to develop unified recycling processes and infrastructure, further slowing the

implementation of circular economy in the EU automotive sector. (Graulich et al., 2021)

Ineffective management of end-of-life vehicles leads to resource losses and pollution,
undermining the sustainability benefits of modern low-emission vehicles that depend on
lightweight materials, batteries, and electronic components with high import reliance and
limited recyclability. These challenges are driven by multiple structural factors, including a
limited circularity in vehicle design and production, poor quality in end-of-life vehicle
treatment, and high dependence on imported raw materials. Existing legislation has not led
to improvements in ecodesign or increased the content of recycled materials, resulting in
ongoing issues such as low-quality scrap steel, inadequate material separation, and low
recycling rates, especially for plastics. At the same time, modern vehicles rely on substantial
quantities of raw materials, many of which are dependent on imports. Over 3 million vehicles
disappear from EU through unregulated exports or illegal disposal, reflecting weak
governance, limited financial accountability, and insufficient cooperation between
manufacturers and recyclers. Current regulatory framework does not include certain vehicle
categories, such as motorcycles, buses and trucks, which means they are excluded from the

end-of-life vehicle framework. (European Commission, 2023)
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4 Methods

This thesis was conducted as a semi-systematic literature review with comparative material
assessment. The following types of materials were used in this thesis: academic literature,

EU documents, frameworks and directives, industry reports, statistical sources, and other.

4.1 Research method: literature review

Literature review is a research method, where previously published research is collected and
combined “more or less” systematic way. Collecting and comparing results and perspectives
from a variety of conducted studies can answer research questions more accurately compared
to a single study source. This method can also identify connections between different areas
of research, build a broader understanding of the topic, and detect areas with a lack of
knowledge. (Snyder, 2019) According to Tranfield et al. (2003), traditional literature review
lacking a systematic approach can reduce the overall comprehensiveness and reliability of
the study. This may result in an incomplete understanding of the research topic, potentially

resulting in researcher’s bias that is not supported by the available literature (Snyder, 2019).

Literature review can be approached a systematic, semi-systematic, or integrative way. The
typical purpose for systematic review is to compare combined evidence and get specific
answers for research questions. Systematic reviews often utilize quantitative articles and
quantitative analysis and evaluation methods. With a semi-systematic review, an overview
of the research area and its development over the years is achieved, with answers to broader
research questions. Semi-systematic approach is generally based on research articles, with
analysis and evaluation performed qualitatively or quantitatively. Integrative review is used
for critique and synthesizing purposes with either narrow or broad research questions. This
approach is not generally systematic. Integrative review utilizes research articles, books, and

other published texts and analyses and evaluates qualitatively. (Snyder, 2019)

This thesis was conducted with semi-systematic approach due to the broad nature of the
research topic: circular economy in the automotive sector. The materials and data were found
using search words, such as circular economy, automotive sector, automotive materials,

critical raw materials, ELV material recovery, recycled materials, material substitution,



41

innovative materials, ecodesign, battery materials, battery recycling, and future perspectives.

These words were searched with terms “in automotive” and “in the EU”.

Academic literature was sourced from websites, such as ScienceDirect, Nature, Springer
Nature Link, and MDPI. The EU documents, research articles and other statistical data were
sourced from the European Union website and Eurostat. Automotive industry related data
was sourced from the European Automobile Manufacturers’ Association (ACEA) and
International Energy Agency (IEA) reports, and automotive manufactures’ websites. [EA
reports were also used for critical raw materials. Information on specific materials and
battery recycling were sourced from industry reports and websites, such as European
Aluminium, and Fortum, but also from United States Geological Survey (USGS) and

academic literature.

4.2 Evaluation categories

In this thesis, comparative tables were developed to assess key automotive and battery
materials based on different factors. These factors were assessed qualitatively (low-medium-
high) and represented using color-coded scale, where green indicates more favorable
performance and red less preferable performance. Appendix 1 includes the evaluation data

for traditional materials and Appendix 2 for battery materials.

The assessment was based on following factors: EU supply or import reliance, circulation
feasibility today, substitution potential, recycling rates from end-of-life vehicles or lithium-
ion batteries, circularity potential, and policy and regulation pressure. The factor descriptions
and data sources are mentioned below. Additionally, a short explanation for the selection of

these specific factors is provided.

- EU supply or import reliance: “Has Europe the material itself or is it dependent on
purchasing it from other countries?” For example, if 90 % of certain material is
imported to meet the demand, it has high import reliance. This category evaluated
whether the EU has significant domestic production (specifically for the automotive
sector, when available). If domestic production was limited, import reliance was
assessed based on the data in EU Critical Raw Material Assessment 2023. High

ratings were applied when domestic production was significant (> 80 %), medium to
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some domestic production (around 50 %), and low with little to no domestic
production (< 20 %). This category was chosen, because materials with high import
reliance may encourage to utilize secondary material streams and this way improve
circularity and economic sustainability. This category is also important in terms of

economic sustainability.

Circulation feasibility today: “Can the material be kept in circulation (loop) today?”
For example, some materials may not be recovered and recycled if it is difficult to
and/or expensive (low circulation feasibility today). This category identified the most
significant factors limiting the implementation of circular solutions, particularly for
material recovery and recycling. Less limitations equals improved feasibility. This
category was assessed based on findings from academic literature. Materials with
high circularity feasibility today typically have well-established recycling systems or
are have sufficient economic value to make recycling viable. This category was
selected to get an understanding of circularity issues, and their significance today but

also compare it to the circularity potential in the future.

Recycling rates from end-of-life vehicles or lithium-ion batteries: “How much
material can be collected and reused from old cars or batteries?”” For example, if 95
% of the material is recovered and recycled from a vehicle, it has high recycling rate.
Recycling rates for conventional materials were derived from academic literature and
industry reports. Recycling rates for battery materials were sourced from industry-
based data. Same numerical rating was used as in EU supply or import reliance-
factor. It should be noted that low rating also applied for materials lacking industry-
based evidence of recovery, although it could be theoretically and technically
possible. This category was selected to get quantitative data for material recycling
rates, since the EU directive only mandates recycling percentage by weight (for end-
of-life vehicles). This reveals what materials are focused on in recycling processes

and what materials tend to be overlooked. This applies to battery materials too.

Substitution potential: “Can the material be replaced with another material, to make
vehicles lighter, improve sustainability, manufacture more affordable components,
or other reason?” For example, some material cannot be switched into material that
would offer similar performance, meaning it has low substitution potential. This

category examined substitute materials that may already have or have potential to
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replace the studied material. Materials that have been replaced by alterative materials
received a high substitution potential rating, whereas material with no suitable
alternatives were discussed in literature received a low rating. This category was
chosen to get an overview of the demand for certain materials in the future and assess
if alternative materials are steering towards circular economy or potentially reducing

circularity to achieve another goal, such as decarbonization targets.

- Circularity potential: “How likely it is that the material is kept in the circulation
considering different factors?” For example, some materials are expensive and/or
their supply is uncertain in the future. Those materials will likely get recycled to
utilize secondary material streams, meaning it has high circulation potential.
Circularity potential was assessed based on recyclability, technical and economic
feasibility, material degradation, technological and the relative importance of the
automotive sector in overall material demand. High circularity potential rating means
that multiple researchers have found solutions for keeping the material in circulation.
Lower circularity potential was applied for materials with multiple factors delaying
the implementation of circular solutions. This category was included to visualize
potential circularity improvements from current state and understand what materials

are focused on in today’s research.

- Policy and regulation pressure: “How much is the government steering towards
circular economy solutions to reduce import dependence or achieve climate targets?”
For example, some materials do not have specific recycling targets, meaning it has
low regulation pressure. This category evaluated the EU legislation, directives, and
framework influencing material circularity. The most relevant regulation or directive
was selected in cases where multiple frameworks applied. High rating was applied
for materials that had specific recycling rate mandates. Materials received a medium
rating when existing legislation addressed the material to some extent, but strong
regulatory pressure was lacking. Low rating was applied for materials included in
overall recycling targets but do not have material-specific mandate. This category
was selected because legislation has an important role in guiding the implementation

of circular strategies and improving sustainability.

Sections of the table were left empty if relevant or reliable data was not available.
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5 Circular automotive industry: today and future pathways

The adaption of circular economy in the automotive applications is essential due to
continuously growing material consumption and demand in the sector (Chiarotti et al., 2025).
In recent years, vehicle manufacturers have started to implement circular solutions into their
corporate strategies reflecting a growing commitment to sustainability due to social pressure,
regulations, and expected competitive benefits. Simultaneously, academic and industry
research on automotive CE has been published increasingly, highlighting the sector’s raising
interest in material efficiency and closed-looped systems. (Prochatzki et al., 2023) However,
the Scandinavian Automotive Supplier Association estimates that only 1 % of the vehicle
industry in Europe is circular (Sweco, 2024), compared to overall circular material rate,
which is around 12 % in Europe (European Parliament, 2026). The most common circular
strategy in automotive sector is low-quality recycling, while higher level R-strategies, such
as rethink and reuse are often neglected. By 2021, there was no research conducted on

automotive circularity including the highest level strategy, refuse. (Prochatzki et al., 2023)

Automotive manufacturers are pursuing a variety of circular economy initiatives, from
establishing dedicated refurbish and remanufacture plants, like Renaults Refactory (Renault,
2026a), to forming strategic collaborations, such as Volkswagen and the city of Hamburg
mobility partnership (Volkswagen, 2019) or BMW’s partnership with European
environmental service provider PreZero. This partnership aims to unlock sustainable
business model for closed-loop materials system, prioritizing reuse of components and
improving recycling processes to recover high-quality secondary materials. (BMW, 2026)
Other key initiatives include utilizing secondary and innovative plant-based materials in
vehicles (Ford with coffee husk and renewable plastics), sourcing green steel for lower
emissions (Volvo with SSAB), and developing closed-loop battery recycling systems
(Toyota’s partnership with Redwood materials) (Birch, 2024; Volvo, 2025b; Toyota, 2023).
Innovative materials are also researched by Mercedes Benz, that have turned mixed
household waste into sound generator material, cactus into leather, PET bottles into fabrics,

and fishing nets into floor coverings (Mercedes Benz, 2025).

Beyond recycling and secondary materials, Chinese company NIO launched a battery-as-a-

service (BaaS) concept, where a customer can purchase a car without a battery, and subscribe
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to battery packs according to their needs and pay monthly. NIO also developed a Power
Swap Station, an automated facility, where batteries are replaced into fully charged ones in
about three minutes, which gives an alternative to traditional charging stations. (NIO, 2020;
NIO; 2024) Mobility-as-a-service (MaaS) has emerged as a solution for reducing the need
for car ownership. MaaS has recently gained popularity in larger cities (Turienzo et al., 2025)
and is currently offered by multiple vehicle manufacturers, including Volkswagen’s
WeShare and MOIA, Stellantis’ Free2move, and Hyundai’s MOCEAN apps (Volkswagen,
2019; MOIA, 2026; Stellantis, 2026, Hyundai; 2026). These solutions include car sharing,
vehicle subscriptions, or peer-to-peer are rental services. Research has shown reduced
private car fleet in cities that offer free-floating car sharing. Additionally, one shared car on
these platforms can replace up to 20 private vehicles. (Jochem et al., 2020) Reduce and reuse
are ranked high on the circular economy R-ladder (after refuse), meaning they have the most
potential to minimize resource consumption and waste generation. Figure 4 illustrates the

technical and biological cycles of a vehicle in circular economy.
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Figure 4. Technical and biological cycle of a vehicle (Schoemaker et al., 2025).

The EU is aiming to modernize vehicle production legislation. This is driven by the
automotive sector’s growing material intensity and demand, and recycling challenges related
to disassembling and recycling of increasingly complex vehicles, while also meeting climate
targets, and enhancing sustainable EU single markets. The commission proposed a new

framework (COM/2023/451 final) establishing circularity requirements for vehicles
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covering the entire lifecycle from design and production to end-of-life treatment and
management. In late 2025, the EU policymakers came to agreement on this matter (European
Parliament, 2025). This framework supports the objectives of the European Green Deal, the
Circular Economy Action Plan, and the Critical Raw Materials Act by promoting circularity,
improving recycling efficiency, and highlighting sustainable critical and lightweight
material use. The key objectives of proposal include design for circularity, recycled material
content, improved material treatment, extended producers’ responsibility, and extending the
vehicle scope. (European Commission, 2023) Additionally, the EU’s battery regulation (EU)
2023/1542, not only establishes targets for lithium-ion battery recycling rates but also
mandates minimum levels of recycled material content in new battery production and

introduces a mandatory battery passport.

While the automotive industry has made progress in implementing circular solutions,
widespread adoption is not even. The engagement of industry, policymakers and society to
align supply and demand, create supportive regulations, and raise awareness of the
essentiality of the CE are needed. More research should be conducted to address knowledge
gaps and investigate to what extend CE can be implemented in the sector. (Du et al., 2025)
Research about top automotive manufacturers by Montemayor & Chanda (2023) noted that
current discussion is limited to recycling, powertrain, and fuel technologies, with little focus
on broader CE strategies. While some efforts are made, Prochatzki et al. (2023) highlighted
that the CE is still far from being implemented sufficiently. Du et al. (2025) pointed out that
automotive sector can never reach complete circulation, and while circular solutions can be

implemented to some degree, there are loops that cannot be completely closed in production.

5.1 Secondary materials and recycling

Secondary materials can be produced completely or partially from pre- or post-consumer
scrap. Pre-consume scrap is often clean and uncontaminated, generally from production
processes, before reaching the end consumer. Post-consumer scrap is previously used
material, for example aluminium from old vehicles or beverage cans. (Hydro, 2025) Closed-
looped recycling refers to a recovery method where the material is reprocessed and reused
for the same purpose without losing its quality (Montag et al., 2026), for example recovering

cathode powder from spent LIBs and utilizing it in new battery production (Chen et al.,
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2019). Downcycling refers to the degradation of material quality through recycling
processes. This loss may occur in thermodynamics, functional, or economic terms and can
be caused by contamination, dilution, design-related issues, or decreased demand for
secondary materials. (Helbig et al., 2022) Upcycling, on the other hand, is a process where
waste material or product is repaired, repurposed, upgraded, or remanufactured to increase
their value. Upcycling can reduce waste and promote sustainability by extending product

lifetimes and improving material quality. (Singh et al., 2019)

For secondary materials to be viable, they must deliver performance equivalent to that of
primary materials. In practice, however, downcycling is a persistent issue in automotive
sector, which refers to a reduction in material quality during recycling. Although metals can
be recycled repeatedly without quality loss, this is rarely achieved due to contamination or
inefficient material separation processes. (Ortego et al., 2018) Plastics, on the other hand,
tend to degrade causing reduced quality over time (Merkisz-Guranowska, 2018). Similarly,
battery materials lose their performance quality after 10 to 15 years due to degradation, not

meeting the efficiency of new batteries (Graulich et al., 2021).

Recycling, downcycling particularly, is the most common circular strategy in automotive
industry (Prochatzki et al., 2023). While the EU reports high recovery rates for end-of-life
vehicles (95 % reuse and recovery rate and an 88 % reuse and recycling rate) (Eurostat,
2025b), recovered metals are downcycled and plastics are recycled in small quantities. To
address these gaps, the EU’s framework will mandate recycled plastic use with a certain
share from closed-loop sources, which may also be introduced for steel and aluminium later
(European Parliament, 2025). Vehicle manufacturers have already incorporated recycled
materials in their vehicles (for example Volvo and BMW), however closed-loop recycling

system does not exist yet in the automotive sector (Sutter et al., 2025).

Improving material recovery from end-of-life vehicles in the EU is crucial. Higher recycling
rates reduce dependence on raw material imports and prices (Burinskien¢ et al., 2025). This
has been proven, for example in case of natural rubber (used in tires), which was considered
a critical material in the EU in 2020. The recycling input rate for the material grew from 1
% to 5 %, which led to it no longer being considered as critical in 2023. (Grohol & Veeh,
2023) From the environmental perspective, secondary material use saves huge amounts of
raw material and energy. For example, utilizing 1 ton of recycled copper prevents the

extraction of 150 tons of ore (Rzymski et al., 2017), and secondary aluminium use saves 95
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% of energy (European Aluminium, 2022). Recycled materials in battery production
significantly reduces carbon footprint, water consumption and freshwater toxicity (Hanna et
al., 2026). Additionally, Machala et al. (2025) demonstrated that recycling mixed LIBs into
reusable battery materials can cut the environmental impact by more than 58 % compared to
using primary materials. There are multiple closed-loop lithium-ion battery recycling

facilities in the EU, one of the largest ones located in Finland by Fortum (Fortum, 2023).

Lithium-ion battery recycling has gained notable attention in the EU over the last years. Only
in 2023, it was estimated that current Europe’s recycling infrastructure is unable to process
80 % of forecasted end-of-life LIBs, and recovery rates of over 85 % were calculated for
aluminium, copper, cobalt, nickel, and manganese, and approximately 40 % for lithium and
iron. Additionally, pyrometallurgy process was used in over half of the European plants,
which limits lithium extraction. (Bruno & Fiore, 2023) Currently, there are dozens of active
or planned recycling projects in Europe. Although some projects have faced delays or have
been cancelled, an analysis reveals that the European stakeholders remain highly active in
developing domestic recycling sector. (Stephan, 2025) In 2023, Swedish company Stena
Recycling was one of the first ones to open an industrial scale battery recycling plant in
Europe (Stena, 2023). In 2024, Mercedes Benz launched Europe’s first battery recycling
plant with an integrated mechanical and chemical recycling process, becoming the world’s
first automaker to achieve a closed-loop battery recycling system with its own facility
(Mercedes Benz, 2024a). By the end of 2026, the total recycling capacity is expected to reach
429 kt annually (Stephan, 2025). However, a stakeholder-based assessment conducted by
Cattani et al. (2025) confirmed that current recycling system is not profitable. Transportation
costs can account for up to 70 % of total recycling expenses. Meanwhile recycling plants
often operate at less than 10 % of their capacity due to the current low volume of end-of-life

batteries, in addition to the high initial investments. (Cattani et al., 2025)

Since the EU directive obligates a 95 % rate for material reuse and recycling by mass, hard-
to-recycle, and even components that do not contain valuable materials must be recycled.
This underscores the importance of conducting studies to optimize recycling processes for
cost-effectiveness and efficiency. These non-valuable material recycling processes have
been studied, for example by Smieszek et al. (2026) for air filters containing paper or
plastics. Arnold et al. (2021) found that many electronic components containing valuable

metals are not economically profitable to recycle, depending on the recovered material value
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and dismantling time (i.e. labor costs). Furthermore, after the shredding, these valuable
metals are in non-worthy concentrations due to their tiny contribution to overall vehicle
volume (Arnold et al., 2021). High recovery rates for certain materials can also be difficult
to achieve due to lack of recycling infrastructure, component markings, poor disassembly
practices, and process losses (Merkisz-Guranowska, 2018). However, often the profitability
and material value are the key determinants, whether material gets recycled or not. Figure 5

illustrates components that can be produced from secondary materials (Opel, 2023).

Figure 5. Illustration of recycled material applications for certain components (Opel, 2023).

5.1.1 Recycled steel

The most recycled materials from ELVs are bulk metals, particularly steel (Iglesias-Embil,
et al., 2020), which achieves recovery rates of 95 % (SSAB, 2026a). While steel is widely
recycled, automotive manufacturers still rely heavily on primary steel. Based on Bui et al.
(2024) report, approximately 70-85 % of automotive steel is from primary sources. Some
vehicle manufacturers disclose the recycled steel content in certain models. For example,
Polestar 2 contains 12 % of recycled steel and 40 % of Skoda 1V’s body steel is from
secondary sources (Polestar, 2024; Skoda, 2025). Volvo announced to source steel from
SSAB that is made with 90 % recycled content, derived from closed loop systems (Volvo,
2025b). In 2023, Chinese company Baowu produced automotive steel from 100 % scrap
(Zong, 2023). Steel used in vehicles is generally of higher quality, and has lower recycled

content compared to other grades (Bui et al., 2024). Steel scrap from ELVs contains
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contaminants, particularly copper, that reduces the quality when unproperly managed.
Efficient copper removal from steel scrap has been suggested in multiple articles, for
example by Sutter et al. (2025) and Gross & Hermine (2025) to improve scrap quality and
further improve closed-loop recycling. Efficient closed-loop recycling has been estimated to
reduce steel emissions by 44 % and the overall environmental impact (Heidari et al., 2025),
while also saving significant volumes of primary material. Producing 1 ton of recycled steel
saves over 1,100 kg of iron ore, 635 kg of coal and 55 kg of calcium (Merkisz-Guranowska,
2018). According to Heidari et al. (2025), achieving closed-loop recycling requires
cooperation across the supply chain, from design phase to end-of-life. Bui et al. (2024)
suggested that steel producers should disclose their recycled material content, enabling

vehicle manufacturers to make informed choices and prioritize more sustainable products.

5.1.2 Recycled aluminium

In addition to steel, aluminium is also recovered in large quantities from end-of-life vehicles,
with recovery rates reaching up to 90 % (European Aluminium, 2022). However, aluminium
downcycling is a standard practice in automotive industry (Shankar et al., 2025) and closed-
loop recycling of post-consumer aluminium alloys does not exist (Billy & Miiller, 2023) due
to feasibility and complexity issues (Akram et al., 2026). The material gets often lost in steel
scrap, in addition to the shredding process that mixes wrought and cast aluminium

components causing downcycling into cast alloys (European Aluminium, 2020).

Some automotive manufacturers already utilize recycled aluminium in their production. For
example, Volvo ES90 model contains 75 % recycled aluminium in its wheels, while battery
tray and body extrusions contain up to 40 % recycled aluminium (Volvo, 2025a). Renault
Clio’s wheel rims are made from at least 50 % recycled aluminium (Renault, 2026b) and the
aluminium in Skoda 1V’s BIW i1s 60 % recycled (Skoda, 2022). While the automotive
industry currently does not utilize closed-loop post-consumer aluminium in their production,
extensive research and successful experiments are actively steering the way for its future
adaption. For example, vehicle manufacturer Audi launched a pilot project Material Loop
with US based aluminium manufacturer Novelis, where a closed-loop recycling system was
developed for post-consumer aluminium scrap (Novelis, 2023). Audi has already taken part

in Aluminium Closed Loop project that utilized pre-consumer aluminium scrap (Audi,
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2022). Nissan is developing a closed-loop recycling for ELV aluminium doors, while also
implementing closed-loop recycling of aluminium scrap generated during manufacturing
(Nissan, 2025). Hydro produces aluminium made from 75 % post-consumer scrap suitable
for automotive applications. The company can also produce 100 % recycled aluminium, but

not on commercial scale. (Hydro, 2024)

Krall et al. (2023) found that aluminium alloys with properties comparable to automotive
sheet alloys can be produced directly from ELV scrap without downcycling. Zhan et al.
(2023) further demonstrated that it is possible to produce automotive-grade aluminium
containing 70 % post-consumer scrap. Dittrich et al. (2025) showed that incorporating higher
shares of secondary aluminium in high-pressure die casting does not impact its performance
or weldability. Van den Eynde et al. (2021) concluded that to increase secondary aluminium
use requires closed-loop aluminium recycling, new and old scrap separation and improved
alloy sorting. Innovative approaches to alloy designs, including alloy composition and
processing methods, should focus on improving recyclability and increasing tolerance to
impurities, without compromising material performance. (Heidari et al., 2025 & Rolseth et
al., 2024) Nocivin et al. (2026) established that strategic vehicle design, efficient collection,
advanced technological adoption, and balanced regulatory policies together form the

foundation for a sustainable and competitive aluminium recycling ecosystem.

5.1.3 Recycled plastics and polymers

Approximately 10 to 20 % of the vehicle’s weight consists of plastics (ACC, 2024), but
currently only 19 % ends up recycled (Baldassarre et al., 2025). Mechanical recycling is
uncommon, and most plastic ends up as waste after the shredding process (Reichert et al.,
2026). End-of-life vehicle plastic recycling is one of the most challenging objectives towards
circular vehicle sector. Newer vehicles contain a variety of different plastics, which makes
recycling more difficult, since they cannot be mixed and processed with a single method.
(Versteeg et al., 2026) Plastics also degrade due to changes in its chemical properties or
impurities, such as paint, which cause downcycling (Merkisz-Guranowska, 2018; Zambrano

et al., 2024).

While plastic recycling faces notable challenges, the automotive industry has made

significant progress by incorporating secondary plastics into their vehicle production. 30
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years ago, Renault was the first automotive manufacturer to utilize recycled plastic in their
vehicles (Renault, 2020), while Ford was the first manufacturer to utilize 100 % recycled
post-consumer plastic (Birch, 2025). Renault 5 E-Tech electric contains 19 % recycled
plastics (Renault, 2026b), and Opel has approved over 230 types of recycled plastic for use
in production (Opel, 2023). Nissan reported collecting bumpers from dealerships and
recycling them into other components. Additionally, their bestselling model contains 5 % of
recycled plastic. (Nissan, 2025) Skoda utilizes 40 kg of recycled plastics in new models
manufactured from 2025 (Skoda, 2024a).

Baldassarre et al. (2025) concluded that to improve plastic recycling from end-of-life
vehicles, a systemic change is needed. These include design-for-recycling (i.e. modular
components and standardized materials), technological improvements, and policies that
support these initiatives. Robust take-back systems and material traceability will further
drive circular solutions. According to Reichert et al. (2026) achieving mechanical closed-
loop recycling requires simplifying the variety of plastics used and reducing material
requirements to enable the use of post-consumer material. Meshkat et al. (2025) suggested
that combining vehicle disassembly with direct granule-based reprocessing can improve
plastic recovery rates without a notable material performance loss. The EU framework
(COM/2023/451 final) will require automotive manufacturers to use both recycled and

closed-loop recycled plastics in vehicle production in the future.

5.1.4 Recycled copper

Copper is 100 % recyclable but according to International Copper Association only about
40 % is recovered from end-of-life (ICA, 2023). However, the data is from 2018, and the
increased copper content in vehicles may result in different shares today. While some of the
copper is recovered during the manual dismantling phase of ELVs (Gross and Hermine,
2025), substantial quantities remain in the vehicles and are subsequently shredded. The
shredded material, which contains copper scrap, is often incinerated for energy recovery or
sent to landfill (Gao et al., 2021) resulting in huge economic losses valued at € 6 billion,
including the copper discarded as waste (ICA, 2023). There is not much information
available about secondary copper use in the automotive industry, however, some copper

manufacturers disclose secondary material use.
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Aurubis (one of the largest copper recyclers) and COFICAB (a leader in automotive wires
and cables) renewed their contract to supply copper with substantial secondary content
(Aurubis, 2024). In 2024, Aptiv developed a wire harness that contains 100 % recycled
copper, which will launch on market in 2026 (Aptiv, 2025). Copper recovery from ELVs is
receiving growing attention in research due to its role as a key contaminant in steel scrap,
but also as it is facing increasing global demand. In 2014, Toyota with its partners developed
arecycling technology for the copper in wiring harnesses (Toyota, 2014). Saneie et al. (2022)
found a sustainable approach for copper recovery from spent LIBs by utilizing forth flotation
method. Widijatmoko et al. (2024) found a solution for recycling enameled copper wires
from electric motors. Pourmohammad et al. (2025) successfully recovered copper from
waste automotive printed circuit boards. Gao et al. (2021) studied the possibilities of
improving copper recovery from shredder residues. Overall, extensive research exists on
copper recycling from electronic waste, which is increasingly relevant for modern vehicles
relying on electronic components and systems. According to Gross & Hermine (2025),
effective copper recovery ELVs including deep-dismantling increases copper recycling rates

but also improves steel scrap quality.

5.1.5 Recycled battery materials

The battery recycling process includes three main stages. First is preparation which consists
of housing separation, subtype sorting, disassembly of battery packs into modules or cells,
and discharging. The next step is mechanical and/or thermal pretreatment. (Gornik et al.,
2025) This includes shredding and screening, after which is materials are separated using
methods like pyrolysis, flotation, density separation, or magnetic separation. The final
recycling stage involves chemical processing, typically using either pyrometallurgy or
hydrometallurgy. (Rezaei et al., 2025) Comparing these methods, hydrometallurgy is more
environmentally beneficial due to more extensive material recovery potential (Gornik et al.,
2025). Today, direct recycling has been introduced, a method that restores the degraded

structure and composition of cathode materials (Fan et al., 2024).

LIB recycling is technically feasible for most materials (Hill et al., 2019), and all recovered
metals can be reused to manufacture new batteries, provided they go through purification

processes (Graulich et al., 2021). Low cost materials, such as binders, lithium salts and
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separators are not recovered (Hill et al., 2019). Additionally, materials like manganese and
graphite are not commercially viable to recycle (Chen et al., 2026; Park et al., 2025) and
often remain overshadowed by higher-value materials, such as cobalt. This is evident in
industry practices, where recyclers typically prioritize and highlight the recovery of cobalt,
nickel, and copper, while lower-value materials receive less attention. Furthermore, the
battery regulation only requires certain recovery rates for cobalt, copper, and lithium

(Regulation (EU) 2023/1542).

Advanced approaches for battery recovery, such as the incorporation of automated
disassembly, smart sorting of battery types, and precise evaluation of used batteries can
improve recovery processes significantly. Categorizing batteries for reuse, remanufacturing,
or recycling can bring lower operational costs, enhance materials recovery value, and
improve worker safety. (Harper et al., 2019) In addition, improved material sorting reduces
non-recyclable material losses (Rezaei et al., 2025). With the EU’s battery regulation (EU)
2023/1542, Europe is taking important steps to improve battery collection, reuse, and
recycling of batteries in Europe. The regulation mandates that the recycling rate of 70 %
should be achieved for lithium-based batteries by 2030. From 2031, the following recycling
rates are targeted: 95 % for cobalt, copper, lead, and nickel, and 80 % for lithium. Recycled
material content should be 26 % for cobalt, 85 % for lead, 12 % for lithium, and 15 % for
nickel from 2036.

Finnish company Fortum recovers and produces recycled materials including nickel, cobalt,
and manganese sulphates, and lithium hydroxide (Fortum, 2026). The company has the
largest closed-loop hydrometallurgical battery recycling site in the EU and reports 95 %
recovery rates for valuable and critical metals, and overall, 80 % recycled rate for the battery
(Fortum, 2023). Fortum is working with Norwegian company Vianode to develop and
improve the performance of recycled graphite materials for use in commercial anode
production (Fortum, 2025). Belgium advanced materials and recycling group Umicore
achieves the recovery rates of 95 % for nickel, cobalt, and copper. Currently, the company
can recover over 90 % of lithium. (Umicore, 2026) Stena Recycling handles 10,000 tons of
battery material per year and aims for 95 % recycling rate for the battery. The company has
successfully produced black mass, which is a mixture of valuable metals. (Stena, 2026)
BMW discloses that 50 % of the nickel, cobalt, and lithium are from secondary sources in

1X3 model (BMW, 2025a). Research conducted by Bai et al. (2023) successfully utilized
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direct recycling and remanufacturing for anode scrap offering a closed-loop approach. Jia et
al. (2026) presented a solution for manganese upcycling from LIBs. Direct recycling of

graphite from LIBs and production scrap was researched by Muguruza-Sanchez et al. (2025).

The concept of a battery passport emerged as a tool for transparency and traceability of LIBs,
designed to document critical data across the battery lifecycle (Farmer & Watkins, 2023).
From 2027, in line with the new battery regulation (EU) 2023/1542, electric vehicles sold in
the EU must include a battery passport. The first battery passport was already powered by
Circulor to Volvo EX90 models in 2024 (Circulor, 2024). Having more detailed, cell-
specific information, such as its material composition, and structural details improves the
efficiency of disassembly and recycling processes while ensuring safe and informed
management operations. This essential information, accessible via QR codes or digital
records, creates a unified system and readily available data for smooth collaboration across

the supply chain. (Graulich et al., 2021)

T&E (transport & environment) estimates that end-of-life batteries and scrap from factories
can potentially meet 14 % of lithium, 16 % of nickel, 17 % of manganese, and 25 % of cobalt
demand by 2030 providing materials for 1.3 to 2.4 million EVs in the EU (Figure 6) (T&E,
2024). Rizos & Righetti (2022) estimates similar results; by 2030, recycled batteries could
supply 21 % of lithium, 18 % cobalt, and 14 % of nickel required for new battery production,
increasing to 52 % of lithium, 49 % of nickel, and 58 % of cobalt by 2040. An analysis by
Gianvincenzi et al. (2025) indicates that, even if recycling processes could be optimized, less

than 34 % of the battery material demand can be supplied from secondary sources.
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Potential BEV production from recycled materials in Europe
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Figure 6. Recycled material potential in Europe (T&E, 2024).

5.2 Material substitution and innovative materials

Today, vehicle manufacturers are conducting research on material substitutions aimed at
reducing vehicle weight, especially electric vehicles due to their heavy battery packs
(Cimprich et al., 2023). At the same time, consumer demand is steering manufacturers to
produce larger and heavier vehicles (IEA, 2025a). Initially, automotive lightweighting
focused on replacing steel with aluminium, but current trend favors optimized multi-material
designs (Czerwinski, 2021), and materials such as high strength steels (AHSS and UHSS),
aluminium and magnesium alloys, plastics and polymers, carbon fiber reinforced polymers,
other composite and biobased materials (Cimprich et al., 2023). For example, Suski et al.
(2023) studied new-generation BIW steel structures, using advanced high strength steel with
reduced thickness to improve performance and reduce lifecycle emissions. Lu et al. (2021)
proposed a unified steel concept, where multiple BIW steel grades could be manufactured
using only one chemistry to simplify steel manufacturing and improve recycling. In addition,
substituting materials can also reduce social impacts and improve social sustainability

performance across automotive supply chains (Ostojic & Traverso, 2025).
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5.2.1 Multi-materials

Multi-material, or hybrid, car bodies combining steel and aluminium alloys are becoming
more common due to their lightweighting potential at moderate costs (Gullino et al., 2019).
However, according to Stemper et al. (2021), these multi-alloy designs complicate recycling
processes and reduce circularity, while research by Czerwinski (2021) argues that the
combination of materials can improve the end-of-life recyclability. Hybrid material research
has been conducted, for example by Stemper et al. (2021) who presented aluminium
crossover alloys as potential new alloy class, using innovative alloy design methodology,

and Elmasry et al. (2024) who developed a computational model for hybrid bio composites.

In recent years, plastics and composites have been increasingly replacing conventional
metals, such as steel, presenting significant lightweighting opportunities. Carbon fiber
reinforced composites are 50 % lighter than steel and 30 % lighter than aluminium.
(Merkisz-Guranowska, 2018) Research by Wongkhuenkaew et al. (2026) found that it is
possible to produce recycled composite utilizing plastic waste from end-of-life vehicles and
recycled carbon fiber from automotive manufacturing waste. Lopera-Valle et al. (2025)
examined closed-loop recycling of carbon fiber reinforced composite and found significant
losses in mechanical properties after multiple recycling cycles. Research by Souppez et al.
(2023) had similar findings regarding the effects of using blended or entirely recycled carbon
fiber. While plastics and composites offer many advantages, their recycling process remains
challenging (Merkisz-Guranowska, 2018). In addition, the production of lightweight
materials is generally more energy-intensive compared to traditional materials (Ghosh et al.,
2021). However, vehicle lightweighting is a trend that is expected to continue in the future,

driven by regulations on safety, fuel efficiency and carbon emissions (Suski et al., 2023).

5.2.2 Bio-based materials

Renewable, bio-based and biodegradable materials are an ongoing automotive application
(Carvalho et al., 2024; Vieyra et al., 2022). Plant-based plastics from agricultural sources
such as sugar cane, corn, potatoes, beets and oil polymers offer an alternative for fossil-based
plastic (Merkisz-Guranowska, 2018). Today, multiple automotive manufacturers have

replaced leather with plant-based ones. For example, Volkswagen and Revoltech GmbH
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start-up developed 100 % bio-based leather alternative from industrial hemp residues
(Volkswagen, 2024b) and Hyundai together with Uncaged Innovation created a grain-based
protein leather (Hyundai, 2025). Other innovative plant-based solutions include Ford’s
collaboration with McDonalds to utilize their coffee husks in headlamp housings (Birch,
2024) and Mazda’s collaboration with a cork supplier to utilize the material in the cabin of

MX-30 model (Mazda, 2026).

Research by Thandavamoorthy (2024) found that sugarcane ash (agricultural waste) can be
incorporated into a neem fiber epoxy matrix composite to produce an innovative lightweight
material suitable for automotive interior and lightweight structural applications. Volpe &
Pantani (2025) discovered that cork, and hazelnut shells and skins from industrial processing
waste offer potential as natural fillers for recycled polymer to produce natural fiber-
reinforced composites. Additionally, BMW reported that they will start utilizing natural fiber
composites in their production (BMW, 2025b). While natural fibers can offer an alternative
to carbon or glass fiber based composites, their commercial adaption has been slow due to
limited supply, inconsistent quality, limited performance, and higher costs (Carvalho et al.,
2024). For biodegradable polymers, the greatest challenge is to prevent degradation during
the vehicle’s lifetime (Vieyra et al., 2022). According to Schoemaker et al. (2025),
implementing biodegradable materials in components, such as tires, is essential since the
material enters the environment during vehicle use phase. Carvalho et al. (2024) concluded
that to adapt CE for bio composites, proper consideration needs to be put into design, re-use,

and recycling.

5.2.3 Alternatives to improve scrap quality

Contaminators in automotive scrap are one of the key issues causing downcycling of
materials. To improve steel scrap quality, Gross & Hermine (2025) suggested replacing
copper with aluminium in small wires. Borawski et al. (2025) studied the potential of
replacing copper with aluminium powder and Teflon for car brakes. Similarly, Zheng et al.
(2026) investigated the application of aluminium in resin-based brake materials. Another
key material to consider in terms of reducing contamination is multi-material plastics. Multi-
material plastics tend to get downcycled due to their challenging recycling process (Miller

et al., 2014). During recycling, polymer matrices become contaminated due to mixing of
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incompatible polymers, in addition to the presence of other impurities including paint and

chemical contaminants (Zambrano et al., 2024).

Mono-materials (component made from a single material) offer a solution for easier closed-
loop recycling (Schoemaker et al., 2025) by eliminating the need for complex separation
processes mixed materials require. Mono-material concept has already been implemented,
for example by Polestar, who designed a car interior including only single material
components (Polestar, 2026). Additionally, Audi, Skoda and Mercedes have developed
mono-material interior components (Audi, 2024a; Skoda, 2024b; Mercedes Benz, 2026).
Furthermore, Guduru et al. (2021) developed a mono composite leaf spring, and Quinn et al.
(2023) assessed the potential of mono-material product design with bio-based, circular, and

biodegradable polymers.

5.2.4 Alternative battery materials

Lithium-ion batteries contain several critical materials, that are related to many sustainability
concerns including environmental degradation, resource scarcity, and concentrated supply
chains. One of the most notable trends is the exploration of solutions to reduce or completely
remove cobalt from lithium-ion batteries (Farmer & Watkins, 2023). Even though this has
already shown promising results, fast scaling is leading straight to nickel issues
(Castelvecchi, 2021). A lot of research exploring cobalt-free cathode materials focus on
nickel-rich or ultra-high nickel content alternatives for example, by Kouihen et al. (2026)
and Ma et al. (2025). On the other hand, some researchers are presenting cobalt and nickel-
free cathode alternatives, for example Prosini et al. (2025) lithium-rich cathode materials,
and Huang et al. (2024) lithium-excess manganese-rich cathodes integrating rock salt.
Removing both cobalt and nickel will demand completely different cathode material
structure, where rock salts have been kept as a promising solution (Castelvecchi, 2021). Only
recently, alternative anode materials for graphite have been presented (Tian et al., 2023),
which has been a serious challenge since its current supply is not enough to meet the demand
by 2030 (Nagy et al., 2024). Today, silicon is considered the most promising substitute anode
material (Highstar, 2025), in addition to other alternatives including lithium metal, hard

carbon (from biomass), and lithium titanate (Jabarullah et al., 2025).



60

After 2030, the battery landscape may go through significant changes with the emerge of
next-generation technologies that surpass the performance limitations of current lithium-ion
batteries. New innovations such as lithium metal solid-state batteries, lithium-sulfur,
sodium-ion, and lithium-air batteries present opportunities and advantages regarding higher
energy density, lower costs, longer lifecycles, and reduced dependency on scarce materials.
(Farmer & Watkins, 2023) Sodium-ion batteries represent a sustainable option for traditional
lithium-ion batteries, potentially offering longer lifespan and faster charging technology.
Current disadvantages are high costs and early stage development. (Blot & Stainforth, 2022)
However, alternative battery technologies are unlikely to replace lithium-ion batteries any
time soon, given their plummeted costs and established dominance in the market

(Castelvecchi, 2021).

5.3 Ecodesign and manufacturing

Ecodesign and design-for-recycling are well-recognized approaches for improved circularity
(Graulich et al., 2021). Prioritizing sustainability and efficiency in product design can
drastically reduce energy and resource use, since more than 80 % of the product’s
environmental impact is determined during the design phase (European Parliament, 2023).
In addition, many of the issues during reuse, remanufacture, and recycling could be
prevented if considered early at design phase (Harper et al., 2019). Considering recyclability
at design phase not only increases the availability of high-quality scrap but also reduces
GWP (global warming potential) in the long term (Pfisterer et al., 2024). Current vehicle
design prioritizes cost-effective manufacturing process compromising its disassemblability
and recyclability (Ortego et al., 2024). Like in the article published by Sweco (2024), Peter
Bryntesson, CEO of the Scandinavian Automotive Supplier Association, says that when he
asks about how long it takes a car apart, nobody knows: “A lot of research and development
goes into how we build things. None is done about how we take them apart again.” This
issue is particularly relevant today, since vehicle components are getting more complex to
meet customer demand. At the same time, design-for-disassembly and -recycling concepts
are pressuring on improving automotive circularity. (Hallack et al., 2022) The new EU
framework on vehicle circularity (COM/2023/451 final) obligates circular design allowing
easy removal of components and providing basic dismantling instructions for ELV

processors.
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Concepts, like design-for-recycling and design-for-disassembly have been suggested by
many researchers to improve the recovery of multiple materials. For example, Rolseth et al.
(2024) concluded that design-for-disassembly and design-for-remanufacturing should be
considered in metallic components production, including aluminium alloys. Versteeg et al.
(2026) concluded that design-for-recycling, such as modular components, standardized
materials, and removable coatings simplify end-of-life process for plastics. Pfisterer et al.
(2024) further recommended a standardized practice to reward design-for-recycling
approach. Simulation-based design-for-recycling for car electronic modules was developed
by van Schaik & Reuter (2024). Ortego et al. (2024) conducted a disassemblability
assessment on a specific vehicle and identified several ecodesign recommendations,
specifically to improve metal recovery. Key issues were long disassembly times due to
complex structure, material non-separability, and components for aesthetic reasons. As key
recommendation, Ortego et al. (2024) suggested improving component accessibility. Design
for easy repair and replacement was considered for example by Mercedes Benz with their

new headlights that are screwed in manufacturing rather than glued (Rivers, 2026).

Whether a component can be reused or recovered depends heavily on ease of disassembly
(He et al., 2021). For example, many electronic components use fast joining methods such
as glue to reduce manufacturing costs, which reduces repairability, recyclability, and
disassemblability (Ortego et al., 2024). He et al. (2021) recommended standardization and
simplification of connecting methods to improve disassembly efficiency. Another issue is
that some materials are distributed in vehicles in small amounts. For example, gold is used
in control units, and by concentrating these units in a few specific locations within the
vehicle, disassembly could be simplified and recycling made more economically viable.

(Iglesias-Embil et al., 2025)

Modular design enables the creation of wide range of products with a limited number of
modules and is an efficient way to fast replacement and disassembly of components. The
module structure should also be simple and standardized, with the connections between
modules allowing easy assembly and disassembly. (He et al., 2021) Hartmann et al. (2021)
presented a modular space-frame concept for vehicles that can be used for many
applications. This concept offers a sustainable and cost-effective approach to vehicle
production by enabling localized manufacturing and economic development and simplifying

consumer maintenance through accessible materials and design. Recently, Hyundai Mobis
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developed a power electric system suitable for all electric vehicles, key focus on

standardization and modularization of key components (Hyundai Motor Group, 2026).

Similarly to the battery passport, Tazi et al. (2025) suggested levels and types of information
that OEMs (original equipment manufacturers) should provide on e-drive motors (and rare
earth permanent magnets, REPMs). For e-motors, the information provided should include
the number of motors, motor manufacturer, motor location within the vehicle, weight of each
motor, motor type, and rotor construction type per motor type. In addition, technical
instruction for removal and replacement should be included, detailing the sequence of
operation as well as the joining, fastening, and sealing techniques needed to remove the
motor from the vehicle. Integrating this information into OEM manufacturing processes

could significantly improve dismantling efficiency and end-of-life treatment.

5.3.1 Ecodesign for batteries

Lithium-ion batteries are hard to disassemble due to their complex design (Figure 7). LIBs
contain many components, including electronics and modules, in addition to the variety of
fixtures and fastenings, like bolts, screws, and sealants which are not suitable for robotic
removal. (Harper et al., 2019) Complicated and hard-to-dismantle battery designs increase
recycling costs and put economic pressure on recyclers. By improving battery design
material recovery rate can be increased. Researchers are actively exploring new modern
technologies, such as reverse assembly and robotics to revolutionize end-of-life management
for lithium-ion batteries. However, implementing these methods is not possible with current
battery design. (Graulich et al., 2021) Unlike lead-acid batteries, which are relatively
standardized and easy to disassemble and recycle, lithium-ion batteries represent fast-
evolving technology for which cost-effective recycling processes have not yet been
established (Harper et al., 2019). Automated disassembly will become essential as large

volumes of batteries reach end-of-life in the coming years (Zorn et al., 2022).
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Disassembly problems

* Variety of vehicle shapes and sizes
+ Different pack configurations and locations
» Different fixings and tooling required

* Bolts and fixings may be rusted

» Heads of fixings may be rounded or sheared
* Position of bolt heads not always fixed

* \ehicle bodywork may be distorted

* Vehicle may be crash damaged

Pack removal * Weight of battery

Recovered components
+ Bus bars

* Electronics

+ Wiring looms

* Modules > Cells

+ Other components

* Removal of wiring looms tricky

* Manipulation of connectors (especially where locking tabs fitted)

* High voltages until wiring loom/module links removed

* Lack of data on module condition in many electric-vehicle batteries
* Lack of labelling and identifying marks

» Potential fire hazards

» Potential offgassing of HF

Recovered components * Sealants may be used in module manufacture (difficult to remove)

+ Casings * Cells stuck together in modules with adhesives (difficult to separate)
» Terminals * Components may be soldered together (difficult to separate)
* Cells * Module state of charge may not be known

Moadule

» Clean separation of anodes and cathode for direct recycling difficult
* \lery finely powdered materials present risks (nanoparticles)

Recovered materials
(depending on cell chemistry

and recycling process) * Paotential for HF compounds formed from electrolyte

« Cobalt = ETTETIT *» Potential for thermal effects if cells shorted during disassembly
o Nickel . Alumginium * Chemistries not always known or may be proprietary

. « Plastics * Additional challenges with cylindrical cells (unwinding spiral)

* Graphite

Figure 7. Challenges with LIB disassembly (Harper et al., 2019).

Zorn et al. (2022) investigated automated disassembly and found the battery design to be
one of the key challenges. To improve recycling processes, Harper et al. (2019)
recommended design-for-recycling and standardization of batteries. Graulich et al. (2021)
emphasized that the second-life application must be integrated into the initial design phase
to achieve the most sustainable and resource efficient lifecycle by maximizing the lifespan.
Thompson et al. (2020) reviewed design-for-dismantling and -recycling, highlighting two
key design improvements: module-less packs with easily separable cells for robotic

automation, and optimized binders for disassembly.

5.3.2 Innovative manufacturing technologies

Additive manufacturing (AM), or 3D printing, is an emerging technology for automotive
applications. This technology offers vehicle weight reductions, performance improvements,

part consolidation, customized material properties and simplified manufacturing processes.
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(Zhao et al., 2023) Research has been conducted, for example by Caba (2020), who created
a new type of aluminium alloy for additive manufacturing, and Andre et al. (2023), who
investigated the potential of closed-loop recycling of AM waste for automotive foam. Bade
et al. (2025) suggest that the technology could become essential in automotive spare parts
supply chain by enabling on-demand production, eliminating the need for large inventories
and reducing costs. According to Martin et al. (2023) the expansion of additive
manufacturing to automotive applications is currently constrained by the limited range of
available materials, and the inability to produce them on demand. Additionally, an article by
Zhao et al. (2023) found that the cost of metal powder is limiting factor for wider adaptation.
Although additive manufacturing is known as a green method, since it eliminates
manufacturing waste, and saves material and energy use, Graziosi et al. (2024) highlights
that component design, and bio-based or recycled materials incorporation are crucial aspects
to reach sustainable manufacturing. In addition, Priarone et al. (2023) argued that the
materials used in AM must be part of broader circular economy, not just recycling. Shah et
al. (2024) noted that more research is needed to fully unlock the potential of additive
manufacturing for circular economy. Despite the limitations, Hamza et al. (2025) concluded
that the adaption of AM will continue to expand, entirely transforming the design and

manufacturing of vehicles.

Furthermore, other manufacturing technologies, like gigacasting offer potential for design-
for-disassembly, by making vehicle dismantling and material recovery easier (Rolseth et al.,

2024).

5.4 Lifetime extension strategies

Extending product lifetime through circular solution is an effective strategy for material
efficiency (von Kdockritz et al., 2026) while also decreasing the demand for products, primary
and secondary resources, and lowering GWP across the supply chain over both the short and
long term (van Keeken et al., 2024). Methods extending product lifetime, such as reuse and
maintenance are preferred over recycling to extract most economic value and reduce
environmental impact (Harper et al., 2019). It can be said that vehicle maintenance is a
standard practice today; however, von Kockritz et al. (2026) noted that material implications

related to maintenance are addressed in only a few studies. Limited research on material
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implications highlights the need for clearer and stronger regulatory framework. The EU
framework on vehicle circularity (COM/2023/451 final) is taking a step towards stronger
regulations on better treatment including sections such as redefining remanufacturing and

adding new monitoring requirements for reuse and remanufacturing.

An article by Kockritz et al. (2026) estimated material demands for maintenance of different
vehicle types. The results suggest that extending the vehicle lifespan lowers the annual
material inflow by around 10 %. While maintenance adds an additional 30 % lifetime
material demand for most vehicle types, extending vehicle lifetimes still results in net
reduction in overall material demand. High-quality circular strategies, such as reuse and
further use as a substitution for primary production, are not rarely used in the industry.
Applying these methods requires planning from the product design phase, which is often
overlooked by the manufacturers. (Prochatzki et al., 2023) The design of remanufacturing
operations relies on material and geometric data, with adapted material cards and curvature

values enabling the reuse of components (Haase et al., 2024).

Research on different lifetime extension strategies has been conducted, for example by
Haase et al. (2024), who remanufactured and repurposed a brake disc cover from a used car
body roof. Salaam et al. (2025) remanufactured brake caliber components and decreased
aluminium alloy material utilization by over 95 % and reduced the carbon footprint by
almost 94 %. Lee et al. (2023) analyzed the environmental impact of remanufactured
turbochargers and achieved material savings of up to 74 %. Riedel et al. (2025) investigated
the potential of reusing vehicle components directly, proposing a universal laser-biased
disassembly technology solution. Turner et al. (2022) presented a framework for digital
maintenance practices and sustainable product management within the CE applied to
automotive components. Hasenkrug & Peters (2025) created component categories to help
create a modular vehicle design based on its importance to customers and the expected
lifetime. This allows designing targeted R-strategies, such as reuse and remanufacturing, for

each type of component.

Lifetime extension strategies from vehicle manufacturers include, for example Porsche
remanufacturing gearboxes, navigation computers, and starters (Porsche, 2025). Audi
Genuine exchange parts program operates as a take-back system, where customers can get a
remanufactured component in exchange for a faulty one. The company also reuses

components directly. (Audi, 2024b) Mercedes Benz Used Parts Center utilizes components
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from end-of-life vehicles, and if not meeting the quality requirements, they are recycled
(Mercedes Benz, 2024). Renault repairs vehicles and batteries, refurbishes components to
reuse, prepares batteries for second-life applications, and recycles material in their circular
economy factory, Refactory (Renault, 2026b). Remante is a leader in remanufactured car
parts, such as turbochargers, pumps, control units, and AdBlue tanks and has been

remanufacturing hundreds of thousands of these parts (Remante, 2026).

From repurpose perspective, e-drive motors, batteries, and battery materials offer significant
potential. Electric motors are durable which means they have great potential for repurposing,
however, limited possibilities for remanufacturing. Only 4 % of EVs are expected to require
a motor replacement during their lifetime, which means that 96 % of the motors from ELVs
have potential for circular economy processes. (Tazi et al., 2025) Lithium-ion batteries, as
well, generally have 5 to 20 years longer lifespan than the vehicle (Farmer & Watkins, 2023).
Battery repurposing and remanufacturing presents a cost-effective alternative, with expenses
estimated at only about 10 % of new battery production expenses, the potential of creating
15 jobs every 1,000 of battery waste (Hill et al., 2019) but also can enhancing sustainable
supply chains by reducing waste, improving material efficiency, and extending lifespan.
Lithium-ion batteries can be utilized in many different second-life applications, such as
smart grids, renewable energy firming, backup power source and other. (Roslan et al., 2025)
However, the rapid cost reduction of new battery manufacturing creates uncertainties for the
economic competitiveness for second-life batteries (Hill et al., 2019), which are often poorer
quality compared to new batteries with remanufacturing costs that are generally high
(Graulich et al., 2021). There are also challenges related to algorithm complexity,
optimization, safety, and recycling (Roslan et al., 2025). The profits made from second-life
application should be greater than recycling profit to benefit economically (Patel et al.,
2024). Nevertheless, repurposing not only contributes to reduced resource consumption but
also saves carbon emissions (Farmer & Watkins, 2023). Second-life applications can also be
extended to individual materials. For example, repurposing graphite from spent LIBs
(downcycling) has many opportunities in creating valuable functional materials with a range
of applications. When graphite recovery becomes technically feasible and material quality
is reported sufficient, it can be used in road construction, supercapacitors or electrochemical

sensors for advanced materials reducing environmental footprint. (Kosenko et al., 2023)
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Across circular strategies, whether through reuse, refurbishment, remanufacturing, or
repurposing, demands well-targeted dismantling and manufacturing processes for post-
consumer components. Industrial adoption must be achieved with a balanced approach to
environmental and economic sustainability (Haase et al., 2024). Turner et al. (2022)
suggested that current maintenance practices should be evaluated for their potential to
contribute to more sustainable lifecycle across manufacturing processes, products, and
services. Von Kockritz et al. (2026) concluded that extending vehicle use phase requires
financial incentives and political framework. Current financial incentives often steer towards
switching to more fuel efficient vehicles rather than expending the lifetime of already
existing ones. To enhance the repurpose of LIBs, Patel et al. (2024) emphasized the need for
supportive policies. The survey conducted by Milios & Matsumoto (2019) revealed that
consumers have limited knowledge about remanufactured components which can affect their
purchase decision. This aspect needs to be critically considered when scaling up
remanufacturing operations. Lastly, Slotte et al. (2025) studied the impact of life extension
strategies on the battery supply chain through remanufacturing, repurposing, and recycling.
The study showed that without implementing these strategies, the EU’s recycled content for
batteries (Regulation (EU) 2023/1542) are unlikely to be met.

5.5 Critical materials resilience in Europe

The EU’s resilience in raw materials depends on sustainable access to resources. This
requires diversifying both primary and secondary sources, reducing import dependence, and
improving material efficiency and circularity through sustainable design. These measures
are necessary for all raw materials, but they are most urgent for critical ones. (European
Commission, 2020) Under the EU regulation (EU) 2023/1542, domestic raw material
sourcing is set to improve through mandated recycling rates and requirements for recycled
material content. To meet these targets, accelerating the development of local resources,
optimizing recycling technologies, and securing diverse, stable supply chains has become a
priority (Gianvincenzi et al., 2025). The domestic LIB recycling capacity is expected to
increase to more than 400,000 tons a year by 2026 (Stephan, 2025).

In the EU, secondary materials from end-of-life batteries have potential to supply roughly a

fifth of lithium, cobalt and nickel by 2030 (Righetti & Rizos, 2024). While the LIB recycling
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capacity has grown in recent years, it remains unprofitable due to low battery return volumes,
and high transport costs due to strict safety requirements (up to 70 % of recycling costs).
Additionally, a stakeholder-based assessment revealed that most of the black mass is
exported to markets outside of Europe. (Cattani et al., 2025) According to Stephan (2025),
the development of European LIB recycling infrastructure is progressing dynamically.
Smaller, scalable, and locally based pre-processing facilities have a competitive advantage
compared to large refinement plants, which rely on high material volume to remain cost-
effective, while also requiring significant capital investment. According to Biinting et al.
(2023) European battery recycling sector is on track to establish sufficient capacity to
process and recycle returned batteries by 2030. Figure 8 represents existing plants and plants
in development. Compared to 2023, there were 3 AAM (anode active materials) plants, 2
CAM (cathode active materials) plants, 13 cell manufacturing plants, and 28 battery
recycling plants (Biinting et al., 2023).
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Figure 8. Existing plants with plants in development by 2030 (Biinting et al., 2023).

The Battery 2030 + research initiative is a large scale, long-term program funded by the EU.
There are multiple ongoing projects on a mission to develop high-performance sustainable
batteries, breakthrough technologies and battery chemistries, but also secure European
leadership in transport and stationary storage. (Battery2030+, 2026) For example, Revitalise
project aims for sustainable, cost-effective, and ecofriendly battery recycling process with
targeted recycling rates at 89 % (Revitalise, 2026). Circubatt focuses on second-life battery
utilization, ecodesign and digital battery passport (Circubatt, 2026). HighMag is
investigating rechargeable magnesium batteries (RMBs) (HighMag, 2026). SAGELI is

developing new cathode active materials that do not contain cobalt and are based on
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manganese-rich oxides (SAGELI, 2026). SAFELOOP aims to develop the first EV-rated
lithium-ion battery containing 25 % secondary, completely restored to like-new condition
battery-active materials (SAFELOOP, 2024). RENOVATE aims to create 100 % recycling
and reuse of end-of-life batteries, battery components, and industrial byproducts
(RENOVATE, 2026). Lastly, Li4LIFE aims to extract lithium from low-grade or complex
ores from underutilized deposits and post-mining tailings (Li4LIFE, 2026).

The EU can reduce material import dependency by enhancing local mining and processing
operations. However, there are multiple critical challenges facing EU mining development.
First, it takes around 10 to 15 years before the mining project can start the actual production.
Second, strong public opposition to mining activities persists, though increasing awareness
of the materials required for green transition, as well as the impacts of foreign production
could improve public perception. Lastly, the mining sector is unattractive for private
investors, which remains a significant barrier to the expansion of European mining
operations. (Righetti & Rizos, 2024) Finland has significant deposits of battery minerals,
which puts the country in key position in the European battery supply chain. However, the
mining of cobalt, nickel, and copper is less cost-effective compared to global average.
Finland currently produces and processes cobalt, nickel, and copper. Additional mining
projects are under development, with three expected to begin production by 2035. The
country provides a competitive advantage by having the capacity to supply ethically and
sustainably sourced raw materials, in addition to having geopolitical stability and strong
regulatory framework ideal for investments in mineral sector. (Friedrichs et al., 2025) In
February 2026, a mining company began lithium extraction in Kaustinen, Finland. This is

set to provide Europe’s first battery grade lithium. (YLE, 2026)

Even if Europe successfully implements all announced raw material and refining projects,
the region will still only meet about 25 % of its lithium demand through domestic mining
and 50 % of its intermediate lithium product needs through refining by 2030. This challenge
extends to other battery materials including nickel, manganese, cobalt, and graphite.
(Biinting et al., 2023) Globally, Some OEMs and vehicle manufacturers have invested in
raw material operations directly to secure the supply, especially for critical minerals (IEA,
2025a). According to Gianvincenzi et al. (2026) the EU must source most critical materials
from primary sources. Combining primary sourcing with secondary sourcing is therefore

crucial. To improve battery recycling efficiency, Cattani et al. (2025) recommended a
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decentralized approach, where regional pre-treatment sites are paired with centralized
chemical processing hubs. This structure would shorten transport distances, reduce costs,

and improve scalability.

5.6 Comparative assessment of automotive materials

This subchapter presents a comparative assessment of automotive materials. The assessment
was conducted using qualitative classifications low-medium-high, and visualized using
color-coded evaluation framework, where green presents favorable performance and red

indicates less-favored performance (table 1).

Table 1. Comparative materials assessment.

Material EU Circulation | ELV Substitution | Circularity | Policy &
supply | feasibility | recycling | potential potential | regulation
today rate pressure
Steel High High High Medium- High High
high
Aluminium | Low High High Medium High High
Plastics Low Low Low Medium Medium
Copper Medium | Medium Medium | Medium Medium- | Medium
high
Lithium Low Medium- | Medium- | Medium Medium- | High
high high high
Nickel Low High High High High
Cobalt Low High High Medium High High
Manganese | Low Low Low Medium Low
Graphite Low Low Low Medium Medium | Low

Based on the assessment, circular solutions are currently mainly focused on heavier metals
through recycling systems, as well as high-value battery materials. For example, steel and
aluminium are strongly integrated into existing recycling systems due to established

infrastructure and recycling feasibility. In contrast, lower-value and hard-to-recycle
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materials are often overlooked in current systems. It can also be noted that many materials
have substitution potential. While materials have high circularity potential, factors like
material degradation and limited economic viability constrain practical implementation.
Additionally, existing policies and frameworks continue to emphasize the recovery of
heavier and higher-value materials, as reflected in Directive 2000/53/EC and the EU Battery
Regulation (EU 2023/1542), targeting only economically valuable materials.

5.7 Future perspectives: trends and challenges

The automotive industry is facing fundamental shifts in production geography, regional
market growth, and technological transitions driven by consumers. These developments
reveal path dependencies, and present challenges for global car manufacturers, due to their
production systems, that have focused on ICEVs’ technologies for decades. The ongoing
change in demand for electric vehicles is driving structural adjustments in current system
and enables new producers enter the market. For example, China made significant financial
investments for electric vehicle manufacturing and their batteries, and today, owns the
largest electric vehicle manufacturer BYD. As a result, China overtook EU as the largest car
exporter in 2024 and currently holds 40 % of global vehicle manufacturing capacity. (IEA,
2025b) In 2024, the EU imported over 73,000 passenger vehicles and exported almost
155,000, which means imports declined by 8.8 % and exports by 7.1 % compared to previous
year (ACEA, 2025a).

EVs are currently more expensive to produce compared to I[CEVs, mainly due to battery
material and production costs. For ICEVs, over 90 % of engines and parts are manufactured
in EU. When compared to EVs, only 40 % of batteries and parts are produced domestically.
Producing equivalent battery sell in Europe costs 70 % more than it costs in China. (IEA,
2025Db). It is also estimated that the battery regulation (EU) 2023/1542 may increase battery
cell costs by up to 15 % (Fumany et al., 2025). Furthermore, China demonstrates a
technological lead over the EU. In 2025, BYD introduced a charging platform capable of
delivering 400 kilometers of driving range within five minutes (BYD, 2025). In the future,
continued advancements in charging technology, battery innovation, economic advantages,

including lower energy prices and production costs, as well as strong critical raw material
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supply are likely to play a decisive role in shaping global competitiveness in the EV sector,

an area in which China currently holds a strong position.

The proposed framework on circular vehicle lifecycles is expected to bring substantial
environmental, economic and social benefits in the coming years. Carbon emissions saved
would total at 13 Mt, representing an economic value of € 2.9 billion. The number of end-
of-life vehicles collected and treated in the EU could increase by 3.8 million, preventing
illegal exports and poor dismantling. Around 350 tons of rare earth minerals are expected to
be recovered for reuse and recycling, reducing import dependency. Approximately 5.4 Mt
of higher quality steel, aluminium, copper, plastics and other critical raw materials would be
recycled and reused. The framework has potential to create thousands of new jobs in the EU,
including dismantling and recycling sectors. In addition, better availability of second-hand

parts can reduce vehicle maintenance and repair costs. (European Commission, 2023)

Current trends in automotive sector including electrification, lightweighting and customer
preferences for larger SUVs are changing the demand for materials. Billy & Miiller (2023)
estimates that aluminium demand is expected to grow fourfold over the coming decades.
The use of mild steel and high-strength steel in cars is assumed to decline, due to the use of
substitute lighter weight materials, such as aluminium and AHSS (Levik et al., 2021), but
also due to strict safety regulations which increases the demand for high-performance steel
products (IEA, 2025a). Kawajiri et al. (2019) estimates that the competition among low-
density materials with the potential to replace steel will intensify in the future. New lithium-
ion batteries will likely have lower cobalt content, and higher nickel content (Farmer &
Watkins, 2023). While researchers are trying to develop a battery without cobalt (and nickel)
lowering production and sale costs, cells that do not contain either of these materials may
never cover the costs of the recycling process (Graulich et al., 2021) and can have an opposite
effect on implementing circular solutions (Castelvecchi, 2021). Reducing vehicle and battery
size require changes in consumer and societal behavior (Cimprich et al., 2023), which would
reduce overall material consumption. According to Slotte et al. (2025) achieving higher
recycled content alongside life extension strategies requires lowering the demand for new
EVs and their materials, for example by implementing resource-efficient material design and

promoting shared mobility solutions.

Material value and the volume of battery waste are key determinants of recycling

profitability. Without sufficient value or scale, recycling becomes economically unviable.
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(Farmer & Watkins, 2023) In the coming years, when millions of batteries reach their end-
of-life, scaled recycling becomes more efficient and attractive for investors. As an example,
over 98 % of lead-acid batteries in ICEVs are recovered and recycled due to their toxicity.
Even though lead is cheap material, and the battery value is lower than LIBs’, their large
volumes have enabled efficient recycling processes. (Castelvecchi, 2021) To further improve
battery returns for controlled reuse or recycling at the end-of-life, Cattani et al. (2025)
suggests battery leasing model solutions, where OEMs retain ownership, rather than EV

users, which complicates reverse logistics.

In 2019, the EU’s recycling infrastructure had the capacity to process 160,000 EV batteries
annually, which will be inadequate due to manage the massive surge in end-of-life LIBs
anticipated in the coming years (Farmer & Watkins, 2023). Extending battery lifespan
through improved design buys valuable time to prepare and build necessary recycling
infrastructure for LIBs (Graulich et al., 2021). This proactive strategy helps avoid bottleneck
points and ensures that critical materials including lithium, nickel, and cobalt are recovered,
not disposed. Ragonnaud (2023) estimates that recycling can become a realistic source of
supply for some critical raw materials in the EU by 2040 at the earliest. To lead the global
battery market, the EU needs to expand local resources development, optimize and use new
recycling technologies, and ensure diverse but stable supply chains to reach the goals of

battery regulation set in year 2030 (Gianvincenzi et al., 2025).

One of the key questions is whether the current European Union policies are sufficient to
effectively support and expand recycling efforts. To compare, the largest producer of LIBs
in China can process 120,000 tons of batteries per year, which is equivalent to 200,000
vehicles recovering most of the lithium, cobalt, and nickel. This has become feasible due to
government regulations and financial incentives for battery companies sourcing materials
from secondary sources. (Castelvecchi, 2021) However, even if 100 % recycling rates were
achieved for critical materials, recycling alone will not be enough to cover the increasing

demand, meaning primary production is still needed (Ragonnaud, 2023).

The material demand of European automotive manufacturers can increase by 50 %, under
business-as-usual scenario by 2050. Technological solutions, such as materials substitution
and improved efficiency, in addition to developed material collection and recycling
processes can improve circularity and help stabilize the demand for automotive materials.

However, technological aspects alone are not enough to close material loops. (Chiarotti et
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al., 2025) Waste prevention through extended lifecycles is not only essential but also
particularly strategic in the case of EV batteries, which often retain functionality even after
the vehicle itself reaches the end of life (Farmer & Watkins, 2023). This extends to other
vehicle materials too. For example, van den Eynde et al. (2021) estimates that the global
aluminium scrap surplus will emerge in the coming decade, if current aluminium sorting and
recycling methods are not improved. Scrap surplus can grow from 5.4 Mt to 8.7 Mt between
2030 and 2040 depending on the demand for cast alloys and the scrap composition.
According to Billy & Miiller (2023), extending the lifetime of vehicles presents an efficient
way to limit the generation of aluminium scrap, and delay scrap surplus. Electric vehicles
can potentially offer longer lifespan compared to internal combustion vehicles; however,
batteries’ technical issues and consumers’ preferences for newer model updates can limit the
potential. While aluminium scrap surplus under current systems is unavoidable, it may
introduce new economic opportunities. Adopting new technologies is time-consuming, and
the pace and magnitude of emerging scrap surplus can make it extremely challenging for

these technologies to enter the market on time. (Billy & Miiller, 2023)

Rolseth et al. (2024) anticipates for stricter reusability and recycling requirements, including
recycled content declarations, dismantling instructions, and restrictions of scrap mixing to
improve circularity in the automotive sector. Rietveld et al. (2022) concluded that the EU is
not necessarily dependent on raw materials, but on components, intermediate products and
final products, and that the EU will face substantial trade deficits throughout the supply

chains, particularly on permanent magnets, lithium batteries and fuel cells.

Ostojic & Traverso (2024) suggests that life cycle sustainability assessment (LSCA) can
provide valuable framework for evaluating the impacts of the transition to electrification, the
development of more sustainable supply chains, and the implementation of circular economy
strategies, by addressing environmental, economic and social aspects of sustainability in the
future. Research article by Szabo & Newell (2024) argues that the transition from ICEVs to

EVs could deepen the economic and social inequalities between European countries.
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6 Discussion

It is important to notice that circular economy reveals a potential trade-off between
decarbonization and dematerialization (OECD, 2025). In the perspective of automotive
sector, decarbonization focuses on reducing greenhouse gas emissions through
electrification, and dematerialization prioritizes minimizing raw material extraction and
waste generation. While electric vehicles eliminate tailpipe emissions, they require
substantial amounts of critical raw materials used in batteries. Phasing out ICEVs will also
generate significant waste streams, which cannot be repurposed in new EVs. A study by Blot
& Stainforth (2022) indicates that electrifying EU’s passenger car fleet (240 million
vehicles) will require over 227 Mt of critical raw materials including aluminium, lithium,
and cobalt. Furthermore, the number of vehicles increases by around two to four million
units every year, which can be noted from the statistics published by the European

Automobile Manufacturers’ Association.

In January 2026, 20 % of all new passenger vehicles in the EU were EVs, and 69 % were
either electric or hybrid vehicles (European Commission, 2026a). This shows that a
considerable proportion of the vehicle fleet still contains petrol or diesel engines and the
transition toward full electrification remains gradual. Consequently, ICEV and EV
technologies and supply chains coexist for an extended period, potentially increasing overall
material consumption, including technologies, production systems and infrastructure, but
also complicating circular economy efforts in the sector. Recycling and recovery systems
must also be capable of managing both automotive waste streams. Without additional
circular system adaption, production and end-of-life management require substantial efforts
(Parchomenko et al., 2021). While some researchers suggest that lifetime extension is crucial
in order to manage future waste streams, Parchomenko et al. (2021) concluded that slowing
the adaption of EVs only postpones the problem. Additionally, considering the EU’s climate
targets and related policy objectives, it is questionable whether slowing down electrification

is even feasible.

The EU’s decarbonization targets are putting increasing pressure on the European
automotive industry, which is simultaneously facing intensified competition from lower-cost

Chinese EV manufacturers. Already, approximately three quarters of all EVs sold globally
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are manufactured in China (IEA, 2025b). Additionally, compared to China, the EU has
experienced slower and more uneven implementation of EVs. For example, only half of the
EU countries offer incentives for EV charging infrastructure, and almost 60 % of all EU
recharging points are in France, Germany and the Netherlands (ACEA, 2025a). The EU’s
original proposal of banning petrol and diesel cars by 2035 was eased to 90 % tailpipe
emission reduction target instead of 100 % due to strong opposition from German
automotive manufacturers. The last 10 % could be compensated with, for example, green
steel. Additionally, the EU presented super credits for manufacturers producing small and
affordable EVs within the Union. (YLE, 2025; European Commission, 2026b) While easing
the regulatory pressure may provide temporary support for European manufacturers, Chinese
EV producers continue to maintain their competitive advantages including affordability and
technological development which align with customer preferences. However, the EU may
strengthen its long-term competitiveness through circular solutions, since the CE is expected
to bring substantial economic benefits, lower material prices, and improved resource

efficiency (Ellen MacArthur Foundation, 2025).

Lightweighting has emerged as a key strategy for meeting emission reduction targets.
Despite these efforts, material substitution with lighter alternatives has not decreased the
vehicle weight nor their carbon emissions (Kawajiri et al., 2019). Current policies mainly
focus on use-phase emissions, which can potentially increase the material footprint of the
vehicle without decreasing the overall lifecycle environmental impacts. For example,
applying a tax on vehicles weighing over a specific amount can lead to increased use of
aluminium and the carbon footprint. (Billy & Miiller, 2023) Therefore, it is necessary to
focus on decarbonizing the materials themselves, rather than focusing on fuel efficiency
(Kawayjiri et al., 2019), for which, recycled materials offer potential. For instance, secondary
aluminium production requires only 5 % of the energy needed for primary production
(European Aluminium, 2022). It should also be noted that creating a truly recyclable vehicle
means utilizing materials that are either recyclable or biodegradable, thereby belonging
either to the technical or biological cycle (Schoemaker et al., 2025). While many materials
are technically recyclable, EU’s recycling target of 95 % by mass (Directive 2000/53/EC)
encourages the recovery of heavier metals, while lighter and more complex materials are
more likely to be disposed. The potential of recyclability of materials and circularity stays
quite limited if the materials are not actually recovered and reused. However, higher-value

R-strategies must be considered first to fully unlock the potential of CE. Ragonnaud (2025)
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suggested that the EU should introduce measures encouraging the reuse, remanufacturing,
and refurbishment of vehicle components, including those removed during use or at end-of-
life, for example through economic incentives such as reduced VAT rates for reused or
remanufactured spare parts. Some components, such as EV batteries, have longer lifespan
than the vehicle, while some components, like tires, require more frequent replacement. This
highlights the importance of optimizing circular solutions to individual components, rather
than using a one-size-fits-all approach. This factor was considered by Hasenkrug & Peters

(2025), who created component categories to allow designing for specific R-strategy.

The EU is strongly dependent on battery raw material imports, and achieving full self-
sufficiency will not be feasible for Europe. In the long term, only circular economy can
reduce Europe’s dependency on raw material imports. However, the transition to circularity
first requires a sufficient supply of raw materials to initiate and sustain the cycle. (Blinting
et al., 2023) Multiple researchers, such as Farmer & Watkins (2023) estimates that the
rapidly increasing volume of battery waste will present notable waste management
challenges in the upcoming years. Currently, many European battery recyclers report that
the low volumes of returned batteries limit the economic viability of recycling operations
(Cattani et al., 2025). Furthermore, the growing interest in second-life battery applications
may further delay the return of end-of-life batteries at sufficient scale to support profitable
large-scale recycling. This suggests that lifetime extension strategies may be more relevant
than recycling in the short term, recycling becoming increasingly important in the long term.
Additionally, recycling alone is not enough to close critical supply gap (Gianvinvenzi et al.,
2025). Implementing circular solutions for CRMs is crucial due to growing demand and
limited raw material resources. According to the IEA, the response from governments and
industries will determine if critical raw materials remain a cornerstone of the clean energy

transition or turn into a major obstacle due to shortages and inefficiencies (IEA, 2021).

The EU aims to reduce the untraceable export of ELV in order to retain valuable secondary
materials within the EU single market (European Commission, 2023). While restricting
exports can help retain valuable materials within Europe, excessively strict regulation may
reduce the economic viability of recycling companies, discouraging investments and
threatening employment. A balanced policy approach is therefore required, ensuring
improved ELV traceability while maintaining the competitiveness of the recycling sector

through technological innovation and market stability. Additionally, there is a limited
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availability of high-purity recycled alloys, especially for EV components. (Nocivin et al.,
2026) Without targeted improvements in scrap purity and alloy compatibility, higher
recycling rates may lead to diminishing or adverse environmental benefits due to continued
reliance on primary, high-emission material inputs for impurity dilution (Heidari et al.,
2025). This suggests that higher recycling volumes alone may not be sufficient without
addressing other aspects, such as scrap quality, and economic sustainability in ELV

recycling systems, requiring more integrated policy approach.

The comparative material assessment conducted in this thesis reveals that circular economy
efforts are focused on traditional metals, including steel and aluminium, and on high-value
battery materials, including nickel and cobalt. The EU is highly dependent on raw material
imports, especially critical ones. Considering the increasing demand for automotive and
battery materials, it is crucial that the EU implements CE solutions to be able to utilize
secondary material streams. However, this requires that the recovered material scrap is used
domestically and not exported. The EU has domestic automotive plastic production, for

example by Covestro AG (Covestro, 2026), but no volume estimates were found.

Most of the materials are recycled in some quantities. Today, recycling is dependent on its
economic feasibility, which is not optimal for low-value and hard-to-recycle and -recover
materials. It should be noted that the data for copper recovery is from 2018, and it is likely
its recovery shares have grown considering its increased content in vehicles and its
importance in today’s economy. ELV recycling rates and circulation feasibility results are
similar since recycling is the most applied circular solution. Almost all materials can be
substituted to some extent. Currently, lightweight materials including aluminium and
plastics are replacing steel, and aluminium is replaced with innovative lightweight materials.
Plastics could be replaced with more sustainable options, such as plant-based plastics.
However, this requires more research before it is viable and widely implemented practice.
Substituting battery materials generally changes battery chemistry, meaning the substitution

is not “straightforward”. No research on nickel and manganese alternatives was found.

Based on research articles, all materials have at least medium circularity potential. It is
expected that technological improvements, growing raw material prices, and regulation
pressure will increase the implementation of circular solutions, whether it is improved
recycling, second-life application or other. Particularly, improving plastic recycling rates

were studied by many researchers, likely due to the EU policy that will mandate certain
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recycling rates and secondary plastic use. Vehicle recyclers fulfil their recycling targets (95
% by weight) relatively easy today. Significant portion of vehicle weight is steel, which is
easily recovered and recycled in current well-established recycling systems. It can be
assumed that new lightweight, hard-to-recycle materials and complex vehicle compositions
will affect ELV recycling rates if technological improvements and/or ecodesign by the
manufacturers are not implemented. This highlights the need to have up-to-date policies and
frameworks that support circular economy efforts throughout the vehicle lifecycle.
Stakeholders, including manufacturers, researchers, and recyclers should actively cooperate,

and be part of the decision-making to improve the development of circular strategies.

Even if vehicle manufacturers and recyclers implement circular solutions, changes in
consumer behavior, such as reduced travel, use of public transport, and ridesharing, are
essential. Chiarotti et al. (2025) estimated that combining these measures has potential to
save around 350 Mt of materials and increase material recovery to 80 % in Europe by 2050,
driven primarily by changes in consumer behavior. Blot & Stainforth (2022) concluded that
electrification clashes with the circular economy policies in the EU, and more sustainable
approach to carbon neutral transport sector will require other mobility solutions, such as car
sharing, public transport, biking and walking. Parchomenko et al. (2021) highlighted that a
variety of circular solutions must be implemented, the most efficient being reduced demand
through increased vehicle utilization and lifetime extension. Higher level R-strategies, such
as refuse and reduce are often neglected (Prochatzki et al., 2023), despite their potential to
directly reduce material demand and generate economic savings. However, these strategies
are also likely among the least favorable options for automotive manufacturers due to their

potential negative impact on production volumes and consumer demand.

Despite the limitations identified in current circular economy practices, the CE presents
significant potential to support future material demand while meeting environmental impact
reduction targets. Exploring circular economy solutions requires broader systems approach
that includes environmental, social, and political aspects in addition to technical and
economic aspects. Today, the circular economy is widely promoted as a pathway towards
sustainable growth, which can only be achieved in the long term, if these circular practices
are discovered environmentally and economically valuable in practice. (Kara et al., 2022)
Further research could consider these aspects and examine how decarbonization and the

circular economy can coexist without creating unintended trade-offs.
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7 Conclusions

The automotive industry is among the world’s largest manufacturing sectors, producing
nearly 80 million units in 2024. The sector consumes substantial volumes of raw materials,
contributing to climate change, biodiversity loss, land degradation, air pollution, and
generates huge waste streams. Rethinking resource management throughout the vehicle
lifecycle from raw material extraction to end-of-life management is crucial for saving these
valuable resources and reducing environmental impacts. The circular economy has emerged
as a framework aiming for the elimination of waste and pollution, material circulation at
their highest value, and regenerating natural systems. Within the circular economy hierarchy,
most value creating circular solutions are refuse, rethink, and reduce. These are followed by
life extension strategies, such as reuse, repair, and repurpose. Lastly, recycle and recover are

considered the least preferable circular solutions due to their least value creating properties.

The automotive industry is undergoing significant changes due to the adaption of electric
vehicles driven by decarbonization targets. However, these climate strategies expose a
potential trade-off between decarbonization and dematerialization. While electric vehicles
do not emit tailpipe emissions, their battery manufacturing requires huge amounts of critical
raw materials with limited resources and highly concentrated supply chains. Additionally,
lightweighting strategies aimed at reducing vehicle weight and improving energy efficiency
are shifting the materials demand towards lighter materials, such as aluminium, plastics, and
advanced polymers. Since 2005, the EU has mandated the reuse and recycle rate of 95 % by
weight, causing recycling efforts to focus on heavy metals like steel and aluminium. Lighter
materials also tend to be harder to recycle due to their complex material composition and
degradation during recycling. Similarly, battery recycling systems are prioritizing high-
value materials including cobalt and nickel, overlooking lower-value materials despite the
importance of their recovery in reducing resource depletion and energy consumption in

primary production.

Current circular economy efforts are mainly focused on recycling, particularly downcycling,
meaning recycled material is used in lower-grade applications. Existing legislation has not
caused improvements in more sustainable vehicle design or increased material content,

causing low-quality metal scrap, unproper material separation causing contamination and
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low recycling rates, particularly for plastics. Recently, the EU proposed a new framework
(COM/2023/451 final) on vehicle circularity covering the entire lifecycle. The framework
set requirements for circular design, recycled material content, improved material
management, and extended producers’ responsibility. Additionally, the EU battery
regulation established recycled targets for lithium-ion batteries, minimum levels of recycled

material content, and introduced the battery passport.

Material substitution is primarily applied for vehicle lightweighting purposes. While EVs
are increasing vehicle weight due to their heavy batteries, consumer preference for larger
SUVs is further contributing to increasing vehicle weights. Today, advanced polymers and
composites, biobased, and biodegradable materials have been introduced as potential
alternatives for metals and plastics. However, complex plastic material compositions can
complicate recycling processes and potentially reduce circularity. While biodegradable
materials offer significant potential in improving vehicle sustainability, their application
requires proper thought at design to prevent degradation during use-phase. Another issue
material substitution is aiming to solve is contaminations in scrap causing downcycling. One
of the key contaminants, copper, can to some extent be replaced with aluminium, but
improved dismantling is still necessary. Mono-material components can also improve
circularity as their recycling does not require complex material separation processes. In
lithium-ion battery production, efforts are focused on reducing or replacing cobalt due to its
high value. Additionally, other batteries with different chemistries, such as sodium-ion

batteries have been introduced.

Vehicle design is a crucial stage in improving material circularity. Concepts like design-for-
recycling and design-for-disassembly and careful material selection have significant
potential to increase component reuse, material recycling rates, and increase sustainability.
Generally, components that take a lot of time to disassemble and contain non-valuable
material are often not economically viable to recycle. These issues apply to vehicle
components in general but are particularly notable in lithium-ion batteries. The growing
volume of end-of-life lithium-ion batteries will increase the need for automated disassembly

processes, which remains challenging due to current battery design.

Extending vehicle lifetime by adapting circular solutions strategies, such as reuse, repair,
and repurpose improves material efficiency, reduces raw material demand, and lowers GWP.

In the automotive sector, electric vehicle batteries and motors offer significant potential for
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second-life applications since they generally outlive the vehicle itself. However, relatively
high remanufacturing costs and uncertain market competitiveness continue to hinder the
wider adoption of these applications, in addition to the lack of consumer awareness of
remanufactured components, which can affect the purchase decision. Adapting lifetime
extension strategies requires financial investments and political framework. Without

implementing these strategies, achieving recycled content targets for batteries is not possible.
To review the research questions of this thesis:

- What are the current challenges and limitations of implementing circular economy
in the European automotive industry?
- How can industry improve material sustainability through circular solutions and

future innovations?

Current policies are primarily focused on emission reductions during vehicle use phase and
do not have huge impact on larger systems and emissions. Electric vehicles are steering
energy-intensive automotive sector into material-intensive one. These materials are often
hard to recycle due to complex material and vehicle compositions, potentially reducing the
economic viability of recycling processes. Additionally, the EU mandates recycling rates by
weight, which means lighter material does not necessarily get recycled. Beyond recycling
and secondary materials, circular economy can be applied through higher value solutions
such as reuse, repair, and remanufacturing. Furthermore, ecodesign and sustainable material
selection are key factors in improving material circularity. Policies and frameworks need to
support circular economy solution throughout the vehicle lifecycle. Not only is the circular
economy necessary for reducing global resource consumption, achieving climate targets and
improving automotive sector sustainability, but it also has significant potential to strengthen

the EU’s economy, improve material resilience and reduce material import dependency.
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Appendix 1. Data for comparative material assessment (traditional materials).
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Appendix 2. Data for comparative material assessment (battery materials).

arc

Lithium Nickel Cobalt Manganese | Graphite
EU supply | 81 % raw 31 % raw 81 % raw 96 % raw 99 % raw
& import | material & material & material & 1 | material & material
reliance 100 % 75 % % processed | 66 % import
processed processed material processed reliance
material material import material
import import reliance import (Grohol &
reliance reliance reliance Veeh, 2023)
(Grohol &
(Grohol & (Grohol & Veeh, 2023) | (Grohol &
Veeh, 2023) | Veeh, 2023) Veeh, 2023)
Key Low raw Overall Overall Commerciall | High energy
circularity | material challenges challenges y unviable to | consumptio
challenge | price with LIB with LIB recycle n, complex
(Castelvecch | recycling recycling (Chen et al., | composition
1,2021) (Graulich et | (Graulich et | 2026; Park et | , unviable to
al., 2021) al., 2021) al., 2025) recycle
(Kosenko et
al., 2023)
End-of-life | 80 % 90-95% 90-95% Recovery Recovery
battery (Fortum, (Fortum, (Fortum, limited limited
recycling | 2023) 2023) 2023) (based on (based on
rate recyclers’ recyclers’
data) & data)
recovery
rates of 90 %




achievable

(Li et al.,
2023)
Substitutio | Sodium Rock salts Nickel, rock Silicon,
n potential | (different (different salts lithium
battery type) | cathode (Castelvecch metal, hard
(Blot & structure) 1,2021) carbon
Stainforth, (Castelvecch (Jabarullah
2022) 1,2021) et al., 2025)
Circularity | Direct Direct Direct Direct Direct
potential recycling recycling recycling recycling recycling
(Fan et al., (Fan et al., (Fan et al., (Jia et al., and second-
2024 2024 2024 2026) life
applications
(Muguruza-
Sanchez et
al., 2025;
Kosenko et
al., 2023)
Policy & (EU) (EU) (EU)
regulation | 2023/1542 2023/1542 2023/1542
pressure 80 % 95 % 95 %
recycling recycling recycling
rate & 12 % | rate & 15 % | rate & 26 %
recycled recycled recycled
content content content




