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The global transition to low-carbon energy systems is driving an unprecedented demand
for lithium-ion batteries, positioning lithium as a critical raw material in mobility and
energy transitions. However, the prevailing linear model of extraction, production and
disposal is environmentally and socially unsustainable. This dissertation explores how
circular economy strategies can transform the lithium value chain by identifying the lock-
in mechanisms that hinder and the enablers that support a shift towards a circular lithium
economy.

The research integrates socio-technical transition theory, particularly the multilevel
perspective, with circular economy strategies to examine systemic change. A qualitative
method is applied across four socio-technical systems: lithium mining in Latin America,
repurposing end-of-life batteries in Europe, lithium recycling from industrial waste in
Europe and circular design at the global life-cycle level.

The findings highlight that while niche innovations in repurposing and recycling are
advancing, widespread adoption is constrained by regime-level lock-ins, such as
fragmented governance, socio-ecological conflicts, uneven market incentives and skill
shortages. The enablers identified include early integration of circular design principles,
harmonised standards, inclusive governance, a supportive regulatory framework,
workforce capacity—building and coordinated policy incentives to support scaling across
global value chains.

By contextualising the transition to a circular lithium economy, this dissertation advances
the integration of socio-technical transition and circular economy scholarship and
provides actionable insights for policymakers, industry actors and civil society. It
concludes that enabling circularity in lithium-ion batteries requires coordinated global
value—chain governance, systemic innovation across sectors and just transition principles
to balance sustainability.

Keywords: lithium, circular economy, electric vehicle batteries, socio-technical
transitions, Latin America, Europe, mining, repurposing, recycling
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Maailmanlaajuinen siirtyma véhahiilisiin energiajdrjestelmiin lisdd ennennékemattomalla
tavalla littumakkujen kysyntdd, tehden litiumista kriittisen raaka-aineen liikenteen ja
energia-alan siirtymissd. Nykyinen vallitseva louhinnan, tuotannon ja hévittimisen
lineaarinen malli on ympéristollisesti ja sosiaalisesti kestiméton. Tédssd véitoskirjassa
tarkastellaan miten kiertotalousstrategiat voivat muokata litiumin arvoketjua
tunnistamalla mahdolliset esteet ja mahdollistajat, jotka tukevat muutosta kohti kiertdvaa
littumtaloutta.

Tutkimus yhdistdd sosioteknisen siirtymén teorian, erityisesti sen monitasoisen
nidkokulman, kiertotalouden strategioihin systeemisen muutoksen tarkastelemiseksi.
Laadullisella tutkimusmenetelmalld ldhestytddn neljdd sosioteknistd systeemid: litiumin
louhinta Latinalaisessa Amerikassa, kdytostd poistettujen akkujen uusiokéyttd
Euroopassa, litiumin kierrdtys teollisesta jétteesti Euroopassa ja kiertotalouden
suunnittelu globaalin elinkaaren tasolla.

Tulokset osoittavat, ettd vaikka kokeelliset innovaatiot uusiokayton ja kierrityksen saralla
kehittyvét, niiden laajamittainen kdyttoonotto on rajoittunutta jarjestelméitason esteiden
kuten pirstoutuneen hallinnon, sosioekologisten konfliktien, markkinoiden epétasaisten
kannustimien ja osaajapulan takia. Tunnistettuthin mahdollistajiin  sisdltyvét
kiertotalouden  suunnitteluperiaatteiden  varhainen  integrointi, standardien
yhdenmukaistaminen, osallistava hallinto, tukeva sddntelykehys, tydvoiman osaamisen
kehittdminen ja koordinoidut poliittiset kannustimet, joilla tuetaan globaalien
arvoketjujen skaalautumista.

Kontekstualisoimalla littum-kiertotalouteen siirtymistd tdmé viitoskirja edistdd
sosioteknisen siirtymdn ja kiertotalouden tutkimuksen integrointia ja tarjoaa
kaytannonldheisid ndkemyksid poliittisille péattdjille, teollisuudelle ja yhteiskunnalle.
Tutkimuksen johtopédidtoksend voidaan todeta, ettd littumakkujen kiertotalouden
mahdollistaminen edellyttdd koordinoitua globaalia arvoketjujen hallintaa, toimialarajat
ylittivdd systeemistd innovaatiota ja oikeudenmukaisen siirtymdn periaatteita
kestidvyyden tasapainottamiseksi.

Avainsanat: litium, kiertotalous, sdhkoajoneuvojen akut, sosiotekniset siirtymdt,
Latinalainen Amerikka, Eurooppa, louhinta, uusiokayttd, kierrétys
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1 Introduction

The energy transition presents an opportunity for development and economic growth, but it must be pursued
responsibly to truly benefit both people and planet. Circularity, responsibility and equity must underpin
every step of this journey.

— Elisa Tonda, chief of the United Nations Environment Programme (UNEP) Resources and Marfkets
Branch (2024)

1.1 Background

The global transition towards a low-carbon economy is accelerating the demand for
critical raw materials (CRMs). These refer to metals and minerals that are economically
important for modern technologies and are subject to supply risks due to factors such as
limited producers, geopolitical dependencies or substitution challenges (European
Commission [EC], 2020; Sovacool et al., 2020). Among these metals, lithium stands at
the forefront due to its pivotal role in lithium-ion batteries (LIBs) for electric vehicles
(EVs) while also facing a significant risk of supply disruption (Larocca, 2020; Sun, Hao,
Hartmann, et al., 2019). The global EV stock is projected to exceed 245 million by 2030,
representing more than a fivefold increase from 2023, driven by ambitious policy targets
(International Energy Agency, 2025a). This surge is expected to drive a corresponding
rise in the demand for LIBs, with global battery capacity requirements forecasted to grow
from approximately 500 GWh in 2023 to over 6,500 GWh by 2050, representing a 13-
fold increase. While EVs are the primary drivers, stationary energy storage applications
also contribute substantially to this expansion (International Energy Agency, 2025b). This
transition to a low-carbon economy reflects the scientific approach of socio-technical
transition (STT), understood as a long-term, multidimensional shift in technologies,
infrastructures and institutions that reconfigures the energy and transport sectors away
from fossil fuels and towards low-carbon alternatives, which is a process central to global
energy transition (Geels, 2002, 2019). However, this rapid STT expansion also amplifies
pressures across multiple stages of the lithium value chain', from lithium mining to
lithium recycling, underscoring the need to investigate how systemic barriers and drivers
influence the transition towards a more circular and sustainable lithium economy.

The current linear model of battery production and consumption, from extraction to
disposal, is becoming increasingly unsustainable as it drives excessive material use,
environmental harm and resource dependency (Wesselkdmper and von Delft, 2024).

! Section 3.1 describes the lithium value chain for the EV battery stages: lithium mining, lithium processing
and refining, production of precursor and cathode-active materials, battery cell and module production,
battery pack production, EV manufacturing, first-life EV application, repurposing (second- and third-life
applications), collection of secondary sources (end-of-life batteries, scrap and waste streams from other
industries) and recycling.
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Transforming this linear model into a circular system requires systemic innovation along
the entire value chain, including mining, production, repurposing and recycling (Asif et
al., 2021; Korhonen et al., 2017). STT theory suggests that such a transformation involves
radical reconfiguration and coevolution of technology, markets, user practices, cultural
meanings, infrastructures, industry structures and policy frameworks, requiring
coordination across these domains (Geels, 2002; Geels and Schot, 2007). Empirical
estimates indicate that without circular economy (CE) strategies®, 75%—85% of lithium
is lost across the value chain, but sustaining supply requires combining multiple
complementary approaches, such as tailings utilisation, substitution, life extension, reuse,
repurposing, remanufacturing and recycling, which together can reduce losses to 7%—
47% (Lahdesmaéki et al., 2023). Incorporating CE principles through CE strategies across
the lithium value chain for EV batteries can therefore play a pivotal role in achieving both
environmental sustainability and supply security.

Significant geographical divergences exist between the Global North and the Global
South in the lithium value chain for EV batteries. Latin America, particularly the Lithium
Triangle (Argentina, Bolivia and Chile), plays a strategic role in mining, holding over
52% of known global lithium resources and supplying about 25% of the global lithium
demand (US Geological Survey, 2025). Europe, which imports 79% of its lithium
requirements from Chile (EC, 2023Db), is seeking to reduce its dependence on imported
CRMs through innovations by boosting domestic CRM extraction and processing,
increasing circularity and developing advanced EV battery recycling technologies
(Backhaus, 2021; EC, 2023a; Ragonnaud, 2023). Recent policy developments, such as
the European Union (EU) Battery Regulation (EU, 2023) and the CRMs Act (EU, 2024),
reflect the growing international attention to securing supply and sustainability in the LIB
sector (Baldassarre and Carrara, 2025). However, the adoption of CE strategies across
global value chains remains fragmented and uneven across geographies and stages of the
value chain, reflecting broader variations in institutional capacity, regulatory maturity and
socio-political conditions (Hofstetter et al., 2021; Horner and Nadvi, 2018; Institute for
European Environmental Policy, 2023). Scaling up CE strategies®, therefore, requires a
context-sensitive, system-level approach that accounts for the complex interplay between
global value chains, regional and national innovation ecosystems, production and
consumption systems and institutional structures (Geels, 2011) to ensure a just transition.

Just as a landscape cannot be understood by focusing only on a single tree or rock, the
lithium value chain cannot be fully grasped by examining isolated levels or actors. A

2 Circular economy strategies refer to approaches such as reducing, reusing, repairing, remanufacturing and
recycling that aim to maintain the value of products, components and materials for as long as possible while
minimising waste and resource inputs (Kirchherr et al., 2017). A more detailed discussion is provided in
section 2.3.

3'n this disser Chstraiegiest, | ‘ss da&lfiimedumsoft he pro
institutional conditions that enable the expansion and widespread adoption of CE strategies. This includes
the creation of supportive policies, shared standards, infrastructures for closing material loops and incentive
structures that embed circular economy principles and practices across multiple dimensions of business,
society and geography (Hofstetter et al., 2021).

cess

of
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fragmented view risks obscuring the deeper systemic challenges and the most
transformative opportunities. Building this kind of big-picture understanding requires an
approach that can connect processes occurring at multiple levels of the system. The
multilevel perspective (MLP) within STT theory conceptualises change as the interplay
between processes at three analytical levels: the broader socio-technical landscape (macro
level), socio-technical regimes (meso level) and niche innovations (micro level; Geels,
2002, 2019).

Applied to the lithium value chain, MLP links broad structural forces, such as geopolitics,
climate goals and global trade dynamics, at the macro level with the established
configurations of industry practices, regulatory frameworks and technological systems at
the meso level, as well as the emergence of novel practices, such as CE strategies,
advanced recycling techniques and local experimentation, at the micro level. This
integrative perspective is essential not only for diagnosing entrenched barriers—r e f er r e d
toas “ilnocnke c hani s(K)—thdt maint@ie carters linear pathways but
also for identifying drivers—referredtoas* € n a b | Béomsmad et ab (§023)—that can
stimulate circular innovations and support the disruptive changes needed to accelerate the
transition from linear models to a CE. Identifying these lock-ins and enablers provides a
clear basis for outlining the actions and improvements required to achieve the transition
towards a circular lithium economy for EV batteries.

The aforementioned broader MLP provides the conceptual foundation for the empirical
focus of this dissertation. Figure 1 illustrates these interconnections, positioning the LIB
not as an isolated technology but as a system embedded within a broader chain of
transitions from material extraction to sustainable energy systems. In this setting, the
research primarily focused on identifying system-level lock-in mechanisms and enablers
for enhancing circularity in the lithium value chain. To investigate how this transition
unfolds in practice, the dissertation focused on three stages of the value chain: (1) lithium
mining in Latin America, (2) battery repurposing in Europe and (3) lithium recycling
from industrial waste in Europe. It complements the research with a focus on (4) circular
design of the global value chain. By comparing developments across different socio-
technical levels (macro, meso and micro) within these systems, the dissertation reveals
the distinct dynamics that influence the implementation and scaling of CE strategies for
lithium-based technologies.

Lithium-ion Electric Sustainable Energy
= \1- batteries = vehicles = mobility = transition

o, ®
ooV | @@ | O

Figure 1. Lithium for energy transition systems.
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1.2 Research Gaps

STT research explains how technologies, markets and institutions coevolve over time and
offers MLP to analyse interactions among landscape pressures, regime rules and niche
innovations in shifts to low-carbon systems (Geels, 2002, 2019; Geels et al., 2017). CE
scholarship, in turn, proposes strategies such as design for circularity, reuse, repurposing
and recycling to decouple growth from resource use and waste, and recent work highlights
the need for coordinated business models, policy mixes and faster circular disruption to
scale impact (Arekrans et al., 2023; Blomsma, Bauwens, et al., 2023; Hofstetter et al.,

2021; Lazarevic et al., 2022). Despite |lithium s central

status as a strategically important CRM (EC, 2023b; Sovacool et al., 2020; Wesselkdmper
and von Delft, 2024), few studies have applied an integrative lens to the lithium value
chain. Achieving circularity across this globally dispersed chain raises system-level
questions about governance, design, markets and multi-actor coordination that remain
insufficiently addressed (Harper et al., 2019; Wesselkdmper et al., 2024).

Together, these theoretical and empirical foundations reveal that achieving a circular
lithium economy requires understanding not only technological or material innovations
but also the systemic conditions that enable or constrain them. Building on this premise,
four key and interrelated research gaps are identified below. Each gap captures a distinct
dimension of the challenge—conceptual integration, material-specific analysis, global
value-chain coordination and governance across contexts—thereby linking the broader

ity

transition framewor k tnfying lock-insthrid snsblersalongt i on’ s

the lithium value chain.

Research Gap 1: Insufficient integration of STTs, especially MLP, with CE approaches
to explain system-level changes in value chains — a generic gap.

Although transitions and CE are often discussed together, operational frameworks that
genui nel y i hidseaperreitneenicM dyRamiss with CE strategies design
remain limited across value chains. Recent cross-sector studies demonstrate why
integration is useful: MLP clarifies lock-ins and resistance in incumbent regimes while
CE provides strategy toolkits, but many applications still treat them in parallel rather than
as one system model for scaling change (Cembalo et al., 2020; Chirumalla et al., 2024;
Spina et al ., 2025 ;. Trdmaitiog researchacmpthasisés ahg
destabilisation of unsustainable regimes and the use of dynamic policy mixes, justice
considerations and multi-actor alignment to enable transformation, but these insights are
not consistently embedded in CE roadmaps at the value chain level (Geels et al., 2017,
Lazarevic et al., 2022). Work in metals and agrifood shows that integration is feasible and
insightful, but sector-generic lessons rarely translate into material-specific
operationalisations that managers and policymakers can apply to real supply chains
(Arekrans et al., 2023; Blomsma, Bauwens, et al., 2023; Hofstetter et al., 2021; Jackson
etal., 2014).

o
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In lithium research, most existing reviews and perspectives remain largely techno-
economic or technology-led, cataloguing processes, yields and life-cycle assessments
(LCAs) while giving less attention to how institutions, standards, infrastructures and actor
coalitions interact across levels to shape CE strategies adoption and scaling (Harper et al.,
2019; Islam and Iyer-Raniga, 2022; Pagliaro and Meneguzzo, 2019; Velazquez-Martinez
et al., 2019). Even when policy and market barriers are identified by firms and analysts,
they are seldom mapped with an MLP-consistent lens that shows where and how to
i ntervene i n t hemullldvd dynamian(Afroazi et ad, 2024) Ridosn * S
and Urban, 2024a). Recent work on circular business models (CBMs) and regional
circularity pathways underscores the need to combine governance, market design and
niche experimentation to overcome regime lock-ins, but it stops short of a lithium-specific
integration of MLP and CE that can guide coordinated action across the lithium value
chain (Dunn et al., 2021; Wesselkdmper et al., 2024; Wesselkdamper and von Delft, 2024).

Research Gap 2: Lack of a holistic, material-specific view of full value chains in
circularity research — a context-specific empirical gap.

CE studies often optimise individual stages, such as end-of-life recovery or reuse, but
they rarely assess full value chains through a material-specific lens that links upstream
design choices to downstream operational feasibility and economics. Recent strategy and
transition work argues that design, business models and ecosystem coordination need to
be managed together, not sequentially, because design decisions set boundary conditions
for safety, disassembly, cost and recovery performance later in the chain (Arekrans et al.,
2023, Bl o ms ma, Bauwens, et al ., 2023,
Foxon, 2021). Sectoral research in metals similarly shows that material properties,
substitution options and cross-industry uses create feedbacks that are invisible in product-
or stage-only analyses, reinforcing the case for material-centric, system-wide assessments
when targeting circularity at scale (Hofstetter et al., 2021; Jackson et al., 2014).

The lithium scholarship is considerable but remains insufficiently integrated. Recycling
reviews document pyro/hydro/direct* routes and their LCAs, second-life studies quantify
performance and trade-offs and value chain assessments identify logistical and data
bottlenecks, but these streams are frequently analysed separately rather than as one
interconnected system for lithium flows (Dunn et al., 2021; Harper et al., 2019; Islam and
Iyer-Raniga, 2022; Pagliaro and Meneguzzo, 2019; Veldzquez-Martinez et al., 2019). A
growing set of studies shows that upstream design decisions and joining methods
materially affect recycling efficiency and economic viability, strengthening the need to
link design for circularity with repurposing and direct recycling strategies in a coordinated
way (Chen et al., 2025; Ferrara et al., 2021). System-level analyses also highlight
cascading effects, such as how a second life can delay recycling feedstock availability
and how regional differences in infrastructure and policy shift circularity trajectories,

4 ‘Pyro’ refers to high-heat smelting to recover metals from batteries, * ydro' to water-based chemical
processing to purify materials and ‘ iflect’ to emerging methods that restore battery materials for reuse
instead of breaking them down.
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which further motivates a material-specific, whole-chain view for lithium (Krishna
Mohan et al., 2021; Wesselkdmper et al., 2024).

Research Gap 3: Limited attention to Global South contexts and multi-actor coordination
in global value chains — a generic gap.

Many CE and transition analyses are Global North—centric or firm-centric and give less
attention to place-specific conditions, governance asymmetries and justice implications
across global value chains. Transition scholarship stresses that system change is multi-
actor and place-sensitive and that effective policy mixes must consider destabilisation and
distributional effects, while CE scholarship calls for bridge-building between global
value—chain governance and circular strategies, including the role of standards, data and
capability-building (Geels et al., 2017; Hofstetter et al., 2021; Lazarevic et al., 2022).
Even within the EU, firms report barriers related to fragmented responsibilities, cross-
border movements and misaligned design and data rules, which suggests that coordination
challenges are likely to be larger across jurisdictions with differing regulatory capacity
and infrastructure (Rizos and Urban, 2024a). Complementary work argues for systemic,
place-sensitive approaches and for mapping sector-specific barriers and enablers to
support coordinated action among heterogeneous actors ( Ri t t er shaus et al
and Foxon, 2021).

Much of the lithium circularity literature is centred on the Global North policy,
technology and infrastructure contexts, while producer regions and resource-dependent
localities receive comparatively less attention in analyses that connect circular strategies
to institutional capacity, infrastructure readiness and justice concerns. Scholars also stress
that divergent regulatory regimes and infrastructure gaps hinder consistent CE
implementation across borders, which directly affects how lithium circularity unfolds
along international value chains that link extraction in the Global South with
manufacturing and end-of-life systems in the Global North (Hofstetter et al., 2021; Rizos
and Urban, 2024a). Lithium studies document non-technical constraints in collection,
logistics and data, and they show that circularity timelines and levers differ across major
regions, implying that one-size approaches will not scale without context-sensitive
coordination and inclusive governance across supply and demand geographies (Dunn et
al., 2021; Harper et al., 2019; Wesselkdmper et al., 2024; Wesselkdmper and von Delft,
2024).

1.3 Objectives of the Dissertation

To address the aforementioned research gaps, this dissertation investigated how STT
theory and CE strategies can be integrated and operationalised through the lithium value
chain for the EV battery stages—mining, repurposing, recycling—and the circular design
of the value chain life cycle to explore the dynamics that shape the transition from linear
to circular systems. The dissertation focused on identifying lock-ins and enablers that
accelerate the shift towards circular pathways. This approach provided a deeper empirical
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and contextual understanding of how to enable circular disruptions to achieve a global
energy transition.

By analysing both primary and secondary sources of lithium, the research considered the
contextual differences between Latin America (representing the Global South) and
Europe (representing the Global North) to better understand how regional conditions
influence the adoption and scaling of circular approaches in the lithium industry. This
enabled a nuanced understanding of how institutional, industrial and geographical
differences shape the implementation and scaling of circular strategies. Accordingly, this
dissertation addressed the following overarching research question (RQ):

What are the key lock-in mechanisms and enablers that influence the scaling of circular
economy strategies across the lithium value chain for EV batteries, and how do these
dynamics vary across different socio-technical systems?

To operationalise this overarching question and situate it within its empirical context, a
second guiding question is posed:

What are the lock-in mechanisms and enablers in the lithium mining, repurposing,
recycling and circular design socio-technical systems?

This guiding question structures the dissertation around four specific RQs, each
corresponding to one of these socio-technical systems. These sub-questions are as
follows:

RQ1: What are the lock-in mechanisms and enablers in MINING to transition to a
sustainable lithium industry in Latin America?

This research first explored the socio-technical dynamics at the initial stage of the LIB
value chain: mining. Focusing on the lithium industries in Argentina, Bolivia and Chile,
it aimed to identify the current governance structures, stakeholder interactions and
potential transition scenarios. By analysing national policies, institutional arrangements
and key actors, the research revealed how different governance models and legal
frameworks either enable or hinder the adoption of sustainable practices in the Lithium
Triangle.

RQ2: What are the lock-in mechanisms and enablers in REPURPOSING to extend
electric vehicle battery lifetimes?

This research investigated repurposing strategies for end-of-life EV batteries, establishing
state-of-health thresholds and key performance indicators to assess their suitability for
second- and third-life applications. The research also evaluated how existing regulatory
frameworks support or constrain battery repurposing and identified policy interventions
that could promote battery lifetime extension. The aim was to provide insights into how
extended battery use could reduce resource demand and contribute to a more circular and
sustainable LIB system.
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RQ3: What are the lock-in mechanisms and enablers in RECYCLING lithium from
industrial waste?

Focusing on secondary sources beyond end-of-life batteries, this research developed a
scalable conceptual framework that integrates CE principles and life-cycle thinking into
CBMs for CRM recycling. Underutilised lithium-bearing waste streams (e.g. mining
waste, tailings, wastewater and residues from the non-battery sector) were identified, and
enabling conditions for innovation and market adoption were outlined. The framework
aims to support more effective and sustainable recycling strategies across industries.

RQ4: What are the lock-in mechanisms and enablers in the integration of CIRCULAR
DESIGN into the lithium-ion battery life cycle?

Finally, this research also examined how circular design principles could enhance the
sustainability of lithium supply chains by addressing the full battery life cycle—from raw-
material extraction to repurposing and recycling. Using a system dynamics—based
conceptual model, it mapped material flows and feedback loops across the supply chain
and proposed a circular system in which batteries are repurposed in second- and third-life
applications before recycling. The research highlighted the importance of early-stage
design choices, cross-sector collaboration and supportive policy frameworks.

Therefore, this dissertation aimed to understand how STT perspectives and CE strategies
could enhance the circularity and sustainability of CRMs, such as lithium, at different
stages across the value chain, thereby supporting the global transition towards sustainable
energy and mobility. The empirical section of this dissertation consists of four
publications, each one addressing a different socio-technical system reflected in the RQs
and responding to specific research gaps, as shown in Figure 2.
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MAIN RESEARCH QUESTION:
What are the key lock-in mechanisms and enablers that influence the scaling of circular economy
strategies across the lithium value chain for electric vehicle batteries, and how do these dynamics vary
across different socio-technical systems?

PUBLICATION | PUBLICATION Il PUBLICATION 11l

Mining > Repurposing N Recycling

Latin America Europe Europe

: RQ1 RQ2 RQ3
Addressing Research Gaps 1,2 and 3 Addressing Research Gap 2 Addressing Research Gap 2

DISSERTATION’S SCOPE (VALUE CHAIN STAGES)

~t i

PUBLICATION IV

Circular
Design
Global

RQ4
Addressing Research Gaps 1,2 and 3

BROADEN SOCIO-TECHNICAL SYSTEM (RESEARCH FOCUS)

Figure 2. Connection of the four pwmblications
research gaps.

1.4 Scope and Limitations

This dissertation is primarily about the transition to CE strategies across the full life cycle
and value chain, focusing on STT theory and multilevel lock-in mechanisms and enablers.
Rather than providing a comprehensive assessment of the entire LIB life cycle, it
examines how CE strategies can scale within selected contexts. The empirical scope is
limited to technologies, actors and policy frameworks relevant to three key stages: lithium
mining, battery repurposing and lithium recycling from industrial waste. Other CE
strategies, such as repair, remanufacturing or recycling of end-of-life batteries, were
outside the scope of this dissertation.

The geographical scope of this research was also limited. In the case of primary sourcing,
the analysis focused on Latin America, specifically the Lithium Triangle countries of
Argenti na, Bolivia and Chile, which togethe
resources. For secondary sourcing—such as battery repurposing and lithium recycling
from industrial waste—the focus was on ongoing innovations and initiatives in Europe,
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representing contexts with stronger institutional support for CE and advanced industrial
infrastructure.

The aforementioned delimitations of this dissertation are not shortcomings but reflect a
strategic focus intended to enable depth of analysis and contextual relevance. By
narrowing the scope to these critical entry points, the dissertation was able to contribute
targeted insights into the broader challenge of transitioning towards a sustainable and
circular lithium economy.

1.5 Structure of the Dissertation

This dissertation is divided into six chapters. Chapter 1 introduces the research context
and outlines the motivation behind the dissertation, the research gaps addressed, the
overarching and specific RQs and the scope and limitations of the work. It presents
lithium as a focal CRM in global energy transition and emphasises the need for a socio-
technical and CE perspective to address system-level lock-ins and enablers in the lithium
value chain for EV batteries. This chapter also frames the research within key academic
debates on STT and CE strategies.

Chapter 2 presents the conceptual and theoretical background of this dissertation. It first
contextualises lithium as a CRM, outlines the lithium value chain for EV batteries and
then describes the theoretical frameworks that underpin the research, including STT
theory with MLP and CE strategies, complemented by circular disruption theory. The
chapter explains how these frameworks help to analyse transition pathways, regime
dynamics and the emergence and scaling of circular innovations across the lithium value
chain for EV batteries.

Chapter 3 outlines the research methods used. It describes the philosophical
underpinnings of the research, including the overall approach, the research philosophy
and the research methods. The chapter details the qualitative research methods, data
sources and analytical strategies used, and elaborates on the criteria employed to ensure
good research quality and validity.

Chapter 4 presents the empirical results of the research. It synthesises the findings from
the four individual publications included in the dissertation, each addressing a specific
sub-question within a distinct socio-technical system: (1) lithium mining in Latin
America, (2) battery repurposing in Europe, (3) lithium recycling from industrial waste
in Europe and (4) integration of circular design in the whole life-cycle scope (including
mining, repurposing and recycling). Each subsection summarises the background,
objectives, results and main contributions of the corresponding paper. The chapter
concludes with a cross-paper analysis that identifies key lock-ins and enablers for
circularity across the macro (landscape), meso (regime) and micro (niche) levels.

Chapter 5 offers an in-depth discussion of the research findings. It answers the main RQ
by interpreting how lock-in mechanisms and enablers shape the deployment and scaling
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of CE strategies across the lithium value chain for EV batteries. The chapter synthesises
the dissertation’ sStheoretical contributions and explores the practical and policy
implications of the results. It also acknowledges the research limitations and suggests
directions for future work.

Chapter 6 concludes the dissertation. It provides a summary of key messages reflecting
the broader relevance of the findings for advancing the circularity of the lithium value
chain for EV batteries.
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2 Conceptual and Theoretical Background

It is the theory which decides what we can observe.
— Albert Einstein

This chapter outlines the core conceptual foundations and relevant theoretical frameworks
that guided this dissertation. Section 2.1 presents general information about the lithium
industry and details the lithium value chain for EV batteries. Section 2.2 introduces STT
and MLP to examine systemic change towards a circular lithium economy. Section 2.3
explores CE strategies, repurposing and recycling strategies and the role of circular
disruption in accelerating CE transitions. Together, these perspectives provide a
structured basis for analysing multilevel changes across the lithium value chain.

2.1 Lithium Value Chain for Electric Vehicle Batteries

Lithium, often described as ‘the white gold of the 21st century’ (Nacif and Lacabana,
2015), has become a key CRM for the global energy transition (Alessia et al., 2021;
Talens Peiro et al., 2013). Its unique properties—light weight, high energy density, strong
thermal resistance and excellent electrical conductivity—make it indispensable for the
production of LIBs, the dominant technology for EVs (Egbue and Long, 2012; Jesus et
al., 2024; Vega-Muratalla et al., 2024). The demand for lithium has increased sharply due
to the rise of green technologies, and batteries have become the principal consumer of
lithium, rising from 31% of total use in 2015 (U.S. Geological Survey, 2015) to an
estimated 87% in 2025 (US Geological Survey, 2025). Reflecting both strategic
importance and supply risk, the EU classifies lithium as a CRM, remaining highly import
dependent, sourcing about 79% of it from Chile, which exposes the region to geopolitical
and supply risks (EC, 2023b).

Beyond batteries, lithium is applied in ceramics and glass, lubricants and greases, air
treatment, continuous casting mould flux powders and medical uses, but these account
for a small and declining share of the demand relative to batteries (US Geological Survey,
2025). Primarily, lithium comes from two geological sources: brine deposits, particularly
i n Lat i n Lihime Trianglg and hard rocks, such as spodumene, which
primarily come from Australia (Alessia et al., 2021; Ding et al., 2019). As mentioned
earlier, Argentina, Bolivia and Chile together possess over half of all known global
resources and currently supply around a quarter of the global demand (US Geological
Survey, 2025).

Upstream lithium extraction raises important environmental and social concerns,
including water use, land conflicts and ecological impacts that shape the conditions for
the rest of the value chain (International Energy Agency, 2023; Olivetti et al., 2017).
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Brine extraction traditionally relies on large solar evaporation ponds, known as evaporitic
technology, while various direct lithium extractions have become innovative technologies
for extracting lithium from brines without relying on solar evaporation ponds (Alessia et
al., 2021; Vera et al., 2023). Together, these technological pathways set the initial cost,
quality and sustainability parameters for downstream processing and manufacturing.

Secondary sources of lithium are gaining relevance as part of CE. Lithium can be
recovered from end-of-life EV batteries, production scrap and other industrial waste
streams (Alessia et al., 2021; Ding et al., 2019). After the shredding of EV batteries, the
resulting ‘black mass’> contains lithium alongside materials such as cobalt, nickel and
graphite, depending on the battery chemistry (Benchmark, 2025). Additional
unconventional sources include mining waste, tailings, wastewater and residues from the
non-battery sector (Alessia et al., 2021; Vera et al., 2023), which are drawing increased
interest in valorisation as both an environmental mitigation strategy and a business
opportunity (Gu et al., 2024; Lébre et al., 2017). Recycling technologies are central to
building a CE for lithium, with direct recycling techniques showing particular promise
for restoring cathode (abattery’s positive t er {psed al typi
compounds) performance without fully breaking down the material (Rezaei et al., 2025).

At the battery level, LIBs have become the standard technology for EVs due to their

superior performance characteristics (Ding et al., 2019). Among LIB chemistries, nickel

manganese cobalt (NMC) and lithium iron phosphate (LFP) dominate the market, with

lithium requirements of 0.14-0.16 kg/kWh for NMC and 0.10-0.11 kg/kWh for LFP

(International Energy Agency, 2023a). The concentration of the demand for these

technol ogies further r etanspérteleceifcsion!Batttrh i um’ s
production, however, is exposed to safety risks and contributes to significant greenhouse

gas emissions, air pollution and additional chemical waste (International Energy Agency,

2025a; Yang et al., 2025).

In the literature, the lithium value chain is described in different ways, depending on the
scope of its analysis (e.g. Rezaei et al., 2025; Rizos and Urban, 2024; Systemiq, 2023).
Building on the framework proposed by the Battery Passport consortium (Systemiq,
2023), this dissertation develops an adapted version to conceptualise what a circular
lithium value chain entails. Such a value chain typically begins with (1) lithium mining,
where ores and brine concentrates are extracted from primary deposits, followed by (2)
processing and refining processes that upgrade lithium carbonate and lithium hydroxide
to battery-grade quality. Refined lithium then enters (3) the production of precursors and
cathode-active materials, where precursors are base materials reacted with lithium salts
to produce cathode-active materials, the essential component of the cathode. These
materials are then fed into (4) battery cell and module production, where cell formats can
be prismatic, pouch or cylindrical. Cell production is primarily a chemical process
covering chemistries such as NMC and LFP, while module production is a mechanical
assembly process. This is followed by (5) battery pack manufacturing, where packs

5 Black mass is a dark, powdery residue produced from processing spent LIBs.
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contain cells and/or modules together with a battery management system to monitor and
control performance and safety, and subsequently (6) EV manufacturing, where original
equipment manufacturers play a central role. The batteries are then deployed in (7) first-
life applications, primarily in the transportation sector. After their initial use, (8)
repurposing strategies may extend their lifetimes through second- and third-life
applications in, for example, stationary energy storage. Eventually, batteries reach the (9)
collection stage, where end-of-life batteries and industrial waste streams are gathered for
(10) recycling. Recycling closes the loop by recovering materials that can be reintroduced
into the production cycle. While this dissertation acknowledged the relevance of the entire
value chain, the empirical analysis focused specifically on three critical stages: lithium
mining, battery repurposing and recycling from unconventional waste streams.
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Figure 3. Lithium value chain for electric vehicle batteries (adapted from the Battery Passport
consortium [Systemiq, 2023]).
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2.2 Socio-Technical Transition for the Circular Lithium Economy

2.2.1 Socio-technical transition theory and multilevel perspective

STTs describe large-scale, long-term transformations in the way societal functions are
fulfilled. Socio-technical systems and transition theory explore how one system
transforms into another, thereby fulfilling changing societal functions (Geels, 2002).
These transitions involve the coevolution of technologies, institutions, user practices,
industrial networks, infrastructures and symbolic meanings. They are driven not only by
technological advancements but also by the interaction of diverse social groups, such as
policymakers, firms, researchers, users and civil society actors who influence systemic
change (Geels, 2002; Poutanen, 2021). More recent reflections highlight the need to
extend this framework to better incorporate political, power-related and socio-ecological
dimensions that also shape transition pathways (Geels, 2019).

Grounded in theories of evolutionary economics, institutional theory and the sociology
of innovation, STT highlights that technology fulfils its societal function only when
aligned with human agency, organisational structures and social institutions (Geels, 2002,
2019). As such, transitions are shaped by the interplay of technical and non-technical
elements, including regulatory frameworks, market conditions, cultural values and users.
STTs involve multidimensional struggles between radical niche innovations and
incumbent systems (Geels, 2019).

MLP refers to the analysis of ‘social transformations to sustainability, focusing on
transitions in system—energy, transport, housing, agrifood systems—t h @rbvide
societal function or end-use servic