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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 siirtymä vähähiilisiin energiajärjestelmiin lisää ennennäkemättömällä 

tavalla litiumakkujen kysyntää, tehden litiumista kriittisen raaka-aineen liikenteen ja 

energia-alan siirtymässä. Nykyinen vallitseva louhinnan, tuotannon ja hävittämisen 

lineaarinen malli on ympäristöllisesti ja sosiaalisesti kestämätön. Tässä väitöskirjassa 

tarkastellaan miten kiertotalousstrategiat voivat muokata litiumin arvoketjua 

tunnistamalla mahdolliset esteet ja mahdollistajat, jotka tukevat muutosta kohti kiertävää 

litiumtaloutta. 

Tutkimus yhdistää sosioteknisen siirtymän teorian, erityisesti sen monitasoisen 

näkökulman, kiertotalouden strategioihin systeemisen muutoksen tarkastelemiseksi. 

Laadullisella tutkimusmenetelmällä lähestytään neljää sosioteknistä systeemiä: litiumin 

louhinta Latinalaisessa Amerikassa, käytöstä poistettujen akkujen uusiokäyttö 

Euroopassa, litiumin kierrätys teollisesta jätteestä Euroopassa ja kiertotalouden 

suunnittelu globaalin elinkaaren tasolla. 

Tulokset osoittavat, että vaikka kokeelliset innovaatiot uusiokäytön ja kierrätyksen saralla 

kehittyvät, niiden laajamittainen käyttöönotto on rajoittunutta järjestelmätason esteiden 

kuten pirstoutuneen hallinnon, sosioekologisten konfliktien, markkinoiden epätasaisten 

kannustimien ja osaajapulan takia. Tunnistettuihin mahdollistajiin sisältyvät 

kiertotalouden suunnitteluperiaatteiden varhainen integrointi, standardien 

yhdenmukaistaminen, osallistava hallinto, tukeva sääntelykehys, työvoiman osaamisen 

kehittäminen ja koordinoidut poliittiset kannustimet, joilla tuetaan globaalien 

arvoketjujen skaalautumista. 

Kontekstualisoimalla litium-kiertotalouteen siirtymistä tämä väitöskirja edistää 

sosioteknisen siirtymän ja kiertotalouden tutkimuksen integrointia ja tarjoaa 

käytännönläheisiä näkemyksiä poliittisille päättäjille, teollisuudelle ja yhteiskunnalle. 

Tutkimuksen johtopäätöksenä voidaan todeta, että litiumakkujen kiertotalouden 

mahdollistaminen edellyttää koordinoitua globaalia arvoketjujen hallintaa, toimialarajat 

ylittävää systeemistä innovaatiota ja oikeudenmukaisen siirtymän periaatteita 

kestävyyden tasapainottamiseksi. 

Avainsanat: litium, kiertotalous, sähköajoneuvojen akut, sosiotekniset siirtymät, 

Latinalainen Amerikka, Eurooppa, louhinta, uusiokäyttö, kierrätys
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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 Markets 

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 chain1, 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 (Wesselkämper and von Delft, 2024). 

 
1 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) strategies2, 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% (Lähdesmäki 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, 2023b), 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 strategies3, 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 In this dissertation, ‘scaling up of CE strategies’ is defined as the process of establishing the social and 
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). 
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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―referred 
to as ‘lock-in mechanisms’ by Geels (2019)―that maintain current linear pathways but 

also for identifying drivers―referred to as ‘enablers’ by Blomsma et al. (2023)―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. 

 

 

Figure 1. Lithium for energy transition systems. 



 

 

24 

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 centrality to energy transition and its 
status as a strategically important CRM (EC, 2023b; Sovacool et al., 2020; Wesselkämper 

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; Wesselkämper 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 

transition framework to the dissertation’s focus on identifying lock-ins and enablers along 

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 

genuinely integrate MLP’s landscape–regime–niche dynamics 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; Yalçın and Foxon, 2021). Transition research emphasises the 

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 

et al., 2014).  
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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; Velázquez-Martínez 

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 

intervene in the lithium value chain’s multilevel dynamics (Afroozi et al., 2024; Rizos 

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; Wesselkämper et al., 2024; Wesselkämper 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; Blomsma, Bauwens, et al., 2023; Blomsma, Tennant, et al., 2023; Yalçın and 
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/direct4 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; Velázquez-Martínez 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, ‘hydro’ to water-based chemical 

processing to purify materials and ‘direct’ 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; Wesselkämper 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 (Rittershaus et al., 2025; Yalçın 
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; Wesselkämper et al., 2024; Wesselkämper 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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Figure 2. Connection of the four publications to the dissertation’s research questions and 

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 

Argentina, Bolivia and Chile, which together hold over half of the world’s known lithium 
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’s theoretical 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 Peiró 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 

in Latin America’s Lithium Triangle, 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’5 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; Lèbre et al., 2017). Recycling technologies are central to 

building a CE for lithium, with direct recycling techniques showing particular promise 

for restoring cathode (a battery’s positive terminal typically made of lithium-based 

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 

technologies further reinforces lithium’s central role in transport electrification. Battery 

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]). 



 

 

36 

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―that provide 

societal function or end-use services’ (Geels, 2019, p. 187). According to Geels (2019), 

MLP brings, at the same time, a ‘model component (consisting of three analytical levels 

and several temporal phases), which describes the overall course of STTs, and a local 

model component, which addresses specific activities and causal mechanisms in 

multilevel interaction’. Therefore, to better understand the dynamics of these transitions, 

MLP provides a structured framework that identifies three analytical levels: the socio-

technical landscape, the socio-technical regime and niche innovations (Geels, 2002). 

Based on Geels (2002, 2004, 2011, 2019) and Geels et al. (2017), Table 1 summarises the 

main characteristics of each level within the MLP framework. 
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dynamic interactions between niche innovations, regime structures and landscape 

developments (see Figure 4). It enables a systemic understanding of how CE strategies, 

such as those aimed at increasing the sustainability of lithium and other CRMs, may 

emerge and scale within different socio-technical contexts. 

 

Figure 4. Multilevel perspective of Geels’s (2019) socio-technical transitions. 

2.2.2 Transition pathways and regime destabilisation 

Geels and Schot (2007) outlined four distinct transition pathways that help explain how 

socio-technical change could unfold: transformation, technological substitution, 

reconfiguration and dealignment with subsequent realignment. In the transformation 

pathway, existing regime actors, often in collaboration with social movements, gradually 

adapt to institutional rules and practices in response to external pressures, even though 

niche innovations remain underdeveloped. The technological substitution pathway occurs 

when well-established niche innovations challenge the regime, typically driven by 
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competition between incumbent firms and emerging market entrants. In the 

reconfiguration pathway, regime actors integrate innovations from niche developments 

in a way that alters the core structure of the system, often through a symbiotic process. 

Lastly, the dealignment and realignment pathway emerges when a sudden landscape 

disruption weakens the regime, potentially leading to disintegration (dealignment). If a 

new dominant innovation takes hold during this disruption, it can lead to the 

establishment of a new regime (realignment). 

2.2.3 Lock-in mechanisms 

The existing STT literature focuses on understanding change and transformation 

processes, emphasising radical innovation and large-scale change. System components 

are reproduced and incrementally improved by incumbent actors, but their lock-in 

mechanisms are processes that reinforce a particular technological or institutional 

pathway, making transitions to alternative systems difficult. According to Klitkou et al. 

(2015, p. 22), lock-ins are rooted in ‘positive feedbacks or increasing returns to the 

adoption of a selected technology’, where incumbent systems gain an advantage due to 

their widespread use and embeddedness. These mechanisms reinforce the persistence of 

incumbent socio-technical regimes and impede the development or diffusion of 

alternative configurations, with this dissertation specifically focusing on transitions from 

linear to circular economy systems across selected lithium value chain stages. 

Lock-ins were categorised into three key types by Geels (2019). Techno-economic lock-

ins involve sunk costs, economies of scale and scope, technological interrelatedness and 

high-performance characteristics of incumbent technologies, which discourage 

investments in alternatives (Geels, 2019; Klitkou et al., 2015). Social and cognitive lock-

ins stem from entrenched routines, collective mindsets, user practices and social capital, 

all of which shape perceptions and behaviours that resist change. Institutional and 

political lock-ins are embedded in regulatory frameworks, standards and policy networks, 

where vested interests maintain influence, often resisting disruptive innovations through 

policy inertia and lobbying. However, this dissertation extended prior research by adding 

a fourth lock-in mechanism: socio-ecological lock-ins, which refer to reinforcing 

feedbacks between ecological systems and human institutions that constrain transitions, 

particularly where infrastructures, land-use systems and natural-resource dependencies 

coevolve with social norms and governance arrangements. For example, lithium 

extraction in the Lithium Triangle in Latin America exemplifies how green-energy 

transitions can reproduce extractive dependencies and ecological degradation rather than 

fostering sustainable development (Sikandar and Chaudary, 2025). 

2.3 Circular Economy Strategies 

Kirchherr et al. (2023, pp. 224–225) defined circular economy as ‘a regenerative 

economic system, which necessitates a paradigm shift to replace the “end of life” concept 

with reducing, alternatively reusing, recycling and recovering materials throughout the 
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supply chain, with the aim of promoting value maintenance and sustainable development 

and creating environmental quality, economic development and social equity to benefit 

current and future generations’. They added that ‘[i]t is enabled by an alliance of 

stakeholders (industry, consumers, policymakers, academia) and their technological 

innovations and capabilities’. This comprehensive definition highlights the importance 

of analytical tools that can capture the complex interrelations among diverse actors across 

different levels of the system. 

Eliminating waste and pollution and circulating products and materials at their highest 

value are the core principles of a CE, in which products and materials are kept in 

circulation in a system through a CE strategy, such as through reuse, repair, 

remanufacture and recycling (Ellen MacArthur Foundation, 2024). In the context of EV 

batteries, CE strategies aim to extend the batteries’ lifespans (Ahmadi et al., 2017) and 

reduce virgin-resource extraction by increasing the use of secondary materials (Bianchi 

and Cordella, 2022). Technological advancements that improve battery efficiency and 

reduce reliance on CRMs further support sustainable battery development. Prioritising 

measures that maintain batteries in their optimal condition, such as repurposing, is crucial 

for minimising environmental impacts (Dunn et al., 2023). 

CE strategies, often termed R-strategies (Campbell-Johnston et al., 2020), embody CE 

principles by closing, slowing and narrowing resource loops (Bocken et al., 2016; Potting 

et al., 2017), as summarised in Table 2. Evolving from the reduce, reuse and recycle (3R) 

concept to the 10R typology (Reike et al., 2018), these strategies cover the entire product 

value chain (Campbell-Johnston et al., 2020). They are grouped into the following three 

categories that are aligned with the broader CE definition: R0–2, which targets resource 

reduction use through smarter design, use and manufacture; R3–7, which is aimed at 

extending the product lifespan and their parts; and R8–9, which focuses on closing the 

loop by recycling materials and recovering energy. The 3R concept presents the priority 

order of these CE strategies (Morseletto, 2020) based on the EU’s Circular Economy 
Action Plan targets (EC, 2020a). To implement this order, policy measures must be 

aligned with these priorities and policy objectives (Rogge and Reichardt, 2016). 

In the context of LIBs, narrowing resource flows is challenging in situations in which 

carbon neutrality targets are based on significant increases in electric mobility and energy 

storage. In such situations, the number of batteries cannot be reduced, but the pertinent 

raw material flows can be narrowed through smarter product use and manufacturing and 

technological developments, including developments in battery chemistries. Refuse, 

rethink and reduce strategies (R0–2) are closely related to the product design prior to the 

manufacture of battery cells, modules and packs and prior to EV manufacturing and usage 

(da Silva et al., 2023). For example, cobalt reduction has been the focus of battery 

development (Zeng et al., 2022). However, the lower critical-material content of LIBs 

also directly affects the economics of recycling because it is difficult to make recycled 

batteries that do not contain enough valuable minerals economically viable (Glöser-

Chahoud et al., 2021). 
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The concept of second- and third-life battery applications aims to extend battery usability 

and preserve the battery’s economic and material value before it reaches the recycling 

phase (Reike et al., 2018). Once batteries are no longer suitable for use in EVs, typically 

when their capacity drops to around 80%, they can still function effectively in other 

applications, such as stationary energy storage systems (Ali et al., 2021). Third-life 

applications refer to batteries that are used again after serving both in a vehicle and a 

secondary system, often in settings such as microgrids, power backup systems or grid 

support. 

Although several end-of-life scenarios for EV batteries have been investigated (e.g. Baars 

et al., 2021; Bobba et al., 2019; da Silva et al., 2023; Glöser-Chahoud et al., 2021; Lopez 

et al., 2023; Nurdiawati and Agrawal, 2022; Wrålsen et al., 2021), research on extending 

battery life cycles beyond second use remains limited (Helander and Ljunggren, 2023). 

Nonetheless, the concept of cascaded use is increasingly acknowledged as a crucial means 

of enhancing resource efficiency and retaining the added value of CRMs over time 

(Campbell-Johnston et al., 2020). 

Lithium recycling  

Recycling is a core CE strategy in the lithium value chain aimed at reducing reliance on 

virgin raw materials and mitigating environmental impacts. In the LIB industry, recycling 

involves recovering valuable components, such as lithium, cobalt, nickel and graphite, 

from end-of-life batteries. Various methods, such as mechanical separation, 

pyrometallurgical smelting, hydrometallurgical leaching and direct recycling of active 

materials, are employed to reclaim these elements (Börner et al., 2022). However, battery 

recycling remains technically and economically challenging due to the complexity of 

battery designs, labour-intensive disassembly processes and high transport costs (Glöser-

Chahoud et al., 2021). Environmental concerns also arise from energy-intensive 

operations and the use of acids in hydrometallurgical processing (Meshram et al., 2020). 

LCAs have shown that nearly 95% of the environmental impacts of NMC battery systems 

stem from the material preparation phase, particularly cathode-active material production, 

highlighting the need to reintroduce materials into the supply chain through circular 

strategies (Sun, Hao, Zhao, et al., 2019). Importantly, lithium recycling is not limited to 

battery waste. Secondary sources, such as ceramics, glass, electronic waste and mining 

residues, also contain lithium and can contribute to closing material loops (Kaya, 2024; 

Talens Peiró et al., 2013). However, these streams remain underutilised in conventional 

recycling systems focused narrowly on end-of-life batteries. 

The urgency of scaling lithium recycling is amplified by evolving regulatory pressures. 

In the EU, the EU Battery Regulation and CRMs Act aim to secure material supply and 

reduce environmental harm by setting ambitious targets for recycled content and domestic 

material sourcing. For instance, by 2031, new batteries must contain at least 6% recycled 

lithium, increasing to 12% by 2036 (EU, 2023). These regulations underscore the growing 
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policy focus on circular strategies as enablers of resilience, sustainability and reduced 

import dependency in the lithium sector (EU, 2024). 

Circular design 

Circular design represents a fundamental shift away from the traditional ‘take-make-

dispose’ model towards restorative, closed-loop systems that maintain products and 

materials at their highest value for as long as possible (Cura, 2016; Moreno et al., 2016). 

It promotes a systems-based approach, requiring designers to consider entire life cycles 

and stakeholder interconnections rather than isolated products. The central aim of circular 

design is to reduce value loss through strategies such as reuse, repair, remanufacture, 

refurbishment and recycling, thereby extending product lifetimes and enhancing resource 

productivity (Cura, 2016). 

In the case of LIBs, circular design is recognised as a key enabler of improved longevity 

and cost-effective recycling. Actively considering a battery’s life cycle from the design 

stage, rather than viewing recycling solely as an end-of-life process, facilitates second-

life applications and makes direct recycling technologically and economically feasible, 

avoiding overreliance on more costly pyrometallurgical or hydrometallurgical methods 

(Wolf et al., 2024). 

Two specific strategies are central to circular design. Design for disassembly focuses on 

creating products that can be easily dismantled to recover components for reuse, 

remanufacturing or recycling (Cura, 2016). For example, Chinese regulations already 

require that LIBs be designed for disassembly to strengthen recycling industries (Dunn et 

al., 2021). Design for recycling, meanwhile, ensures that materials can be efficiently 

reprocessed into new products at the end of life, reducing dependency on virgin raw 

materials (Cura, 2016). Together, these strategies contribute to lowering raw-material 

volatility, as higher shares of critical materials, such as cathode-active materials, can be 

sourced from regional recycling streams (Wolf et al., 2024). 

Circular design is therefore fundamental for improving the sustainability of EV batteries, 

particularly by embedding CE principles early in the design phase and during 

manufacturing. Anticipating legislation, advancing cleaner production and leveraging 

digitalisation are seen as high-priority areas, but challenges remain in integrating end-of-

life considerations that are viable for manufacturers and in aligning technical design 

choices with broader CBMs (Picatoste et al., 2022). 

2.3.1 Circular disruptions: A rapid transition to a circular economy 

While prior research on CE has focused mainly on economic and technological 

approaches, recent scholarship highlights the need to strengthen CE catalysts as the 

transition demands rapid acceleration and large-scale implementation (Lehtimäki et al., 

2023). Circular disruption refers to a rapid, systemic transformation of socio-technical 

systems from the prevailing linear ‘take-make-use-dispose’ paradigm towards a circular 
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model that is socially, environmentally and economically sustainable (Blomsma, 

Bauwens, et al., 2023). Unlike incremental improvements that often reinforce the status 

quo, circular disruptions originate at the margins of established regimes through niche 

innovations, emergent business models and cross-sector collaboration, and gradually 

scale to challenge and reconfigure dominant technological, institutional and economic 

structures (Kirchherr et al., 2017; Kuhlmann et al., 2023).  

In the context of CRMs such as lithium, circular disruptions can emerge through 

innovations such as the recycling of lithium from underutilised waste streams (e.g. 

ceramics, mining residues or industrial waste) or the revalorisation of production by-

products into new resource flows (Ramirez Velazquez et al., 2025; Talens Peiró et al., 

2013). These niche developments not only introduce new materials and actors into 

existing value chains but also redefine how value is created, distributed and governed, 

undermining traditional business models that depend on large-scale, centralised 

extraction (Arekrans et al., 2023; Reike et al., 2023). 

Importantly, these disruptions are not merely technological. Their success relies on the 

capacity to reshape perceptions of value, shift regulatory priorities and enable cross-sector 

experimentation and institutional learning (Kivimaa et al., 2021). Digital tools, such as 

traceability platforms and blockchain-based validation of secondary materials, are 

increasingly being used to accelerate coordination among supply chain actors and to 

enhance transparency (Neligan et al., 2023). At the same time, policy entrepreneurs and 

circular innovators play crucial roles in navigating regulatory complexity, dismantling 

industrial silos and generating market demand for recovered CRMs (Droege et al., 2023; 

Henry et al., 2023). 

Blomsma et al. (2023) proposed five defining characteristics of circular disruption. First, 

it is systemic, affecting not only technological innovation but also regulatory structures, 

market institutions, user practices and cultural norms. Second, it is widespread, involving 

cross-sector and cross-regional experimentation. Third, it is fast, underscoring the 

urgency to implement systemic changes before 2030 to address climate and resource 

challenges. Fourth, it is sustainability-driven, oriented towards not only minimising harm 

but also creating more equitable and resilient socio-economic systems. Finally, it is 

desirable to foster regenerative business models and post-growth futures that prioritise 

long-term well-being over short-term profit. 

Within the sustainability transition theory, disruptions are considered necessary to 

accelerate systemic change (Kivimaa et al., 2021). Disruption can manifest in various 

domains, including business models, policy and regulation, actor networks and social 

behaviours, and often demands that firms reconfigure their capabilities and challenge 

prevailing dominant designs (Kuhlmann et al., 2023). In this way, as Kivimaa et al. (2021) 

highlighted, circular disruptions differ from conventional innovation in both depth and 

scope, as they require more than technological change; they demand shifts in institutional 

logics, actor constellations and cultural expectations. 
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In sectors such as lithium mining, disruption is also emerging from technological shifts, 

such as direct lithium extraction, which promises faster and more efficient recovery of 

lithium from brine compared to traditional evaporation methods, potentially transforming 

production processes and reducing environmental impacts (Hermann et al., 2022). 

However, despite the urgency of addressing critical environmental concerns, particularly 

regarding water use in arid regions, such concerns remain inadequately addressed in LCA, 

leaving a gap in sustainability metrics that circular disruptions must aim to close (Gu et 

al., 2024). 

Furthermore, the interplay between circularity-oriented research and innovation and 

regulatory frameworks is increasingly seen as crucial. For instance, Baldassarre and 

Carrara (2025) observed that the development of the EU Batteries Regulation in 2023 had 

evolved in parallel with research efforts on LIB circularity. However, the authors also 

highlighted that current research and innovation agendas should move beyond technical 

optimisation (e.g. recycling efficiency) to include robust empirical case studies, systemic 

business model experimentation and behavioural shifts that support the desirability and 

feasibility of circular transitions. Therefore, circular disruptions represent a necessary and 

urgent pathway for overcoming the limitations of the linear economy in CRM systems, 

such as lithium. By fostering localised, transparent and regenerative value chains, these 

disruptions reduce dependence on fragile global markets, enhance material security and 

contribute to the attainment of climate and sustainability objectives. 

2.3.2 Enablers of circular disruptions 

In the context of Blomsma et al. (2023), an enabler is defined as any factor that facilitates 

or supports progress within a systemic transition―in this case, the shift from a linear 

economy to a CE. The same authors interpret technology as a key example of an enabler, 

but they extend the term to include any innovation or element that helps overcome 

constraints and unlock new possibilities. Enablers represent the available potential or 

solution options a system can access at any given time that can be technical, social, 

organisational or institutional in nature. By increasing the number and variety of enablers, 

systems gain greater flexibility and capacity to transition effectively, making enablers 

among the core dimensions that shape the dynamics of disruption and essential to driving 

fast, systemic and widespread change.  

In this dissertation, ‘enabler’ refers to factors or mechanisms that facilitate significant 

changes in traditional linear economic models towards CE practices, supporting the 

transition by promoting resource efficiency, waste reduction and sustainable production 

and consumption patterns. Based on the literature, it can be said that they often involve 

technological, organisational, regulatory and market-driven elements that collectively 

drive the adoption of CE principles. Technological enablers refer to digital technologies 

(blockchain and artificial intelligence for enhancing transparency, traceability and 

efficiency in supply chains; Ciano et al., 2025; Huynh, 2022), where digitalisation can 

drive disruptive innovations, new business models and novel ways of collaboration and 

thus accelerate the economic transition to more resource-efficient and circular production 
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systems (Neligan et al., 2023), additive manufacturing and 3D printing (Ciano et al., 

2025). Organisational enablers are multifaceted and crucial for driving the shift towards 

more sustainable and circular economic models (Dormeier et al., 2024). They involve 

strategic vision, internal capabilities, innovative business model design, employee 

empowerment and collaboration both within organisations and across value chains 

(Azizov, 2024; Bocken et al., 2013; Lüdeke-Freund et al., 2019). Regulatory enablers 

refer to regulations that mandate recycling and waste management practices to drive CE 

adoption (Lazarevic et al., 2022; Maione et al., 2022) and government and institutional 

support programmes that provide funding and resources for CE initiatives (Afroozi et al., 

2024). Regulatory incentives and supportive policies are essential to overcome barriers 

and foster inclusive partnerships for CE adoption (Huynh, 2022; Rittershaus et al., 2025). 

Market-driven enablers focus on consumer demands to increase consumer awareness and 

demand for sustainable products (Orko and Lavikka, 2024), such as data platforms as 

tools for CE and cost savings from reduced material usage and waste management 

(Afroozi et al., 2024; Tripathy et al., 2023) or economic incentives necessary for 

innovation. 

Building on the theoretical foundations discussed in this chapter, the dissertation draws 

on STT and CE as complementary lenses for analysing systemic change in the lithium 

value chain for EV batteries. STT, and particularly the MLP, provides the basis for 

identifying and interpreting lock-in mechanisms across socio-technical levels, while CE 

strategies and recent work on circular disruptions offer insights into the enablers that can 

support circularity and guide the operationalisation of CE practices across the value chain, 

including mining, repurposing and recycling. Together, these frameworks inform the 

analytical lens applied throughout the empirical research. The following chapter explains 

how these theoretical insights were operationalised in the research design, detailing the 

methodological choices, data collection and analytical procedures used to examine the 

transition towards a circular lithium economy. 
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3 Methods 

 

Thus science must begin with myths, and with the criticism of myths; neither with the collection of 
observations, nor with the invention of experiments, but with the critical discussion of myths, and of magical 

techniques and practices. 
– Karl Popper, philosopher of science (1962) 

 

This chapter introduces the broader research approach and methods employed in the 

studies reported in the publications included in this dissertation. It first defines the 

dissertation’s overall research approach and philosophical assumption and then describes 

the methodological choices and procedures adopted for collecting and analysing the data 

obtained from the studies reported in the four publications.  

3.1 Overall Research Approach 

Considering that the high supply risks of lithium supply chains are a pressing 

contemporary issue but little is known about the circularity of lithium for EV batteries in 

the current literature, an exploratory and qualitative research approach was adopted in 

this dissertation, with the aim of developing a more comprehensive and better 

understanding of the dynamics in this specific context. 

A qualitative study of the supply chain of lithium was carried out to explore the dynamics 

of the three stages of the value chain. Although the literature features separate studies on 

mining, repurposing and recycling, less attention has been paid to exploring holistic 

dynamics, particularly those that connect the two edges of the lithium value chain to boost 

circularity: mining and recycling. The research design allowed us to distinguish new 

variables that affect the understanding of the circularity of the lithium industry in two 

different geographical contexts: Latin America and Europe. Furthermore, the research 

determined and shed light on these dynamics and identified the specific lock-ins in the 

STT at each MLP level. Given the fact that this dissertation broke relatively new ground 

with this research topic, an abductive approach was mainly used as a type of reasoning, 

with the aim of reinterpreting or redescribing data using an existing theory or concept to 

uncover the underlying structures of mechanisms. 

There has been limited research aiming to provide a holistic understanding of the 

circularity of the lithium industry and its specific dynamics. Thus, abduction is the most 

suitable research strategy for the current dissertation (Dubois and Gadde, 2002). An 

iterative and systematic combination of literature and results collected from focus group 

discussions (FGDs), meeting observations and workshops was carried out, involving a 

continuous dialogue between theoretical insights, empirical findings, and prior studies. 
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2014). Given that the transition of the lithium industry towards low-carbon energy 

systems is complex and has multiple dimensions with different conceptualisations, and 

considering that CE can achieve its potential only if circularity principles are widely 

integrated into society, encompassing new ways of collaborating, working and assessing 

outcomes (Cowan et al., 2023; Schultz et al., 2024), a critical paradigm was adopted in 

this doctoral dissertation.  

The critical researcher’s goal is to understand and sometimes even modify the principles 

of social life that form society (Creswell, 2014). Critical realism is a philosophical 

approach that acknowledges an objective reality while recognising its mediation through 

subjective experience, aiming to uncover causal mechanisms that shape situations and 

enable meaningful change (Deutz et al., 2024; Hu, 2018; Wynn and Williams, 2012). 

Through its focus on uncovering the causal factors behind observed phenomena, it offers 

a basis for interpreting and enabling the present (Sayer, 2000; Schoppek, 2021). It serves 

as an effective framework for integrating insights across disciplines (Dickens, 2003). 

Critical realism recognises that knowledge is not produced exclusively within academia 

and that integrating alternative forms of knowledge can substantially enhance the 

relevance and usefulness of research findings (Sayer, 1984). The current dissertation 

established its theoretical grounding on two main theories: STT and CE strategies. As 

suggested by the literature, there are several lock-in mechanisms and enablers, but they 

vary according to specific contexts and industries. Given that critical realism seeks to 

identify the causal mechanisms and contextual relationships that shape events, 

considering which conditions are necessary, enabling, constraining or irrelevant to 

particular outcomes (Sayer, 1984), it was suitable for achieving the aims of this 

dissertation. 

Critical realism, in which reality is stratified and multi-interpretable, although concrete, 

also includes non-observable elements (Zhang, 2023). The methodological approaches 

are observational data, interviews and case studies. The researcher is simultaneously an 

insider and an outsider (Wynn and Williams, 2012). Critical realism is particularly 

suitable for research exploring socio-technical systems because it allows for ontologically 

realist yet epistemologically reflexive enquiry (Sorrell, 2018) as it facilitates laminated 

system analysis, which is essential for understanding complex interdisciplinary 

phenomena (Bhaskar, 2010). Its stratified ontology and focus on causal mechanisms 

make it ideal for studies that go beyond surface-level descriptions to explain how and 

why phenomena occur (Bhaskar, 2010, 2020).  

Therefore, a qualitative research strategy is especially suitable for understanding complex 

issues such as identifying what mechanisms operate in the EV LIB value chain, why they 

persist, and how they vary across socio-technical systems. By situating diverse 

perspectives in relation to objective reality, critical realism provides a strong foundation 

for understanding the present (Deutz et al., 2024) and, in the context of this dissertation, 

for guiding the transition towards a more circular lithium value chain for EV batteries. 
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3.3 Research Methods 

3.3.1 Data collection 

Different data collection approaches were used by the four studies that comprised this 

dissertation, reflecting the diverse RQs and methodological orientations of each study. A 

combination of qualitative methods—including FGDs, meeting observations and 

document analysis—was used to ensure rich empirical insights and methodological 

triangulation. Table 3 provides a summary of the data collection procedures and sources 

utilised in each study. 

Focus group discussions 

FGDs are widely recognised as an effective method for exploring and comparing different 

experiences and perspectives on specific issues, as they rely on group interaction to 

generate data and insights (Barbour, 2007). They bring together experts who provide rich, 

practice-based knowledge that is often inaccessible through other methods (Morgan, 

1997). In Publication II, FGDs served as the primary qualitative data collection method 

and complemented other sources, enabling triangulation and enhancing the reliability of 

the analysis. A total of 20 FGDs were conducted between June and November 2023 

within the Horizon Europe REINFORCE project, engaging 25 experts from 14 

organisations across industry and research. The discussions focused on repurposing 

strategies for second- and third-life EV batteries, including technical thresholds, key 

performance indicators and policy implications. Moderation was jointly carried out by 

researchers and industry experts to balance perspectives and ensure relevance. The 

discussions were documented in meeting minutes and structured Excel templates and later 

cross-validated with secondary sources. 

Meeting observations 

Meeting observations enable the identification of tacit knowledge, power relations and 

institutional logics that are often absent in formal interviews or documents (Flick, 2018).  

They are particularly effective for understanding socio-technical systems in transition, as 

they situate knowledge production within its social and organisational context (Cetina, 

2007). In Publication III, meeting observations were carried out within the RELIEF 

project’s Work Package 8, covering 23 project meetings and 7 stakeholder workshops 
held between 2022 and 2025. These sessions, involving partners from research, industry 

and technical organisations, were focused on lithium recovery, sustainability integration 

and CBMs. The observations captured informal discourse, decision-making and the 

negotiation of technical, regulatory and commercial uncertainties. In this dissertation, the 

insights generated complemented other data sources and supported the abductive 

reasoning process by iteratively refining emerging interpretations and theoretical 

constructs (Timmermans and Tavory, 2012). 
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3.3.2 Data analysis 

This dissertation combined abductive reasoning and system dynamics to analyse complex 

patterns in the lithium value chain. The abductive approach enabled an iterative alignment 

between empirical insights and theoretical frameworks, particularly CE strategies and 

STTs. Complementarily, system dynamics modelling captured feedback loops and long-

term impacts, supporting scenario analysis and informed policy design. 

Qualitative content analysis 

Qualitative content analysis is a systematic method for interpreting textual data by 

identifying, categorising and analysing patterns of meaning within documents 

(Krippendorff, 2022). Unlike quantitative content analysis, which determines the 

frequency of occurrence of words or themes in textual data, qualitative content analysis 

focuses on interpreting the latent and manifest content of texts to generate contextually 

grounded insights (Schreier, 2012). It is particularly useful for analysing secondary 

sources, such as policy documents, media articles and reports, to uncover recurring 

themes and discourses relevant to the RQs (Mayring, 2015). Publication I presents the 

results of a qualitative content analysis of secondary data, including academic 

publications, industry reports, policy documents and media sources. The data were 

systematically organised and interpreted through the analytical lens of MLP, which 

provided a structured framework for examining landscape pressures, regime dynamics 

and niche developments in the Lithium Triangle countries. This approach allowed the 

reconstruction of STT pathways based on existing knowledge rather than primary data 

collection. 

Abductive approach 

An abductive analytical approach was used for the studies reported in Publications II and 

III, which enabled a dynamic interplay between empirical observations and theoretical 

insights. Rather than strictly following a deductive (theory-testing) or inductive (theory-

building) path, abduction allows for the iterative refinement of both concepts and findings 

as new data (Timmermans and Tavory, 2012). This approach was particularly suitable for 

exploring under-researched processes, such as the repurposing of spent EV batteries in 

Publication II and the recycling of lithium from secondary sources in Publication III, 

where established theories required adaptation to novel empirical contexts. The abductive 

logic was applied in different ways across these two publications. In the study reported 

in Publication II on EV battery repurposing, the manual coding of data from expert FGDs 

was complemented with secondary sources and cross-validation, which led to the 

development of three thematic levels for the conceptual model. In addition, a policy 

assessment was carried out, and the resulting recommendations were integrated into the 

analysis, requiring refinements to the initial conceptual model. Abductive reasoning also 

guided the development of a CBM framework in the study reported in Publication III, 

where data from project meeting observations and workshops were first coded and then 
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iteratively refined through comparison, dialogue and validation with the project 

participants.  

Systems dynamics 

System dynamics modelling is a robust simulation approach designed to capture the 

structures and behaviours of complex systems characterised by feedback loops, time 

delays and nonlinear interactions (Sterman, 2000). Originally developed by Jay Forrester 

(1994), this method enables researchers to build conceptual and quantitative models that 

represent real-world systems across various domains, including sustainability, supply 

chains and resource management. By simulating different scenarios, system dynamics 

facilitate the exploration of system behaviour over time and support the assessment of 

alternative policy interventions. It is particularly valuable for understanding how changes 

in one part of a system can ripple through interconnected components, thereby supporting 

more informed, long-term decision-making (Meadows, 2008). Previous studies that 

applied system dynamics in the lithium industry primarily focused on specific aspects, 

such as market trends, energy consumption, greenhouse gas emissions and material flows, 

often overlooking broader environmental, socio-economic and policy-related dimensions. 

These works generally lacked a holistic approach to addressing the full complexity of the 

lithium supply chain and its role in energy transition (Golroudbary et al., 2019; Liu et al., 

2019; Sun, Hao, Zhao, et al., 2019). To address this gap, the study reported in Publication 

IV applied system dynamics to develop a conceptual model of LIB circularity. Rather 

than running quantitative simulations, the study constructed causal loops and stock-flow 

diagrams informed by insights from existing literature and policy reports. These diagrams 

illustrated the interdependencies between supply, demand and regulatory drivers and 

highlighted how circular design strategies could influence feedback loops across the value 

chain. A causal loop diagram illustrates that key variables within a system are 

interdependent and are often connected through predominantly unidirectional 

relationships. Its primary purpose is to identify the critical elements influencing a system 

and to map out the causal links between them. By connecting variables with directional 

arrows, the diagram reflects hypothesised feedback structures that define the system’s 

behaviour (Golroudbary and Zahraee, 2015). This conceptual modelling approach 

allowed for a more holistic understanding of the lithium value chain for EV batteries in 

the context of energy transition, integrating technological, market and policy factors that 

are often examined in isolation. 

3.4 Assessment of Research Quality 

The quality of this dissertation was ensured through methodological rigour, triangulation 

and adherence to established academic standards. Of the four publications included, three 

have been peer-reviewed and published, while Publication III is currently under review 

and subject to the same peer-review process, providing an additional layer of quality 

assurance and scholarly validation. Peer review functions as a critical filter for the 
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robustness, coherence and contribution of the research within the academic community 

(Podsakoff and MacKenzie, 1997). 

To assess the credibility and trustworthiness of the qualitative data, a triangulated 

analytical approach was adopted. The data in Publication II were obtained from expert 

consultations in FGDs, which provided insights into repurposing pathways, technical 

thresholds, and the regulatory implications shaping second- and third-life applications. 

The FGDs were documented through a combination of detailed minutes and structured 

templates, which were then used to map actor constellations, identify shared concerns and 

extract recurring themes. This multisource strategy enriched the analysis by enabling the 

synthesis of formal institutional positions with informal discourse and expert knowledge, 

in line with the principles of methodological triangulation (Creswell, 2014; Flick, 2018). 

In addition, Publication III incorporated meeting observations, which constituted a central 

source of empirical insight. These data were manually analysed through iterative 

discussions among the researchers, drawing on detailed field notes that were 

systematically cross-validated with workshop minutes and summary documents. This 

interpretive process enabled a more nuanced understanding of stakeholder interactions, 

decision-making dynamics, and the negotiation of technical, sustainability and business 

model considerations in advancing lithium recovery from secondary sources. Drawing on 

Eisenhardt’s (1989) methodological guidance, this triangulation supported the 

convergence of multiple data sources, thereby enhancing internal validity and improving 

the reliability of the findings through iterative comparison. 

The use of abductive reasoning further contributed to analytical quality by facilitating the 

iterative refinement of theoretical insights through the continuous interplay between 

empirical observations and conceptual frameworks (Timmermans and Tavory, 2012). 

Rather than starting from a fixed hypothesis, the analytical process remained open to 

emerging themes and alternative explanations, strengthening the plausibility and 

theoretical contributions of the findings. 

The combination of peer review, triangulated data sources, iterative team-based coding 

and abductive reasoning constitutes a robust framework for ensuring the quality, validity 

and relevance of qualitative research on complex socio-technical systems. 
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4 Results 

 

There are three additional rules of Einstein’s work that stand out for use in our science, our problems, our 
times. First, out of clutter find simplicity. Second, from discord make harmony. Third, in the middle of 

difficulty lies opportunity. 
– John Archibald Wheeler, physicist (1979) 

 

This chapter presents an overall summary of the publications included in this dissertation. 

The first four subsections outline the background, objectives, key results and main 

contributions of each of the four publications. Table 4 provides a consolidated summary 

of these publications, detailing their research aims, key findings and individual 

contributions. The fifth subsection offers a cross-publication analysis of circular lithium 

lock-ins, organised according to the MLP framework across the macro, meso and micro 

levels. 

 

Table 4. Summary of the results of the studies reported in the included publications (continued) 

 Publication I Publication II Publication III Publication IV 
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To explore the dynamics 
of the lithium industries 
in Argentina, Bolivia and 
Chile, and to identify 
potential future 
scenarios in these 
countries. 

To identify optimal 
pathways for spent EV 
batteries using specific 
state-of-health 
thresholds and key 
performance indicators 
for second- and third-life 
applications, while 
evaluating how the 
current regulations 
impact repurposing and 
what policy changes 
could support extended 
battery lifetimes. 

To develop a replicable 
and scalable conceptual 
framework for 
integrating CE and life-
cycle thinking into CBMs 
for CRM recycling from 
secondary sources. 

To examine how circular 
design principles can 
enhance the 
sustainability of lithium 
supply chains for EVs by 
integrating mining, 
repurposing and 
recycling stages. 

 

 

 

 





https://www.gob.cl/litioporchile/en/
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4.2 Publication II: Repurposing 

Publication II (‘Conceptual Model for Extending Electric Vehicle Battery Lifetime’) 
focused on the repurposing of spent EV batteries through second- and third-life 

applications in the European context. 

4.2.1 Background and objectives 

The increasing demand for LIBs in EVs, combined with the environmental imperative to 

improve resource efficiency (Virmani et al., 2023), has led to a growing interest in CE 

strategies that extend battery lifespans. Among these CE strategies, repurposing spent EV 

batteries for second- and third-life applications has emerged as a critical pathway for 

retaining the embedded value of materials and reducing their environmental impacts 

(Albertsen et al., 2021; Bobba et al., 2019; Stahel, 2016). Second-life applications, such 

as stationary energy storage systems, have been the focus of numerous studies (Casals et 

al., 2019; Martinez-Laserna et al., 2018; Shahjalal et al., 2022), and third-life applications 

have been less explored despite their potential to add years to a battery’s functional 
lifespan (da Silva et al., 2023; Helander and Ljunggren, 2023). 

This study was guided by two central RQs. The first explored how optimal pathways for 

repurposing could be determined through state-of-health thresholds and key performance 

indicators tailored to specific applications. The second determined the extent to which the 

current European regulatory frameworks support or hinder the extension of EV battery 

lifetimes through repurposing while also identifying policy modifications that could 

enhance such efforts. Drawing on empirical evidence from 20 expert-led FGDs conducted 

within the Horizon 2020 project REINFORCE (Grant Agreement No. 101104204), the 

study aimed to develop a conceptual model for cascading battery life cycles, integrating 

technical requirements, user needs and regulatory considerations. This model seeks to 

support long-term resource efficiency by integrating battery repurposing strategies in the 

lithium value chain for EV batteries. 

4.2.2 Results and main contributions 

Publication II presents a developed conceptual model for extending EV battery lifetime 

through a cascading approach of second- and third-life applications based on a qualitative 

method that included FGDs with multistakeholder experts and an analysis of the 

European battery regulatory landscape. The results outline an optimal pathway for 

repurposing spent EV batteries through four distinct consecutive stages. First life in an 

EV, lasting 10–15 years until capacity falls to 80% of the original; second life in high-

performance applications such as stationary energy storage, telecoms and mobile EV 

charging, lasting 5–8 additional years, requiring 60%–80% state of health and energy 

densities of 100–300 Wh/kg; third life in lower-performance applications such as backup 

power, urban electromobility and portable power, lasting 5–10 more years with 40%–
60% state of health and energy densities of 70–120 Wh/kg; and finally, recycling to 
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recover valuable materials (see Figure 5). The study highlighted the importance of 

assessing state-of-health and key performance indicators, including capacity fade, 

internal chemistry type (e.g. NMC, LFP) and cell format (prismatic, cylindrical and 

pouch), to determine repurposing suitability. The study findings presented in Publication 

II also reveal that while EU Battery Regulation 2023/1542 introduces enabling tools, such 

as battery management systems, health checks and digital passports, regulatory gaps 

persist: repurposing receives weaker incentives than recycling, and third-life applications 

are not yet formally recognised. 

 
 

Figure 5. Conceptual model of the extension of electric vehicle battery lifetime, reproduced 

from Publication II (Quinteros-Condoretty et al., 2025). 
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The main contribution of Publication II is that it presents a developed multidimensional 

framework that integrates technical, managerial and policy perspectives to enable the 

cascading repurposing of EV batteries. Theoretically, it advances the literature by 

defining clear state-of-health thresholds and performance requirements for second- and 

third-life applications, filling a gap because most previous studies have focused only on 

single-use or second-life pathways. It also distinguishes between the implications of 

battery chemistry, showing that NMC batteries, with higher energy density and 

recyclability, are more viable for high-performance uses and eventual recycling, whereas 

LFP batteries, with a longer life cycle and enhanced safety, are better suited for extended 

second- and third-life applications, despite their lower material recovery value. A 

practical contribution of the study is that it provided a technical assessment framework 

for industry to evaluate spent batteries at the pack, module or cell level and tailor them to 

specific applications. From a policy perspective, it contributed by identifying the 

misalignment between EU regulatory incentives and CE priorities, recommending 

stronger financial mechanisms, clearer ownership rules, harmonised testing standards and 

explicit recognition of third-life pathways. Together, these contributions provide a 

structured foundation for extending EV battery lifetimes, maximising resource efficiency 

and operationalising the CE strategies in the European battery sector. 

4.3 Publication III: Recycling 

Publication III (‘Circular Business Model Framework for Critical Material Recovery: 

Lithium Insights’) explored the recycling of lithium from waste industry streams different 

from end-of-life batteries in the European context. 

4.3.1 Background and objectives 

The rapid acceleration of global decarbonisation efforts, particularly through the 

deployment of renewable energy technologies and electric mobility, has intensified the 

demand for CRMs, including lithium, cobalt and nickel (International Energy Agency, 

2021). LIBs, essential for energy storage systems and EVs, are at the centre of this 

transition, yet their dependency on primary lithium extraction raises significant 

sustainability concerns. In response, the EU has implemented regulatory frameworks, 

such as the EU Battery Regulation and CRMs Act, aiming to mitigate environmental 

impacts and reduce import dependency by setting mandatory recycling targets for battery-

grade materials (Regulation [EU] 2023/1542; Regulation [EU] 2024/1252). Despite the 

regulatory momentum, the development of effective strategies for CRM recycling 

remains limited by technological immaturity, economic constraints and fragmented 

governance structures (Gaustad et al., 2017; International Energy Agency, 2021; 

Velenturf et al., 2019). Furthermore, most recycling efforts focus predominantly on end-

of-life LIBs, overlooking unconventional sources, such as mining waste, ceramics and 

non-battery industrial processes that often contain recoverable lithium (Ramirez 

Velazquez et al., 2025; Talens Peiró et al., 2013). These secondary sources represent a 
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largely untapped potential for circular value creation, which could simultaneously reduce 

waste, diversify supply and enhance supply chain resilience. 

To address the aforementioned gaps, this study proposed a novel conceptual framework, 

the Firefly Framework, developed under the EU-funded RELIEF project (Grant 

Agreement No. 101069789). The framework aims to support the design and 

implementation of CBMs for CRM recycling from secondary sources. It is a novel 

systems-based method that integrates multi-industry secondary sources, CE principles, 

life-cycle thinking and policy alignment into a unified structure that facilitates the 

industrial scaling-up journey of emerging recycling technologies and improves the 

resilience and long-term sustainability of CRM supply chains. The use of lithium as a 

case study is justified by its increasing strategic relevance, with battery production alone 

accounting for approximately 87% of the lithium demand (US Geological Survey, 2025).  

This study was guided by three central questions. The first question involved how CE 

principles could be integrated into CRM recycling from secondary sources to enhance 

sustainability. The second question was about which life-cycle thinking approaches are 

most effective in supporting the environmental, social and economic dimensions of 

CBMs. The third question asked how these approaches could be integrated into the 

creation of a CBM that enables circular disruption through multi-industry CRM recovery. 

By addressing these questions, the study contributed to the theoretical development of 

circular disruptions (Blomsma, Bauwens, et al., 2023).  

4.3.2 Results and main contributions 

This study introduced the Firefly Framework as a conceptual CBM that supports lithium 

recycling from low-content industrial waste streams (e.g. mining waste, pharmaceutical 

wastewater) through cross-industry collaboration, traceability and circular value creation, 

highlighting how integrating secondary lithium through business model innovation could 

enhance resource efficiency in the lithium value chain. As mentioned earlier, this 

framework is a structured tool designed to facilitate the creation of CBMs for the recovery 

of CRMs through recycling technologies (see Figure 6), but it was showcased only for 

lithium in this study. The Firefly Framework consists of four interconnected elements. 

The first element, value chain mapping, identifies and characterises secondary CRM 

flows across industries, tracing them from waste generation to reintegration into 

production to uncover overlooked recovery opportunities. The second element, CBM 

development, focuses on designing models that combine stakeholder engagement, market 

analysis and procurement planning to ensure not only economic feasibility but also social 

and environmental value creation. The third element, life-cycle thinking, integrates 

methods such as LCA, material flow cost accounting and social LCA into technology 

development, thereby providing holistic evaluations and guiding sustainability-oriented 

improvements. The fourth element, regulatory and policy alignment, ensures that 

recovery strategies and business models comply with mandatory legislation, such as the 

EU Battery Regulation and CRMs Act, while also incorporating voluntary standards, such 

as the International Organization for Standardization and United Nations Environment 

Programme guidelines, thus enhancing their scalability and implementation potential. 
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Figure 6. Firefly Framework for circular business models in secondary critical raw material 

sources, reproduced from Publication III. 

Publication III contributes to both theory and practice by introducing the Firefly 

Framework as a replicable, adaptable and policy-aligned approach to CBM innovation 

for CRM recovery. Theoretically, it advances the concept of circular disruption 

(Blomsma, Bauwens, et al., 2023) by integrating CE principles, multi-industry synergies 

and comprehensive life-cycle methods into CBM design, addressing critical gaps in prior 

literature, which has largely focused on end-of-life batteries. Practically, the framework 

offers a structured tool that industry stakeholders, policymakers and researchers can use 

to design, assess and upscale recycling technologies in alignment with regulatory 

demands and sustainability objectives. By embedding prospective life-cycle tools into 

early-stage technology development and combining them with structured business model 

elements, such as stakeholder engagement, procurement planning and market analysis, 
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the framework provides a holistic pathway for operationalising circular strategies in the 

CRM sector. Ultimately, its application to lithium recovery illustrates how industrial 

waste streams beyond the battery sector can be transformed into valuable inputs, thereby 

strengthening supply chain resilience, reducing environmental impacts and contributing 

to the long-term sustainability of the European battery value chain. 

4.4 Publication IV: Circular Design 

Publication IV (‘Impact of Circular Design of Lithium-Ion Batteries on Supply of Lithium 

for Electric Cars Towards a Sustainable Mobility and Energy Transition’) focuses on 

circular design across the lithium value chain for EV batteries in the global context. 

4.4.1 Background and objectives 

The urgent need to mitigate global warming and reduce greenhouse gas emissions has 

made the transition from fossil fuels to renewable energy sources a global priority. Within 

this context, the transportation sector plays a critical role, accounting for approximately 

29% of global energy consumption and 25% of greenhouse gas emissions (International 

Energy Agency, 2020). EVs have emerged as a key technological solution for 

decarbonising transport systems, with LIBs at their core. LIBs are essential not only for 

enabling zero-emission mobility but also for supporting broader energy transition 

objectives due to their influence on performance, cost and sustainability. Lithium, a 

crucial component of LIBs, is valued for its high electrochemical potential and light 

weight, making it indispensable for high-performance battery chemistries (Keersemaker, 

2020). However, the projected surge in LIB demand, expected to reach 2,600 GWh by 

2030, raises significant concerns regarding resource availability, environmental impact 

and the resilience of global supply chains (Golroudbary et al., 2019). 

To address the aforementioned challenges, this study investigated how circular design 

strategies could enhance the sustainability across the lithium value chain for EV batteries, 

including mining, repurposing and recycling. Using a system dynamics approach, the 

study aimed to (1) identify key barriers to integrating circularity in LIB design; (2) 

analyse the dynamic interrelations across the LIB and EV value chains and (3) propose a 

circular design model that could guide industry stakeholders and policymakers in aligning 

with sustainable development goals. 

4.4.2 Results and main contributions 

Publication IV provides a conceptual model that captures the interrelated dynamics of 

LIB supply chains, emphasising the interactions between supply, demand and policy and 

regulatory subsystems and the interrelations of mining, repurposing and recycling stages 

in the lithium system. The model has three main components. First, the conceptual 

framework outlines how policy and regulation, operating at the macro level, influence 

both supply and demand (see Figure 7). Second, the causal loop diagram illustrates key 
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feedback loops and interdependencies within the LIB value chain. Third, stock-flow 

diagrams qualitatively trace the movement of lithium from natural deposits through 

processing (lithium carbonate and hydroxide), battery manufacturing (LFP and NMC, 

among others) and various stages of use, including second- and third-life applications and 

recycling. 

A central contribution of this study is its comparison of linear and circular supply chain 

structures for LIBs. The linear model represents the prevailing industry approach, in 

which batteries are used once and then either discarded or partially recycled. In contrast, 

the circular model introduces extended battery life through second- and third-use 

applications, such as stationary energy storage, followed by recycling. This circular 

approach reduces reliance on primary lithium, improves material efficiency and supports 

broader environmental goals, including greenhouse gas emission reduction and resource 

conservation. Publication IV also highlights the essential role of policy in enabling a 

transition to circular battery systems. Policy tools, such as EV purchase incentives, bans 

on internal combustion–engine vehicles and regulatory support for repurposing end-of-

life EV batteries and recycling initiatives (giving such batteries second and third lives), 

are shown to significantly shape demand and promote circular practices. The conceptual 

framework developed in this study underscores how policy interventions can create 

reinforcing feedback loops that accelerate sustainable transitions in the LIB sector.  

 

 

Figure 7. Conceptual model for the lithium-ion battery supply chain in line with energy 

transition, reproduced from Publication IV (Quinteros-Condoretty et al., 2021).  
(ICE:  internal combustion engine; EOL: end of life; LMO: lithium manganese oxide; LTO: lithium titanate oxide; NCA: nickel 

cobalt aluminium; BEVs: battery electric vehicles; PHEVs: plug-in hybrid electric vehicles) 
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Publication I highlights how geopolitical asymmetries in the Lithium Triangle, combined 

with the misalignment between upstream and downstream actors and divergent public-

private agendas across the Global South and North, create structural barriers to 

coordination. This hampers the alignment of extraction practices, value capture and 

sustainability standards. Yet, international climate agreements and e-mobility 

commitments function as enablers by signalling a long-term demand for battery materials 

and embedding lithium more firmly into national agendas. 

Publication II shows that while EU-level regulatory frameworks have advanced CE 

ambitions, they still inadequately enable repurposing pathways. Weak or indirect 

incentives coupled with limited formal recognition of third-life applications reinforce 

linear end-of-life practices. Nevertheless, the EU Green Deal and Circular Economy 

Action Plan establish a predictable policy narrative that can be leveraged to incorporate 

repurposing alongside recycling within mainstream practices. 

Publication III highlights how governance fragmentation between the EU and national 

and sectoral actors, together with structural import dependency on lithium, constitutes a 

lock-in that complicates scaling secondary supply. In response, the EU Battery 

Regulation and CRMs Act provide regulatory momentum by mandating recycled content 

and supporting domestic recovery. Simultaneously, the rising public awareness of supply 

risks has increased political commitment to circular supply chains. 

Publication IV identifies the absence of global CE standards and the tempo mismatch 

between decade-long mining project lead times and the rapid growth in EV battery 

demand as major landscape-level lock-ins. This mismatch reinforces reliance on 

incumbent primary supply routes. However, emerging CE-oriented policies, such as EV 

incentives and internal combustion–engine bans, indirectly stimulate demand for circular 

design practices and reinforce the legitimacy of electrification as a mobility pathway. 

The aforementioned findings indicate that at the socio-technical landscape level, a 

regional comparison highlights key differences: While Latin America’s Lithium Triangle 
remains embedded in geopolitical contestations and asymmetrical value capture, the EU 

relies on regulatory instruments to create predictability and drive circularity. This contrast 

reflects the fact that in Latin America, regulatory frameworks are still largely extraction-

oriented, fragmented and shaped by geopolitical asymmetries, with limited 

institutionalisation of CE principles. In contrast, the EU embeds circularity within broader 

climate and industrial strategies, supported by binding instruments, such as the EU 

Battery Regulation and CRMs Act. Consequently, Europe demonstrates much policy 

depth and institutional maturity, whereas Latin America continues to prioritise primary 

resource exploitation. 

4.5.2 Socio-technical regime level (meso) 

The socio-technical regime represents the dominant practices, rules and technologies that 

stabilise existing systems and resist change but can be disrupted by niche innovations and 
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external pressures (Geels, 2019). At the regime level, the studies show how existing rules, 

infrastructures and dominant practices reinforce linear pathways, while also revealing 

regime-level changes that could enable circularity. 

Publication I highlights socio-ecological constraints related to indigenous rights, water 

use and community impacts, as well as country-specific policy models that shape lithium 

extraction practices. If environmental management and social acceptance issues are 

addressed, the legitimacy of mining activities could be strengthened, suggesting that co-

governance functions as an effective enabler at this level. Here, co-governance refers to 

shared decision-making among governments, companies and local communities, 

ensuring that mining practices address social and environmental concerns and thereby 

enhance legitimacy and stability within the lithium value chain. 

Publication II identifies the absence of mandatory repurposing targets and harmonised 

standards, alongside limited financial incentives for repurposing infrastructure, as key 

regime lock-ins. Cross-sector collaboration to set common standards and integrate them 

into EU frameworks emerges as a key enabler, creating regulatory certainty and enabling 

repurposing business models to scale. 

Publication III isolates techno-economic lock-ins, such as high capital and operational 

costs and limited industrial-scale recycling capacity, compounded by logistics and 

processing networks optimised for linear CRM flows. These factors make the integration 

of secondary materials costly and operationally complex. Enablers in this context include 

the development of digital tools and transparency platforms to support life-cycle thinking 

and foster cross-industry collaboration. 

Publication IV shows how social and environmental opposition to mining projects causes 

delays in investments and constrains the growth of primary supply, while the absence of 

coordinated standards and infrastructure linking repurposing and recycling hinders the 

development of closed-loop battery systems. Conversely, the adoption of circular design 

principles across the lithium value chain for EV batteries, pairing easy disassembly with 

the integration of advanced recycling technologies, is a promising regime-level enabler. 

The aforementioned findings highlight the fact that while in Latin America regime 

dynamics are dominated by socio-ecological contestations and weak institutional 

coordination, in Europe, where CBMs and standards are gradually being institutionalised, 

they are shaped by techno-economic and regulatory challenges. 

4.5.3 Niche innovations (micro) 

Niche innovations are small-scale, experimental technologies or practices that deviate 

from the existing regime and have the potential to drive radical changes in socio-technical 

systems (Geels, 2019). At the niche level, all four studies in this dissertation identified 

early-stage practices and experiments that could grow into regime change if supported by 

landscape pressures and regime openings.  
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Publication I notes that fragmented national governance and shortages in specialised 

skills slow innovation in sustainable extraction and value-addition niches. Investment in 

local skills and capabilities is suggested as a means of seeding viable niches while 

reducing environmental externalities. 

Publication II suggests that technical challenges in cascading second- and third-life 

applications, such as safe dismantling, repacking and state-of-health assessment, limit the 

scale of repurposing. Pilot projects and targeted research and development funding are 

proposed to standardise methods and strengthen the business case for these applications. 

Publication III underlines the low technological readiness levels, high uncertainty around 

costs and weak market pull for unconventional lithium recycling from non-battery waste 

streams. It recommends pilot projects that valorise industrial waste and promote cross-

industry innovation, supported by life-cycle thinking and CBM design. 

Publication IV suggests that consumer expectations regarding performance and safety 

create social and cognitive barriers for second- and third-life batteries and that the limited 

integration of recycled lithium into production maintains reliance on primary mining. 

Pilot projects in design for repurposing and recycling are seen as enablers that improve 

disassembly, testing and recovery while providing practical design rules that can feed 

back into mainstream manufacturing. 

The results of the analysis show that niche innovations in Latin America hinge on building 

human and institutional capabilities to legitimise sustainable extraction practices, whereas 

in Europe, niche innovations depend more on technical standardisation, pilot projects and 

cross-industry collaborations to scale CE practices. 

The four publications included in this dissertation depict a multilevel transition dynamic 

in which growing landscape pressures, driven by climate goals, electrification policies 

and global market demand, are beginning to challenge entrenched regime structures in 

the lithium sector. However, these pressures are met with significant techno-economic, 

institutional and socio-ecological lock-ins at the regime level, including fragmented 

governance, non-harmonised standards, linear supply chain infrastructures and high-cost 

industrial scaling. At the niche level, promising niche innovations in repurposing, 

recycling, circular design, and alternative recovery pathways are emerging but remain 

fragile without regime support. Overall, the findings suggest that the circular transition 

of lithium will depend on synchronising maturing niche practices with reforms of regime 

rules and infrastructures while harnessing sustained landscape momentum to steer the 

industry from a predominantly linear trajectory towards a closed-loop system. 
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5 Discussion 

 

A world powered by renewables is a world hungry for critical minerals. For developing countries, critical 
minerals are a critical opportunity―to create jobs, diversify economies, and dramatically boost revenues. But 

only if they are managed properly. The race to net zero cannot trample over the poor. The renewables 
revolution is happening―but we must guide it towards justice. 
– António Guterres, United Nations Secretary-General (2024) 

 

This chapter synthesises the key insights generated across the four socio-technical 

systems examined in this dissertation and discusses their broader theoretical, practical 

and policy implications. In addressing the overarching RQ, it interprets how lock-in 

mechanisms and enablers shape the deployment and scaling of CE strategies across the 

lithium value chain for EV batteries, thereby illuminating the dynamics of transitions 

towards a more sustainable and circular lithium economy. The chapter then presents the 

dissertation’s contributions, clarifying how they are interconnected rather than discrete, 
and groups them under theoretical, practical and policy insights to support clear 

interpretation. The chapter concludes by reflecting on the limitations of the study and 

outlining directions for future research. 

5.1 Answering the Research Question 

This dissertation investigated the lock-in mechanisms and enablers involved in the 

deployment of CE strategies across the lithium value chain for EV batteries. The 

overarching RQ that guided the work was as follows: 

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 broad question, a second guiding question was posed: 

What are the lock-in mechanisms and enablers in the lithium mining, repurposing, 

recycling and circular design socio-technical systems? 

The above question led to four sub-questions (RQ1–RQ4), each addressed by one of the 

four studies comprising this dissertation. The analysis in each case applied the MLP 

framework to identify lock-ins and enablers across the landscape (macro), regime (meso) 

and niche (micro) levels. 

RQ1: What are the lock-in mechanisms and enablers in MINING to transition to a 

sustainable lithium industry in Latin America?  
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The study reported in Publication I examined the STTs of the lithium industries in the 

Lithium Triangle (Argentina, Bolivia and Chile), focusing on extraction practices and 

governance models. The findings highlight how geopolitical asymmetries, divergent 

public-private agendas and socio-ecological conflicts (e.g. indigenous rights, water use) 

act as lock-ins that hinder coordination and sustainability. Enablers include legitimacy 

building through environmental management, social acceptance and co-governance 

arrangements. This study provided an essential context for understanding the upstream 

conditions that influence the subsequent stages of the lithium value chain. 

RQ2: What are the lock-in mechanisms and enablers in REPURPOSING to extend 

electric vehicle battery lifetimes? 

The study reported in Publication II analysed the socio-technical system of extending EV 

battery lifetimes in Europe through second- and third-life applications. It found that the 

absence of harmonised standards and the presence of weak financial incentives and 

regulatory gaps constrain the repurposing of business models. Enablers include cross-

sector collaboration, standardisation efforts and targeted research and development 

funding. This demonstrates how repurposing can act as a CE strategy that slows resource 

loops, reduces premature recycling and maximises the utility of CRMs. 

RQ3: What are the lock-in mechanisms and enablers in RECYCLING lithium from 

industrial waste?  

The study reported in Publication III developed the Firefly Framework to explore lithium 

recycling from industrial waste and other unconventional secondary sources. It revealed 

low technological readiness levels, high uncertainty around costs and fragmented 

governance as regime-level barriers. Pilot projects valorising industrial wastes, digital 

transparency tools and cross-industry CBMs were identified as key enablers. The findings 

emphasise how recycling pathways can close resource loops, reduce EU dependency on 

imports and enhance resilience in CRM supply chains. 

RQ4: What are the lock-in mechanisms and enablers in the integration of CIRCULAR 

DESIGN into the lithium-ion battery life cycle?  

The study reported in Publication IV examined the role of circular design in integrating 

secondary lithium flows through repurposing and recycling across the full battery life 

cycle. It highlighted the tempo mismatch between fast-growing EV demand and slow 

mining project development, as well as the absence of coordinated design standards, as 

key lock-ins. Enablers include design-for-repurposing and design-for-recycling 

principles, which facilitate easier disassembly, recovery and reintegration of materials. 

This illustrates how circular design strategies can embed circularity into the dominant 

regime by aligning the production, use and end-of-life stages. 

Overall, the four publications included in this dissertation show how CE strategies across 

mining, repurposing, recycling and circular design can catalyse STTs towards a more 
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sustainable and circular lithium economy. The study results demonstrate that landscape 

pressures, such as climate goals, electrification policies and global supply security 

concerns, are increasingly pushing the system towards circularity (Geels, 2019; Hofstetter 

et al., 2021). At the same time, regime-level lock-ins, including fragmented governance, 

socio-ecological conflicts, high techno-economic barriers and the absence of harmonised 

standards, continue to reinforce predominantly linear models. At the micro level, niche 

innovations, such as second- and third-life batteries, industrial waste recycling and 

circular design pilots, provide promising pathways for transformation but remain fragile 

in the absence of stronger institutional and policy support. 

This dissertation also highlights a North–South connection: While Latin America’s 
lithium sector is embedded in extraction-oriented regimes shaped by geopolitical 

asymmetries and contestations over value capture, the European context is characterised 

by more mature regulatory frameworks that increasingly integrate CE principles. Linking 

these regional contexts through a material-based lens underscores the systemic nature of 

CRMs in global production and consumption systems and illustrates the importance of 

coordinated strategies across regions to achieve sustainable transitions (Hofstetter et al., 

2021). 

Finally, the findings of this dissertation indicate that some enablers, such as the adoption 

of circular design and active participation in research and innovation projects, can be 

directly operationalised by firms within the lithium value chain for EV batteries. 

However, other enablers require stronger external interventions, particularly in the form 

of policy support, regulatory standardisation and mechanisms for social inclusion. 

Ultimately, the transition towards a circular lithium system requires coordinated efforts 

across the landscape, regime and niche levels of MLP, with niche innovators playing a 

crucial role in bridging technical experimentation and systemic change (Geels, 2002, 

2019; Hofstetter et al., 2021). 

5.2 Theoretical and Methodological Contributions 

5.2.1 Implications for theory 

This dissertation advances the STT theory, focusing on MLP (Geels, 2002, 2019) by 

extending the concepts of lock-ins (Geels, 2019) and enablers (Blomsma, Bauwens, et 

al., 2023) to CE, empirically studying CE strategies for the lithium value chain for EV 

battery economy. While MLP has traditionally focused on technological substitution and 

regime shifts, this dissertation advances the field by illustrating how CE strategies, 

through the analysis of mining (Publication I), repurposing (Publication II), recycling 

(Publication II) and circular design (Publication IV), operate as regime-reconfiguring 

innovations, shaping both material flows and institutional architectures. 

By applying MLP across three levels―landscape (macro), regime (meso) and niche 

innovations (micro)―the current dissertation identified the main lock-ins and enablers 



 

 

74 

shaping lithium’s socio-technical systems. This synthesis provides a systemic 

understanding of how transitions unfold and how lock-ins and enablers align or misalign 

across levels. Combining MLP with the lock-in and enabler framework advances 

theoretical clarity on how entrenched mechanisms can be gradually substituted by 

enabling conditions. In this regard, enablers (Blomsma, Bauwens, et al., 2023) are 

conceptualised as levers that not only counteract lock-ins but also facilitate processes of 

circular disruption, thereby creating the conditions for CE transformation. This resonates 

with recent calls to integrate STT and CE perspectives to more effectively manage system 

innovation (Cembalo et al., 2020; Roberts and Geels, 2019; Spina et al., 2025). 

This dissertation adopted the holistic definition of CE proposed by Kirchherr et al. (2023), 

which emphasised value maintenance and stakeholder collaboration across the value 

chain rather than a narrow focus on breakeven points for material circularity 

(Wesselkämper and von Delft, 2024). This broader framing enabled a systemic analysis 

of actor, policy and technology interdependencies. For example, in the mining socio-

technical system (Publication I), socio-ecological pressures were found to shape 

institutional responses, while in the repurposing socio-technical system (Publication II), 

the absence of design-for-disassembly standards was found to constrain circular design 

and limit systemic diffusion. 

A key theoretical contribution is the extension of Geels’s (2019) categorisation of lock-

in mechanisms (techno-economic, social-cognitive and institutional-political) by adding 

socio-ecological lock-ins. These refer to reinforcing feedback between ecological systems 

and human institutions that constrain transitions and are particularly relevant in resource-

intensive sectors, such as lithium mining. The mining-focused analysis (Publication I) 

showed how water scarcity, ecosystem fragility and indigenous rights issues create self-

reinforcing dependencies that limit systemic change. By positioning mining as the starting 

point of the LIB value chain, the study underlined that transitions must be just transitions 

for actors across both upstream and downstream segments. Without integrating socio-

ecological considerations at the extraction stage, circularity in downstream applications 

risks reproducing extractive dependencies and environmental injustices. 

By incorporating both the Global North and South geographies, this dissertation added 

empirical depth to MLP theory through the analysis of reverse salients, global value–
chain asymmetries and resource frontiers. For example, the Lithium Triangle mining 

socio-technical system (Publication I) highlights how resource nationalism and global 

market volatility interact with socio-ecological lock-ins, generating problem-driven 

transition pathways that destabilise existing regimes while producing future-oriented 

uncertainty. In contrast, European repurposing and recycling systems (Publications II and 

III) highlight institutional and political lock-ins, such as fragmented standards, evolving 

regulations and slow niche-regime alignment. The circular design framework presented 

in Publication IV connects the aforementioned insights by proposing design principles 

that integrate narrowing, slowing and closing strategies across the entire value chain.  
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Finally, by linking input–output flows across geographies, this dissertation addressed the 

importance of global asymmetries and reverse salients in CE transition. As Hofstetter et 

al. (2021) argued, connecting outputs with inputs through industrial symbiosis is essential 

for global CE integration, particularly when incorporating Global South resource frontiers 

into predominantly Northern policy and industrial frameworks. The findings of this 

dissertation demonstrate that such integration requires not only technological and design 

innovations but also governance mechanisms that align landscape pressures, destabilise 

incumbent regimes and nurture niches. These insights are consistent with the arguments 

of Cembalo et al. (2020) and Spina et al. (2025), which emphasise the need for policy and 

governance mixes to complement technological change to achieve systemic transitions. 

5.2.2 Implications for practice 

Building on the theoretical contributions outlined above, this subsection translates such 

insights into concrete, practice-oriented priorities for industry, identifying how 

companies can address lock-ins and leverage enablers to scale CE strategies in the lithium 

value chain for EV batteries.  

First, scaling circular innovations in the lithium value chain requires strong and sustained 

collaboration and coordination among actors, from mining companies and original 

equipment manufacturers to repurposers, recyclers and regulators. The findings of this 

dissertation show that the absence of coordinated actions limits the efficiency of material 

loops and delays CE strategies adoption. For instance, battery repurposing depends on 

design for disassembly, modularity and reliable diagnostics, elements that are still 

underdeveloped in most battery architectures (Börner et al., 2022; Kishita et al., 2024). 

Strengthening technical interfaces, improving transparency and enhancing information 

flows between upstream and downstream actors are therefore critical for companies 

aiming to capture value from second-life applications and secondary CRM sources. 

Overcoming cooperation barriers and fostering inclusive partnerships have been shown 

to enhance collaboration and attain CE’s environmental, economic and social goals 
(Rittershaus et al., 2025). Multi-actor engagement that involves businesses, policymakers 

and communities in co-creation processes can further increase the effectiveness of CE 

strategies (López-García et al., 2025; Yalçın and Foxon, 2021). In Europe, evolving 

regulatory frameworks, such as the EU Battery Regulation and CRMs Act, reinforce this 

need by creating both compliance requirements and opportunities for firms to develop 

CBMs (Wesselkämper et al., 2024). Capturing these opportunities demands new supply 

chain configurations supported by research, innovation and better information sharing, 

which are currently fragmented across industry players and often restricted by 

confidentiality concerns (Baldassarre and Carrara, 2025). 

Second, managing socio-ecological risks in resource extraction is a practical priority. In 

lithium-rich regions, environmental sustainability challenges and the vulnerability of 

indigenous communities are persistent socio-ecological lock-ins. Companies operating in 

these contexts need to build trust through inclusive governance, early stakeholder 

engagement and a transparent decision-making process. Without institutional 
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mechanisms to mediate conflicts, extractive operations risk reinforcing asymmetries and 

eroding the social licence to operate. Insights from the Organisation for Economic Co-

operation and Development Forum on Responsible Mineral Supply (OECD, 2025) 

underline that socially just and environmentally sound extraction is not only an ethical 

imperative but also a strategic enabler of long-term supply stability.  

Third, companies must prioritise circular design and workforce development to overcome 

organisational and capability-related lock-ins. Circular design principles, such as modular 

architecture and standardised components, can extend product lifetimes and maximise 

end-of-life value recovery. Socio-ecological impacts arise not only from mining but also 

from inadequate management of spent EV batteries. As Ding et al. (2019) emphasised, 

given the rapid growth of the EV market, it is essential to establish a CE model early, 

while end-of-life volumes are still manageable, to prevent the accumulation of hazardous 

waste. The transition also demands a workforce equipped with both deep technical 

expertise, such as advanced diagnostics for battery health and safety protocols (Boks et 

al., 2025), and interdisciplinary skills complemented by holistic industry knowledge to 

operate within multi-actor innovation ecosystems (Wu, 2024). As Arekrans et al. (2023) 

highlighted, shifting to CE requires competencies that challenge linear production logics 

and redefine how value is created and measured. 

Finally, the skills gap across the lithium value chain for EV batteries is a key lock-in that 

must be addressed. For instance, the shortage of skills in the European battery sector is a 

constraint comparable to high energy costs (McCaffrey and Poitiers, 2024). The EV 

transition is reshaping skill requirements in ways for which the conventional automotive 

workforce is often unprepared, making talent shortages one of the most critical lock-in 

mechanisms in practice. As Wu (2024) emphasised, a coordinated battery talent strategy, 

developed jointly by industry, academia and public agencies, would not only help close 

this gap but also accelerate the circular transformation by ensuring that skilled labour is 

available and appropriately distributed at every stage of the value chain. This requires 

targeted training and education initiatives (Hofmann Trevisan et al., 2024). Such 

initiatives should encompass several types of skills essential for advancing CE, including 

system skills, defined as ‘developed capacities used to understand, monitor and improve 
socio-technical systems’ (Constable, 2019, p. 15), as well as digitalisation skills―such 

as competencies in resilience, digital tools and specialised technical expertise―and 

circular product design skills, which have been highlighted as indispensable for 

successful CE strategies deployment (Hofmann Trevisan et al., 2024). 

5.2.3 Implications for policy development 

The dissertation also contributes to circular policy debates, particularly regarding LIB 

regulation and CRM recovery. While the EU Battery Regulation mandates recycled 

content thresholds, it provides limited guidance or incentives for repurposing. Based on 

the research findings, this dissertation advocates a more integrated policy mix that 

balances incentives for EV adoption with mandates supporting repurposing and cascading 

use. As Lazarevic et al. (2022) noted, policies that focus only on niche stimulation without 
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addressing regime destabilisation or landscape coordination risk delivering incremental 

rather than systemic change. 

In Latin America, policy levers must address systemic tensions between production scale-

up, socio-environmental risks and equitable value distribution (Obaya et al., 2024). 

Policies that promote early community engagement, certification schemes and digital 

traceability platforms can strengthen accountability and ensure that value creation is 

distributed more evenly across stakeholders. 

Furthermore, the results of this dissertation highlight the untapped potential of 

underutilised waste streams, such as mining residues and industrial wastewater, which 

could be integrated into formal recycling systems. Such measures would align with 

broader CE goals while reducing geopolitical dependence. Embedding CE strategies into 

national energy, industrial and environmental strategies would help secure material 

supply, improve resilience and reduce environmental harm (Kamath et al., 2020; Pansera, 

2013; Yang et al., 2025). 

As noted by Nature (2021), overly stringent EU regulations risk producing unintended 

consequences, such as premature recycling to meet mandated collection rates and 

importing recycled materials from China to satisfy recycling targets amid domestic 

shortages and production delays caused by the limited availability of recycled inputs. To 

mitigate these risks, battery repurposing should be explicitly incorporated into EU 

regulations as a complementary pathway to recycling. While repurposing follows a 

different economic model, setting EU-wide targets and creating dedicated incentives for 

battery repurposing would help ensure the balanced deployment of CE strategies. As 

emphasised in Publication II, without such incentives, recycling is likely to remain the 

more economically attractive option, potentially undermining the broader objectives of 

circularity. 

5.3 Limitations and Future Research Directions 

First, while the triangulation of qualitative data strengthens internal validity, the empirical 

scope was limited to selected socio-technical systems. Broader empirical testing across 

different stages of the lithium value chain for EV batteries and across a wider set of CE 

strategies, such as refurbishing, remanufacturing, reuse, repair and industrial symbiosis, 

would enhance external validity. Expanding to diverse geographies and adjacent 

industries would also improve generalisability. Future studies could develop and test the 

framework across all stages of the value chain using comparative and mixed-method 

designs. 

Second, this dissertation focused on lithium. Future research should extend the analysis 

to other CRMs to foster an understanding of broader system interdependencies such as 

battery materials supply chains, including cobalt, nickel, manganese and graphite. There 

is also a need to examine the economics and life-cycle implications of third-life 

applications, as well as non-battery lithium recovery pathways from industrial residues, 
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tailings and other secondary streams, in order to assess viability at scale and interactions 

with existing recycling routes. 

Finally, more work is required to understand how circular disruptions evolve over time, 

particularly the roles of emerging intermediaries, financial actors and civil society in 

enabling or constraining systemic transformation. Longitudinal and comparative designs 

can reveal feedback loops, shifting lock-ins and transition pathways under uncertainty by 

tracking policy changes, market signals, and coordination mechanisms and by linking 

these to outcomes in repurposing and recycling markets. 
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6 Conclusion 

 

Climate change is not just another issue. It is the issue that, unchecked, will swamp all other issues. The 
only hope lies in all the countries of the world coming together around a common global project to rewire the 
world with clean energy. This is a path to peace―peace among people, and peace between people and nature. 

– Ross Gelbspan, Pulitzer Prize–winning journalist and climate advocate (2002) 

 

This dissertation examined the lock-ins and enablers shaping the scaling of CE strategies 

across the LIB value chain, focusing on mining, repurposing, recycling and circular 

design. By analysing these four socio-technical systems in Latin America and Europe, it 

identified both the mechanisms that constrain circularity and the conditions that enable 

its advancement. 

The research findings highlight persistent lock-ins across the different socio-technical 

systems, including fragmented coordination between upstream and downstream actors 

(Publication I), policy frameworks that prioritise recycling while under-recognising 

repurposing (Publication II), socio-ecological conflicts and water stress in lithium-rich 

regions and a shortage of interdisciplinary battery talent able to operate across technical, 

regulatory and sustainability interfaces (Publications I and II). At the same time, they 

reveal key enablers: early adoption of circular design principles (design for disassembly, 

modularity, diagnostics), inclusive and transparent governance with early stakeholder 

engagement, harmonised standards and interoperable data flows that connect actors and 

material-centric circularity approaches that link primary and secondary sources across 

sectors. 

The key contributions of this dissertation are both theoretical and practical. Theoretically, 

the dissertation advanced the literature on STTs and CE by integrating lock-ins and 

enablers into a multilevel framework that highlights the importance of socio-ecological 

dynamics and material-centric approaches. For practice and policy, several messages 

emerged. First, repurposing must be explicitly recognised in the EU and national 

frameworks as a strategic complement to recycling, and recovery should include 

secondary industrial waste streams, not only end-of-life batteries. Second, Europe and 

Latin America need coordinated battery talent development and recruitment strategies to 

close the interdisciplinary skills gap. Third, circularity should be approached at the 

material level (not only at the product level) to bridge sectors and diversify supply. 

Finally, in the Lithium Triangle, inclusive governance is essential for managing socio-

ecological risks and maintaining social licences.





81 

 

References 

Afroozi, M. A., Gramifar, M., Hazratifar, B., Jowkar, S., Razavian, S. B., Keshvari, M. 

M., Tabatabaei, S. A., Sazegar, N., and Bojnourdi, E. Z. (2024). Risk assessment in 

lithium-ion battery circular economy in sustainable supply chain in automotive 

industry using gray degree of possibility in game theory and MCDM. Frontiers in 

Applied Mathematics and Statistics, 10, 1362200. 

https://doi.org/10.3389/FAMS.2024.1362200/BIBTEX 

Ahmadi, L., Young, S. B., Fowler, M., Fraser, R. A., and Achachlouei, M. A. (2017). A 

cascaded life cycle: reuse of electric vehicle lithium-ion battery packs in energy 

storage systems. International Journal of Life Cycle Assessment, 22(1), 111–124. 

https://doi.org/10.1007/S11367-015-0959-7 

Albertsen, L., Richter, J. L., Peck, P., Dalhammar, C., and Plepys, A. (2021). Circular 

business models for electric vehicle lithium-ion batteries: An analysis of current 

practices of vehicle manufacturers and policies in the EU. Resources, Conservation 

and Recycling, 172, 105658. https://doi.org/10.1016/J.RESCONREC.2021.105658 

Alessia, A., Alessandro, B., Maria, V. G., Carlos, V. A., and Francesca, B. (2021). 

Challenges for sustainable lithium supply: A critical review. In Journal of Cleaner 

Production (Vol. 300). https://doi.org/10.1016/j.jclepro.2021.126954 

Ali, H., Khan, H. A., and Pecht, M. G. (2021). Circular economy of Li Batteries: 

Technologies and trends. Journal of Energy Storage, 40, 102690. 

https://doi.org/10.1016/J.EST.2021.102690 

Arekrans, J., Ritzén, S., and Laurenti, R. (2023). The role of radical innovation in circular 

strategy deployment. Business Strategy and the Environment, 32(3), 1085–1105. 

https://doi.org/10.1002/BSE.3108 

Asif, F. M., Roci, M., Lieder, M., Rashid, A., Miheli, A., and Kotnik, S. (2021). A 

methodological approach to design products for multiple lifecycles in the context of 

circular manufacturing systems. https://doi.org/10.1016/j.jclepro.2021.126534 

Azizov, T. (2024). Industry 4.0 Technologies in Circular Innovation: A Review of 

Sustainable Value Chain Studies. SciPap 2024, Vol. 32, Article 2090, 32(2). 

https://doi.org/10.46585/SP32022090 

Baars, J., Domenech, T., Bleischwitz, R., Melin, H. E., and Heidrich, O. (2021). Circular 

economy strategies for electric vehicle batteries reduce reliance on raw materials. 

Nature Sustainability, 4(1), 71–79. https://doi.org/10.1038/s41893-020-00607-0 

Backhaus, R. (2021). Battery Raw Materials - Where from and Where to? ATZ Worldwide 

2021 123:9, 123(9), 8–13. https://doi.org/10.1007/S38311-021-0715-5 



 

 

82 

Baldassarre, B., and Carrara, S. (2025). Critical raw materials, circular economy, 

sustainable development: EU policy reflections for future research and innovation. 

Resources, Conservation and Recycling, 215, 108060. 

https://doi.org/10.1016/J.RESCONREC.2024.108060 

Barandiarán, J. (2019). Lithium and development imaginaries in Chile, Argentina and 

Bolivia. World Development, 113, 381–391. 

https://doi.org/10.1016/J.WORLDDEV.2018.09.019 

Barbour, R. (2007). Doing Focus Groups. Doing Focus Groups. 

https://doi.org/10.4135/9781849208956 

Benchmark. (2025). The Road to a Circular Economy: The Future of Battery Recycling. 

Bhaskar, R. (2010). Contexts of interdisciplinarity: Interdisciplinarity and climate 

change. In Interdisciplinarity and Climate Change: Transforming Knowledge and 

Practice for Our Global Future (pp. 1–24). Taylor and Francis Inc. 

Bhaskar, R. (2020). Critical realism and the ontology of persons*. Journal of Critical 

Realism, 19(2). https://doi.org/10.1080/14767430.2020.1734736 

Bianchi, M., and Cordella, M. (2022). Does circular economy mitigate the extraction of 

natural resources? Empirical evidence based on analysis of 28 European economies 

over the past decade. https://doi.org/10.1016/j.ecolecon.2022.107607 

Blomsma, F., Bauwens, T., Weissbrod, I., and Kirchherr, J. (2023). The ‘need for speed’: 
Towards circular disruption—What it is, how to make it happen and how to know 

it’s happening. Business Strategy and the Environment, 32(3), 1010–1031. 

https://doi.org/10.1002/BSE.3106 

Blomsma, F., Tennant, M., and Ozaki, R. (2023). Making sense of circular economy: 

Understanding the progression from idea to action. Business Strategy and the 

Environment, 32(3), 1059–1084. https://doi.org/10.1002/BSE.3107 

Bobba, S., Mathieux, F., and Blengini, G. A. (2019). How will second-use of batteries 

affect stocks and flows in the EU? A model for traction Li-ion batteries. Resources, 

Conservation and Recycling, 145, 279–291. 

https://doi.org/10.1016/J.RESCONREC.2019.02.022 

Bobba, Silvia., Cusenza, M. Anna., Persio, Franco. Di, Eynard, Umberto., Mathieux, 

Fabrice., Messagie, Maarten., Pfrang, Andreas., Podias, Andreas., Tecchio, Paolo., 

and Centre., E. Commission. J. R. (2018). Sustainability Assessment of Second Life 

Application of Automotive Batteries (SASLAB) : JRC exploratory research (2016-

2017) : final technical report, August 2018. 



 

 

83 

Bocken, N. M. P., de Pauw, I., Bakker, C., and van der Grinten, B. (2016). Product design 

and business model strategies for a circular economy. Journal of Industrial and 

Production Engineering, 33(5), 308–320. 

https://doi.org/10.1080/21681015.2016.1172124 

Bocken, N. M. P., Short, S. W., Rana, P., and Evans, S. (2013). A literature and practice 

review to develop sustainable business model archetypes. 

https://doi.org/10.1016/j.jclepro.2013.11.039 

Boks, C., Pantelatos, L., Ahmed, S., and Verhulst, E. (2025). Towards Circularity in 

Lithium-ion Battery Value Chains: Visions of a Repurposing Ecosystem for Electric 

Vehicle Batteries. Journal of Life Cycle Assessment, Japan, 21(2), 95–105. 

https://ntnuopen.ntnu.no/ntnu-

xmlui/bitstream/handle/11250/3196541/journal%2BLCA%2Bjapan.pdf?sequence=

1&isAllowed=y 

Börner, M. F., Frieges, M. H., Späth, B., Spütz, K., Heimes, H. H., Sauer, D. U., and Li, 

W. (2022). Challenges of second-life concepts for retired electric vehicle batteries. 

In Cell Reports Physical Science (Vol. 3, Issue 10). Cell Press. 

https://doi.org/10.1016/j.xcrp.2022.101095 

Campbell-Johnston, K., Vermeulen, W. J. V, Reike, D., and Brullot, S. (2020). The 

Circular Economy and Cascading: Towards a Framework. Resources, Conservation 

& Recycling: X, 7, 100038. https://doi.org/10.1016/J.RCRX.2020.100038 

Casals, L. C., García, B. A., Aguesse, F., and Iturrondobeitia, A. (2017). Second life of 

electric vehicle batteries: relation between materials degradation and environmental 

impact. International Journal of Life Cycle Assessment, 22(1), 82–93. 

https://doi.org/10.1007/s11367-015-0918-3 

Casals, L. C., García, B. A., and Canal, C. (2019). Second life batteries lifespan: Rest of 

useful life and environmental analysis. Journal of Environmental Management, 232, 

354–363. https://doi.org/10.1016/J.JENVMAN.2018.11.046 

Cembalo, L., Borrello, M., Luca, A. I. D., Giannoccaro, G., and D’Amico, M. (2020). 
Transitioning Agri-food Systems into Circular Economy Trajectories§. Aestimum, 

2020, 199–218. https://doi.org/10.13128/aestim-8860 

Cetina, K. K. (2007). Culture in global knowledge societies: knowledge cultures and 

epistemic cultures. Interdisciplinary Science Reviews, 32(4), 361–375. 

https://doi.org/10.1179/030801807X163571 

Chen, H., Yang, Y., and Dong, Z. (2025). The effect of product design on recycling 

efficiency of lithium-ion batteries through structural equation modeling and life 

cycle assessment. Scientific Reports 2025 15:1, 15(1), 1–31. 

https://doi.org/10.1038/s41598-025-87663-8 



 

 

84 

Chirumalla, K., Balestrucci, F., Sannö, A., and Oghazi, P. (2024). The transition from a 

linear to a circular economy through a multi-level readiness framework: An 

explorative study in the heavy-duty vehicle manufacturing industry. Journal of 

Innovation and Knowledge, 9(4). https://doi.org/10.1016/J.JIK.2024.100539 

Ciano, M. P., Peron, M., Panza, L., and Pozzi, R. (2025). Industry 4.0 technologies in 

support of circular Economy: A 10R-based integration framework. Computers & 

Industrial Engineering, 201, 110867. https://doi.org/10.1016/J.CIE.2025.110867 

Constable, T. (2019). The Future of Work: the Changing Skills Landscape for Miners A 

report for the Minerals Council of Australia. https://minerals.org.au/wp-

content/uploads/2023/01/The-Future-of-Work-The-Changing-Skills-Landscape-

for-Miners-February-2019.pdf 

Cowan, E., Setsaas, L., and Nørstebø, V. S. (2023). End of life at the top of the world—
stakeholder perspectives for plastics and circular transitions in the Arctic. Journal of 

Environmental Studies and Sciences, 13(4). https://doi.org/10.1007/s13412-023-

00845-6 

Creswell, J. W. (2014). Qualitative Inquiry & Choosing Among Five Approaches 

Research Design (4th Ed.). In SAGE Publications. 

Cura, K. (2016). Lahti Cleantech Annual Review 2016 The publication series of Lahti 

University of Applied Sciences, part 24 Material Efficiency Energy Efficiency 

Sustainable Urban Environment. 

da Silva, E. R., Lohmer, J., Rohla, M., and Angelis, J. (2023). Unleashing the circular 

economy in the electric vehicle battery supply chain: A case study on data sharing 

and blockchain potential. Resources, Conservation and Recycling, 193, 106969. 

https://doi.org/10.1016/J.RESCONREC.2023.106969 

Deutz, P., Vermeulen, W. J. V., Baumgartner, R. J., Ramos, T. B., and Raggi, A. (2024). 

Circular Economy Realities. Routledge. https://doi.org/10.4324/9781003295631 

Dickens, P. (2003). Changing our environment, changing ourselves: Critical realism and 

transdisciplinary research. In Interdisciplinary Science Reviews (Vol. 28, Issue 2). 

https://doi.org/10.1179/030801803225010395 

Ding, Y., Cano, Z. P., Yu, A., Lu, J., and Chen, Z. (2019). Automotive Li-Ion Batteries: 

Current Status and Future Perspectives. Electrochemical Energy Reviews 2019 2:1, 

2(1), 1–28. https://doi.org/10.1007/S41918-018-0022-Z 

Dormeier, C., Mindt, N., Niemeyer, J. F., Asghari, R., and Mennenga, M. (2024). Review 

and framework for the engineering of Business Models for Sustainability: A System 

of Systems perspective. Sustainable Production and Consumption, 51, 1–22. 

https://doi.org/10.1016/J.SPC.2024.08.030 



 

 

85 

Droege, H., Kirchherr, J., Raggi, A., and Ramos, T. B. (2023). Towards a circular 

disruption: On the pivotal role of circular economy policy entrepreneurs. Business 

Strategy and the Environment, 32(3), 1142–1158. https://doi.org/10.1002/bse.3098 

Dubois, A., and Gadde, L.-E. (2002). Systematic combining: an abductive approach to 

case research. Journal of Business Research, 55, 553–560. 

https://doi.org/https://doi.org/10.1016/S0148-2963(00)00195-8 

Dunn, J., Ritter, K., Velázquez, J. M., Kendall, A., and Laurent, A. (2023). Should high-

cobalt EV batteries be repurposed? Using LCA to assess the impact of technological 

innovation on the waste hierarchy. https://doi.org/10.1111/jiec.13414 

Dunn, J., Slattery, M., Kendall, A., Ambrose, H., and Shen, S. (2021). Circularity of 

Lithium-Ion Battery Materials in Electric Vehicles. Environmental Science and 

Technology, 55(8), 5189–5198. https://doi.org/10.1021/ACS.EST.0C07030 

Egbue, O., and Long, S. (2012). Critical issues in the supply chain of lithium for electric 

vehicle batteries. EMJ - Engineering Management Journal, 24(3). 

https://doi.org/10.1080/10429247.2012.11431947 

Eisenhardt, K. M. (1989). Building Theories from Case Study Research. Source: The 

Academy of Management Review, 14(4), 532–550. 

https://doi.org/https://doi.org/10.2307/258557 

Ellen MacArthur Foundation. (2024, August 21). Circular economy principles. 

https://www.ellenmacarthurfoundation.org/circular-economy-principles 

European Commission. (2020a). Circular Economy Action Plan - For a cleaner and more 

competitive Europe. Publications Office of the EU. 

https://op.europa.eu/en/publication-detail/-/publication/45cc30f6-cd57-11ea-adf7-

01aa75ed71a1/language-en 

European Commission. (2020b). Critical Raw Materials Resilience: Charting a Path 

towards greater Security and Sustainability. https://eur-lex.europa.eu/legal-

content/EN/TXT/?uri=CELEX:52020DC0474 

European Commission. (2023a). EU research and innovation support to reduce our 

dependency on materials and accelerate the roll-out of the EU’s strategic net-zero 

technologies. https://research-and-innovation.ec.europa.eu/news/all-research-and-

innovation-news/eu-research-and-innovation-support-reduce-our-dependency-

materials-and-accelerate-roll-out-eus-2023-03-17_en 

European Commission. (2023b). Study on the critical raw materials for the EU 2023 - 

Final report. In Publications Office of the European Union. 

https://doi.org/10.2873/725585 



 

 

86 

European Union. (2023, July 28). Regulation (EU) 2023/1542 of the European 

Parliament and of the Council of 12 July 2023 concerning batteries and waste 

batteries, amending Directive 2008/98/EC and Regulation (EU) 2019/1020 and 

repealing Directive 2006/66/EC. Official Journal of the European Union. https://eur-

lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32023R1542 

European Union. (2024, May 3). Regulation (EU) 2024/1252 of the European Parliament 

and of the Council of 11 April 2024 establishing a framework for ensuring a secure 

and sustainable supply of critical raw materials and amending Regulations (EU) No 

168/2013, (EU) 2018/858, (EU) 2018/1724 and (EU) 2019/1020. Official Journal of 

the European Union. https://eur-lex.europa.eu/legal-

content/EN/TXT/PDF/?uri=OJ:L_202401252 

Ferrara, C., Ruffo, R., Quartarone, E., and Mustarelli, P. (2021). Circular Economy and 

the Fate of Lithium Batteries: Second Life and Recycling. Advanced Energy and 

Sustainability Research, 2(10). https://doi.org/10.1002/AESR.202100047 

Flick, U. W. D. (2018). Observations. The SAGE Handbook of Qualitative Data 

Collection, 314–326. https://doi.org/10.4135/9781526416070 

Forrester, J. W. (1994). System dynamics, systems thinking, and soft OR. System 

Dynamics Review, 10(2–3), 245–256. https://doi.org/10.1002/SDR.4260100211 

Gaustad, G., Krystofik, M., Bustamante, M., and Badami, K. (2017). Circular economy 

strategies for mitigating critical material supply issues. 

https://doi.org/10.1016/j.resconrec.2017.08.002 

Geels, F. W. (2002). Technological transitions as evolutionary reconfiguration processes: 

a multi-level perspective and a case-study. Research Policy, 31, 1257–1274. 

Geels, F. W. (2004). From sectoral systems of innovation to socio-technical systems: 

Insights about dynamics and change from sociology and institutional theory. 

Research Policy, 33(6–7), 897–920. 

https://doi.org/10.1016/J.RESPOL.2004.01.015 

Geels, F. W. (2011). The multi-level perspective on sustainability transitions: Responses 

to seven criticisms. Environmental Innovation and Societal Transitions, 1(1), 24–
40. https://doi.org/10.1016/J.EIST.2011.02.002 

Geels, F. W. (2019). Socio-technical transitions to sustainability: a review of criticisms 

and elaborations of the Multi-Level Perspective. Current Opinion in Environmental 

Sustainability, 39, 187–201. https://doi.org/10.1016/j.cosust.2019.06.009 

Geels, F. W., and Schot, J. (2007). Typology of sociotechnical transition pathways. 

Research Policy, 36(3), 399–417. https://doi.org/10.1016/J.RESPOL.2007.01.003 



 

 

87 

Geels, F. W., Sovacool, B. K., Schwanen, T., and Sorrell, S. (2017). The Socio-Technical 

Dynamics of Low-Carbon Transitions. In Joule (Vol. 1, Issue 3, pp. 463–479). Cell 

Press. https://doi.org/10.1016/j.joule.2017.09.018 

Glöser-Chahoud, S., Huster, S., Rosenberg, S., Baazouzi, S., Kiemel, S., Singh, S., 

Schneider, C., Weeber, M., Miehe, R., and Schultmann, F. (2021). Industrial 

disassembling as a key enabler of circular economy solutions for obsolete electric 

vehicle battery systems. Resources, Conservation and Recycling, 174, 105735. 

https://doi.org/10.1016/J.RESCONREC.2021.105735 

Golroudbary, S. R., Calisaya-Azpilcueta, D., and Kraslawski, A. (2019). The life cycle 

of energy consumption and greenhouse gas emissions from critical minerals 

recycling: Case of lithium-ion batteries. Procedia CIRP, 80, 316–321. 

https://doi.org/10.1016/J.PROCIR.2019.01.003 

Golroudbary, S. R., and Zahraee, S. M. (2015). System dynamics model for optimizing 

the recycling and collection of waste material in a closed-loop supply chain. 

Simulation Modelling Practice and Theory, 53, 88–102. 

https://doi.org/10.1016/J.SIMPAT.2015.02.001 

Gu, T., Zhang, G., Wang, Z., Liu, L., Zhang, L., Wang, W., Huang, Y., Dan, Y., Zhao, 

P., He, Y., and Zhao, D. (2024). Review: The formation, characteristics, and 

resource utilization of lithium slag. Construction and Building Materials, 432. 

https://doi.org/10.1016/j.conbuildmat.2024.136648 

Harper, G., Sommerville, R., Kendrick, E., Driscoll, L., Slater, P., Stolkin, R., Walton, 

A., Christensen, P., Heidrich, O., Lambert, S., Abbott, A., Ryder, K., Gaines, L., and 

Anderson, P. (2019). Recycling lithium-ion batteries from electric vehicles. Nature, 

575(7781), 75–86. https://doi.org/10.1038/S41586-019-1682-5 

Helander, H., and Ljunggren, M. (2023). Battery as a service: Analysing multiple reuse 

and recycling loops. Resources, Conservation and Recycling, 197, 107091. 

https://doi.org/10.1016/J.RESCONREC.2023.107091 

Henry, M., Hoogenstrijd, T., and Kirchherr, J. (2023). Motivations and identities of 

“grassroots” circular entrepreneurs: An initial exploration. Business Strategy and the 

Environment, 32(3), 1122–1141. https://doi.org/10.1002/BSE.3097 

Hermann, R. R., Pansera, M., Nogueira, L. A., and Monteiro, M. (2022). Socio-technical 

imaginaries of a circular economy in governmental discourse and among science, 

technology, and innovation actors: A Norwegian case study. Technological 

Forecasting and Social Change, 183. 

https://doi.org/10.1016/j.techfore.2022.121903 

Hofmann Trevisan, A., Acerbi, F., Dukovska-Popovska, I., Terzi, S., and Sassanelli, C. 

(2024). Skills for the twin transition in manufacturing: A systematic literature 



 

 

88 

review. Journal of Cleaner Production, 474, 143603. 

https://doi.org/10.1016/J.JCLEPRO.2024.143603 

Hofstetter, J. S., De Marchi, V., Sarkis, J., Govindan, K., Klassen, R., Ometto, A. R., 

Spraul, K. S., Bocken, N., Ashton, W. S., Sharma, S., Jaeger-Erben, M., Jensen, C., 

Dewick, P., Schröder, P., Sinkovics, N., Ibrahim, S. E., Fiske, L., Goerzen, A., and 

Vazquez-Brust, D. (2021). From Sustainable Global Value Chains to Circular 

Economy—Different Silos, Different Perspectives, but Many Opportunities to Build 

Bridges. Circular Economy and Sustainability, 1(1), 21. 

https://doi.org/10.1007/S43615-021-00015-2 

Hoogma, R. J. F. (2000). Exploiting Technological Niches: Strategies for Experimental 

Introduction of Electric Vehicles [University of Twente]. 

https://research.utwente.nl/en/publications/exploiting-technological-niches-

strategies-for-experimental-intro/ 

Horner, R., and Nadvi, K. (2018). Global value chains and the rise of the Global South: 

unpacking twenty-first century polycentric trade. Global Networks, 18(2), 207–237. 

https://doi.org/10.1111/GLOB.12180 

Hu, X. (2018). Methodological implications of critical realism for entrepreneurship 

research. Journal of Critical Realism, 17(2). 

https://doi.org/10.1080/14767430.2018.1454705 

Huynh, P. H. (2022). “Enabling circular business models in the fashion industry: the role 
of digital innovation.” International Journal of Productivity and Performance 

Management, 71(3), 870–895. https://doi.org/10.1108/IJPPM-12-2020-0683 

Institute for European Environmental Policy. (2023, October). Circularity and the 

European Critical Raw Materials Act. How coud the CRMA better promote material 

circularity? https://ieep.eu/wp-content/uploads/2023/10/Circularity-and-the-

European-Critical-Raw-Materials-Act-IEEP-2023-1.pdf 

International Energy Agency. (2020). World Energy Balances 2020: Overview. moz-

extension://a1884e51-4eb9-4d31-80b4-ff905bfefeb6/enhanced-

reader.html?openApp&pdf=https%3A%2F%2Fiea.blob.core.windows.net%2Fasse

ts%2F23f096ab-5872-4eb0-91c4-

418625c2c9d7%2FWorld_Energy_Balances_Overview_2020_edition.pdf 

International Energy Agency. (2021). The Role of Critical World Energy Outlook Special 

Report Minerals in Clean Energy Transitions. 

https://iea.blob.core.windows.net/assets/ffd2a83b-8c30-4e9d-980a-

52b6d9a86fdc/TheRoleofCriticalMineralsinCleanEnergyTransitions.pdf 

International Energy Agency. (2023a). Global EV Outlook 2023: Catching up with 

climate ambitions. www.iea.org 



 

 

89 

International Energy Agency. (2023b). Latin America’s opportunity in critical minerals 
for the clean energy transition. https://www.iea.org/commentaries/latin-america-s-

opportunity-in-critical-minerals-for-the-clean-energy-transition 

International Energy Agency. (2025a). Global Critical Minerals Outlook 2025. 

www.iea.org 

International Energy Agency. (2025b). Global EV Outlook 2025: Expanding sales in 

diverse markets. www.iea.org 

Islam, M. T., and Iyer-Raniga, U. (2022). Lithium-Ion Battery Recycling in the Circular 

Economy: A Review. Recycling, 7(3). https://doi.org/10.3390/recycling7030033 

Jackson, M., Lederwasch, A., and Giurco, D. (2014). Transitions in theory and practice: 

Managing metals in the circular economy. Resources, 3(3), 516–543. 

https://doi.org/10.3390/resources3030516 

Jesus, S., Ventura, M., Assunção, R., Gueifão, S., Delgado, I., Rego, A., Ribeiro, M., 

Martins, M., Neves, O., and Coelho, I. (2024). Study around the Barroso mine 

(Portugal): Baseline levels of lithium for assessing future exposure and risks from 

Li mining activity. Food and Chemical Toxicology, 190, 114825. 

https://doi.org/10.1016/J.FCT.2024.114825 

Kamath, D., Shukla, S., Arsenault, R., Kim, H. C., and Anctil, A. (2020). Evaluating the 

cost and carbon footprint of second-life electric vehicle batteries in residential and 

utility-level applications. Waste Management, 113, 497–507. 

https://doi.org/10.1016/J.WASMAN.2020.05.034 

Kaya, M. (2024). Recovery of Lithium from Secondary Resources Recovery of Lithium 

from Secondary Resources: Recycling Technologies of Spent Lithium-Ion Batteries 

(1st Edition). CRC Press. 

Keersemaker, M. (2020). Critical Raw Materials. 69–82. https://doi.org/10.1007/978-3-

030-40268-6_9 

Kemp, R., Schot, J., and Hoogma, R. (1998). Regime shifts to sustainability through 

processes of niche formation: The approach of strategic niche management. 

Technology Analysis & Strategic Management, 10(2), 175–198. 

https://doi.org/10.1080/09537329808524310 

Kirchherr, J., Reike, D., and Hekkert, M. (2017). Conceptualizing the circular economy: 

An analysis of 114 definitions. Resources, Conservation and Recycling, 127, 221–
232. https://doi.org/10.1016/j.resconrec.2017.09.005 

Kirchherr, J., Yang, N. H. N., Schulze-Spüntrup, F., Heerink, M. J., and Hartley, K. 

(2023). Conceptualizing the Circular Economy (Revisited): An Analysis of 221 



 

 

90 

Definitions. Resources, Conservation and Recycling, 194, 107001. 

https://doi.org/10.1016/J.RESCONREC.2023.107001 

Kishita, Y., Boks, C., Proff, M., Uhlig, E., Ahmed, S., Pantelatos, L., Mennenga, M., 

Blömeke, S., Scheller, C., Amasawa, E., and Grimmel, P. (2024). Towards 

Sustainable Circular EV Battery Value Chains: A Review and Comparative Analysis 

Between Germany, Norway, and Japan. International Conference Electronics Goes 

Green 2024+: From Silicon to Sustainability, EGG 2024 - Proceedings. 

https://doi.org/10.23919/EGG62010.2024.10631196 

Kivimaa, P., Laakso, S., Lonkila, A., and Kaljonen, M. (2021). Moving beyond disruptive 

innovation: A review of disruption in sustainability transitions. Environmental 

Innovation and Societal Transitions, 38, 110–126. 

https://doi.org/10.1016/j.eist.2020.12.001 

Klitkou, A., Bolwig, S., Hansen, T., and Wessberg, N. (2015). The role of lock-in 

mechanisms in transition processes: The case of energy for road transport. 

Environmental Innovation and Societal Transitions, 16, 22–37. 

https://doi.org/10.1016/j.eist.2015.07.005 

Korhonen, J., Nuur, C., Feldmann, A., and Birkie, S. E. (2017). Circular economy as an 

essentially contested concept. https://doi.org/10.1016/j.jclepro.2017.12.111 

Krippendorff, K. (2022). Content Analysis: An Introduction to Its Methodology. In 

Content Analysis: An Introduction to Its Methodology. 

https://doi.org/10.4135/9781071878781 

Krishna Mohan, T. V., Pratap, B., Amit, R. K., and Venugopal, S. (2021). A Road Map 

to Sustainable Mobility: Analyzing the Dynamics of Lithium-Ion Battery Recycling. 

2021 IEEE Transportation Electrification Conference, ITEC-India 2021. 

https://doi.org/10.1109/ITEC-INDIA53713.2021.9932513 

Kuhlmann, M., Bening, C. R., and Hoffmann, V. H. (2023). How incumbents realize 

disruptive circular innovation - Overcoming the innovator’s dilemma for a circular 
economy. Business Strategy and the Environment, 32(3), 1106–1121. 

https://doi.org/10.1002/BSE.3109 

Lähdesmäki, S., Hanski, J., and Huttunen-Saarivirta, E. (2023). Insights into Circular 

Economy Potential of Lithium by System Dynamic Modelling of Material Streams. 

Batteries & Supercaps, 6(12), e202300231. 

https://doi.org/10.1002/BATT.202300231 

Larocca, G. M. (2020). Global Value Chains: Lithium in Lithium-ion Batteries for 

Electric Vehicles. 



 

 

91 

Lazarevic, D., Salo, H., and Kautto, P. (2022). Circular economy policies and their 

transformative outcomes: The transformative intent of Finland’s strategic policy 
programme. Journal of Cleaner Production, 379, 134892. 

https://doi.org/10.1016/J.JCLEPRO.2022.134892 

Lèbre, É., Corder, G., and Golev, A. (2017). The Role of the Mining Industry in a Circular 

Economy: A Framework for Resource Management at the Mine Site Level. Journal 

of Industrial Ecology, 21(3), 662–672. https://doi.org/10.1111/JIEC.12596 

Lehtimäki, H., Aarikka-Stenroos, L., Jokinen, A., Jokinen, P., and Kotilainen, J. (2023). 

CATALYSTS IN A SUSTAINABLE CIRCULAR ECONOMY: Directions for 

future research. The Routledge Handbook of Catalysts for a Sustainable Circular 

Economy, 584–588. https://doi.org/10.4324/9781003267492-33 

Liu, D., Gao, X., An, H., Qi, Y., Sun, X., Wang, Z., Chen, Z., An, F., and Jia, N. (2019). 

Supply and demand response trends of lithium resources driven by the demand of 

emerging renewable energy technologies in China. Resources, Conservation and 

Recycling, 145, 311–321. https://doi.org/10.1016/J.RESCONREC.2019.02.043 

Lopez, F. A., Billy, R. G., and Müller, D. B. (2023). Evaluating strategies for managing 

resource use in lithium-ion batteries for electric vehicles using the global MATILDA 

model. Resources, Conservation and Recycling, 193, 106951. 

https://doi.org/10.1016/J.RESCONREC.2023.106951 

López-García, D., Zerbian, T., Cuevas, S., and Moragues-Faus, A. M. (2025). Blurred 

powers, multiple agencies, and discontinuous temporalities. A multi-level 

perspective on bottom-up innovation in agri-food policies. 

https://doi.org/10.1016/j.eist.2025.101002 

Lüdeke-Freund, F., Gold, S., and Bocken, N. M. P. (2019). A Review and Typology of 

Circular Economy Business Model Patterns. Journal of Industrial Ecology, 23(1), 

36–61. https://doi.org/10.1111/JIEC.12763 

Maione, C., Lapko, Y., and Trucco, P. (2022). Towards a circular economy for the plastic 

packaging sector: Insights from the Italian case. Sustainable Production and 

Consumption, 34, 78–89. https://doi.org/10.1016/J.SPC.2022.09.002 

Martinez-Laserna, E., Gandiaga, I., Sarasketa-Zabala, E., Badeda, J., Stroe, D. I., 

Swierczynski, M., and Goikoetxea, A. (2018). Battery second life: Hype, hope or 

reality? A critical review of the state of the art. Renewable and Sustainable Energy 

Reviews, 93, 701–718. https://doi.org/10.1016/J.RSER.2018.04.035 

Mayring, P. (2015). Qualitative Content Analysis: Theoretical Background and 

Procedures. In Approaches to Qualitative Research in Mathematics Education (pp. 

365–380). Springer, Dordrecht. https://doi.org/10.1007/978-94-017-9181-6_13 



 

 

92 

McCaffrey, C., and Poitiers, N. (2024). Making industrial policy work: A case study on 

the European Battery Alliance Academy. Brussels: Bruegel. 

https://www.econstor.eu/handle/10419/294885 

Meadows, D. (2008). Thinking in Systems. Chelsea Green Publishing. 

Meshram, P., Mishra, A., Abhilash, and Sahu, R. (2020). Environmental impact of spent 

lithium ion batteries and green recycling perspectives by organic acids – A review. 

Chemosphere, 242, 125291. 

https://doi.org/10.1016/J.CHEMOSPHERE.2019.125291 

Moreno, M., De los Rios, C., Rowe, Z., and Charnley, F. (2016). A Conceptual 

Framework for Circular Design. Sustainability 2016, Vol. 8, Page 937, 8(9), 937. 

https://doi.org/10.3390/SU8090937 

Morgan, D. (1997). Focus Groups as Qualitative Research. Focus Groups as Qualitative 

Research. https://doi.org/10.4135/9781412984287 

Morseletto, P. (2020). Targets for a circular economy. Resources, Conservation and 

Recycling, 153, 104553. https://doi.org/10.1016/J.RESCONREC.2019.104553 

Nacif, F., and Lacabana, M. (2015). ABC del litio sudamericano (Ediciones del CCC 

Centro Cultural de la Cooperación Floreal Gorini; Universidad Nacional de 

Quilmes, Ed.; 1a ed.). Editorial Atuel y Cara o Ceca. moz-extension://a1884e51-

4eb9-4d31-80b4-ff905bfefeb6/enhanced-

reader.html?openApp&pdf=https%3A%2F%2Fwww.ocmal.org%2Fwp-

content%2Fuploads%2F2019%2F06%2FNacif-Frederico-Miguel-Lacabana-et-al.-

2015.-ABC-del-Litio-Sudamericano-1.pdf 

Nature. (2021). Lithium-ion batteries need to be greener and more ethical. Nature, 

595(7865), 7. https://doi.org/10.1038/D41586-021-01735-Z 

Neligan, A., Baumgartner, R. J., Geissdoerfer, M., and Schöggl, J. P. (2023). Circular 

disruption: Digitalisation as a driver of circular economy business models. Business 

Strategy and the Environment, 32(3), 1175–1188. https://doi.org/10.1002/BSE.3100 

Nurdiawati, A., and Agrawal, T. K. (2022). Creating a circular EV battery value chain: 

End-of-life strategies and future perspective. Resources, Conservation and 

Recycling, 185, 106484. https://doi.org/10.1016/J.RESCONREC.2022.106484 

Nykvist, B., and Whitmarsh, L. (2008). A multi-level analysis of sustainable mobility 

transitions: Niche development in the UK and Sweden. Technological Forecasting 

and Social Change, 75(9), 1373–1387. 

https://doi.org/10.1016/J.TECHFORE.2008.05.006 



 

 

93 

Obaya, M., Murguía, D. I., and Sánchez-López, D. (2024). From local priorities to global 

responses: Assessing sustainability initiatives in South American lithium mining. 

The Extractive Industries and Society, 19, 101509. 

https://doi.org/10.1016/J.EXIS.2024.101509 

OECD. (2025, May 27). How Latin America is strengthening commitment to responsible 

minerals supply chains. https://www.oecd.org/en/blogs/2025/05/how-latin-america-

is-strengthening-commitment-to-responsible-minerals-supply-chains.html 

Olivetti, E. A., Ceder, G., Gaustad, G. G., and Fu, X. (2017). Lithium-Ion Battery Supply 

Chain Considerations: Analysis of Potential Bottlenecks in Critical Metals. Joule, 

1(2), 229–243. https://doi.org/10.1016/J.JOULE.2017.08.019 

Orko, I., and Lavikka, R. (2024). Data Platforms as Tools for Circular Economy. 

EcoDesign for Sustainable Products, Services and Social Systems I, 187–201. 

https://doi.org/10.1007/978-981-99-3818-6_14 

Pagliaro, M., and Meneguzzo, F. (2019). Lithium battery reusing and recycling: A 

circular economy insight. Heliyon, 5(6). 

https://doi.org/10.1016/J.HELIYON.2019.E01866 

Pansera, M. (2013). Innovation system for sustainability in developing countries: The 

renewable energy sector in Bolivia. International Journal of Innovation and 

Sustainable Development, 7(1), 27–45. https://doi.org/10.1504/IJISD.2013.052119 

Picatoste, A., Justel, D., and Mendoza, J. M. F. (2022). Exploring the applicability of 

circular design criteria for electric vehicle batteries. Procedia CIRP, 109, 107–112. 

https://doi.org/10.1016/J.PROCIR.2022.05.222 

Podsakoff, P. M., and MacKenzie, S. B. (1997). Impact of Organizational Citizenship 

Behavior on Organizational Performance: A Review and Suggestion for Future 

Research. Human Performance, 10(2), 133–151. 

https://doi.org/10.1207/S15327043HUP1002_5 

Potting, J., Hekkert, M., Worrell, E., and Hanemaaijer, A. (2017). Circular Economy: 

Measuring Innovation in the Product ChainDUCT CHAIN Policy Report. moz-

extension://a1884e51-4eb9-4d31-80b4-ff905bfefeb6/enhanced-

reader.html?openApp&pdf=https%3A%2F%2Fwww.pbl.nl%2Fuploads%2Fdefaul

t%2Fdownloads%2Fpbl-2016-circular-economy-measuring-innovation-in-product-

chains-2544.pdf 

Poutanen, J. (2021). Socio-technical transitions theory : A multi-level and change-

oriented perspective on organisational space. In A Handbook of Management 

Theories and Models for Office Environments and Services (pp. 53–64). Routledge. 

https://doi.org/10.1201/9781003128786-5 



 

 

94 

Quinteros-Condoretty, A. R., Albareda, L., Barbiellini, B., and Soyer, A. (2020). A Socio-

technical Transition of Sustainable Lithium Industry in Latin America. Procedia 

Manufacturing, 51, 1737–1747. https://doi.org/10.1016/J.PROMFG.2020.10.242 

Quinteros-Condoretty, A. R., Golroudbary, S. R., Albareda, L., Barbiellini, B., and Soyer, 

A. (2021). Impact of circular design of lithium-ion batteries on supply of lithium for 

electric cars towards a sustainable mobility and energy transition. Procedia CIRP, 

100, 73–78. https://doi.org/10.1016/J.PROCIR.2021.05.012 

Quinteros-Condoretty, A. R., Laukkanen, M., Kainiemi, L., Pinto, S. M., Lourenço, E. J., 

Oliveira, L., Albareda, L., and Barbiellini, B. (2025). Conceptual model for 

extending electric vehicle battery lifetime. Resources, Conservation and Recycling, 

212, 107943. https://doi.org/10.1016/J.RESCONREC.2024.107943 

Ragonnaud, G. (2023). Securing Europe’s supply of critical raw materials. EPRS 

European Parliamentary Research Service, 1–12. 

https://www.europarl.europa.eu/RegData/etudes/BRIE/2023/739394/EPRS_BRI(2

023)739394_EN.pdf 

Ramirez Velazquez, L. E., Muhr, H., and Ramirez Velazquez, L. E. (2025). Lithium 

recovery from secondary sources: A review in battery recycling with emphasis on 

chemical precipitation. Comptes Rendus. Chimie, 27, 1–9. 

https://doi.org/10.5802/crchim.316 

Reike, D., Hekkert, M. P., and Negro, S. O. (2023). Understanding circular economy 

transitions: The case of circular textiles. Business Strategy and the Environment, 

32(3), 1032–1058. https://doi.org/10.1002/BSE.3114 

Reike, D., Vermeulen, W. J. V, and Witjes, S. (2018). The circular economy: New or 

Refurbished as CE 3.0? — Exploring Controversies in the Conceptualization of the 

Circular Economy through a Focus on History and Resource Value Retention 

Options. Resources, Conservation and Recycling, 135, 246–264. 

https://doi.org/10.1016/J.RESCONREC.2017.08.027 

Rezaei, M., Nekahi, A., Feyzi, E., Kumar M R, A., Nanda, J., and Zaghib, K. (2025). 

Advancing the circular economy by driving sustainable urban mining of end-of-life 

batteries and technological advancements. 

https://doi.org/10.1016/j.ensm.2025.104035 

Rittershaus, P., Aryan, V., and Renner, M. (2025). Systematic Review on Barriers, 

Enablers, and Interdependencies: Sectoral Challenges and Opportunities Towards 

Adoption of Circular Practises in the Mobile-Phone Industry. Wiley Interdisciplinary 

Reviews: Energy and Environment, 14(2), e70006. 

https://doi.org/10.1002/WENE.70006 



 

 

95 

Rizos, V., and Urban, P. (2024a). Barriers and policy challenges in developing circularity 

approaches in the EU battery sector: An assessment. Resources, Conservation and 

Recycling, 209. https://doi.org/10.1016/j.resconrec.2024.107800 

Rizos, V., and Urban, P. (2024b). Implementing the EU Digital Battery Passport CEPS 

in-depth analysis: opportunities and challenges for battery circularity. 

Roberts, C., and Geels, F. W. (2019). Conditions and intervention strategies for the 

deliberate acceleration of socio-technical transitions: lessons from a comparative 

multi-level analysis of two historical case studies in Dutch and Danish heating. 

Technology Analysis & Strategic Management, 31(9), 1081–1103. 

https://doi.org/10.1080/09537325.2019.1584286 

Rogge, K. S., and Reichardt, K. (2016). Policy mixes for sustainability transitions: An 

extended concept and framework for analysis. Research Policy, 45(8), 1620–1635. 

https://doi.org/10.1016/J.RESPOL.2016.04.004 

Sayer, A. (1984). Method in social science: a realist approach. Method in Social Science: 

A Realist Approach. https://doi.org/10.2307/2070081 

Sayer, A. (2000). Realism and Social Science. SAGE Publications Ltd. 

https://doi.org/10.4135/9781446218730 

Schoppek, D. E. (2021). How do we research possible roads to alternative futures? 

Theoretical and methodological considerations. Journal of Critical Realism, 20(2). 

https://doi.org/10.1080/14767430.2021.1894908 

Schreier, M. (2012). Qualitative Content Analysis in Practice. In Qualitative Content 

Analysis in Practice (First Edition). SAGE Publications Ltd. 

https://doi.org/10.4135/9781529682571 

Schultz, F. C., Valentinov, V., Kirchherr, J., Reinhardt, R. J., and Pies, I. (2024). 

Stakeholder governance to facilitate collaboration for a systemic circular economy 

transition: A qualitative study in the European chemicals and plastics industry. 

Business Strategy and the Environment, 33(3). https://doi.org/10.1002/bse.3592 

Shahjalal, M., Roy, P. K., Shams, T., Fly, A., Chowdhury, J. I., Ahmed, M. R., and Liu, 

K. (2022). A review on second-life of Li-ion batteries: prospects, challenges, and 

issues. Energy, 241, 122881. https://doi.org/10.1016/J.ENERGY.2021.122881 

Sikandar, M., and Chaudary, A. (2025). Lithium dreams, local struggles: Navigating the 

geopolitics and socio-ecological costs of a low-carbon future. 

https://doi.org/10.1016/j.erss.2025.103952 

Sorrell, S. (2018). Explaining sociotechnical transitions: A critical realist perspective. 

Research Policy, 47(7). https://doi.org/10.1016/j.respol.2018.04.008 



 

 

96 

Sovacool, B. K., Ali, S. H., Bazilian, M., Radley, B., Nemery, B., Okatz, J., and 

Mulvaney, D. (2020). Sustainable minerals and metals for a low-carbon future. 

Science, 367(6473), 30–33. https://doi.org/10.1126/science.aaz6003 

Spina, D., Borrello, M., Selvaggi, R., Chinnici, G., Hamam, M., Cembalo, L., and 

D’Amico, M. (2025). Transitioning towards a circular economy agri-food model: 

strategies to move from goals to objectives in the olive oil sector. Journal of Cleaner 

Production, 520, 146130. https://doi.org/10.1016/J.JCLEPRO.2025.146130 

Stahel, W. R. (2016). The circular economy. Nature 2016 531:7595, 531(7595), 435–
438. https://doi.org/10.1038/531435a 

Sun, X., Hao, H., Hartmann, P., Liu, Z., and Zhao, F. (2019). Supply risks of lithium-ion 

battery materials: An entire supply chain estimation. Materials Today Energy, 14, 

100347. https://doi.org/10.1016/J.MTENER.2019.100347 

Sun, X., Hao, H., Zhao, F., and Liu, Z. (2019). The Dynamic Equilibrium Mechanism of 

Regional Lithium Flow for Transportation Electrification. Environmental Science 

and Technology, 53(2), 743–751. 

https://doi.org/10.1021/ACS.EST.8B04288/SUPPL_FILE/ES8B04288_SI_001.PD

F 

Systemiq. (2023). Battery Passport Content Guidance-Executive Summary-Achieving 

compliance with the EU Battery Regulation and increasing sustainability and 

circularity Version 1.1 / December 2023 Superseded by DIN-DKE-SPEC 99100. 

Talens Peiró, L., Villalba Méndez, G., and Ayres, R. U. (2013). Lithium: Sources, 

production, uses, and recovery outlook. JOM, 65(8), 986–996. 

https://doi.org/10.1007/s11837-013-0666-4 

Timmermans, S., and Tavory, I. (2012). Theory Construction in Qualitative Research: 

From Grounded Theory to Abductive Analysis. 

Http://Dx.Doi.Org/10.1177/0735275112457914, 30(3), 167–186. 

https://doi.org/10.1177/0735275112457914 

Tripathy, A., Bhuyan, A., Padhy, R. K., Kumar Mangla, S., and Roopak, R. (2023). 

Drivers of lithium-ion batteries recycling industry toward circular economy in 

industry 4.0. Computers & Industrial Engineering, 179, 109157. 

https://doi.org/10.1016/J.CIE.2023.109157 

United Nations. (2018). Regional agreement on access to information, public 

participation and justice in environmental matters in Latin America and The 

Caribbean. moz-extension://a1884e51-4eb9-4d31-80b4-ff905bfefeb6/enhanced-

reader.html?openApp&pdf=https%3A%2F%2Ftreaties.un.org%2Fdoc%2FTreaties

%2F20https://treaties.un.org/pages/viewdetails.aspx?src=treaty&mtdsg_no=xxvii-

18&chapter=27&clang=_en 



 

 

97 

U.S. Geological Survey. (2015). Mineral Commodity Summaries. https://d9-wret.s3-us-

west-2.amazonaws.com/assets/palladium/production/mineral-pubs/lithium/mcs-

2015-lithi.pdf 

U.S. Geological Survey. (2025). Lithium. Mineral Commodity Summaries 2025. 

https://pubs.usgs.gov/periodicals/mcs2025/mcs2025-lithium.pdf 

Vega-Muratalla, V. O., Ramírez-Márquez, C., Lira-Barragán, L. F., and Ponce-Ortega, J. 

M. (2024). Review of Lithium as a Strategic Resource for Electric Vehicle Battery 

Production: Availability, Extraction, and Future Prospects. Resources, 13(11). 

https://doi.org/10.3390/RESOURCES13110148 

Velázquez-Martínez, O., Valio, J., Santasalo-Aarnio, A., Reuter, M., and Serna-Guerrero, 

R. (2019). A critical review of lithium-ion battery recycling processes from a circular 

economy perspective. Batteries, 5(4). https://doi.org/10.3390/BATTERIES5040068 

Velenturf, A. P. M., Archer, S. A., Gomes, H. I., Christgen, B., Lag-Brotons, A. J., and 

Purnell, P. (2019). Circular economy and the matter of integrated resources. Science 

of The Total Environment, 689, 963–969. 

https://doi.org/10.1016/J.SCITOTENV.2019.06.449 

Vera, M. L., Torres, W. R., Galli, C. I., Chagnes, A., and Flexer, V. (2023). 

Environmental impact of direct lithium extraction from brines. Nature Reviews 

Earth & Environment 2023 4:3, 4(3), 149–165. https://doi.org/10.1038/s43017-022-

00387-5 

Virmani, N., Agarwal, V., Karuppiah, K., Agarwal, S., Raut, R. D., and Kumar Paul, S. 

(2023). Mitigating barriers to adopting electric vehicles in an emerging economy 

context. Journal of Cleaner Production, 414, 137557. 

https://doi.org/10.1016/j.jclepro.2023.137557 

Wesselkämper, J., Dahrendorf, L., Mauler, L., Lux, S., and von Delft, S. (2024). A battery 

value chain independent of primary raw materials: Towards circularity in China, 

Europe and the US. Resources, Conservation and Recycling, 201, 107218. 

https://doi.org/10.1016/J.RESCONREC.2023.107218 

Wesselkämper, J., and von Delft, S. (2024). Current status and future research on circular 

business models for electric vehicle battery recycling. In Resources, Conservation 

and Recycling (Vol. 206). Elsevier B.V. 

https://doi.org/10.1016/j.resconrec.2024.107596 

Wolf, A., Nagler, F., Daubinger, P., Neef, C., Mandel, K., Flegler, A., and Giffin, G. A. 

(2024). Circular battery design: investing in sustainability and profitability. Energy 

& Environmental Science, 17(22), 8529–8544. https://doi.org/10.1039/D4EE03418J 



 

 

98 

Wrålsen, B., Prieto-Sandoval, V., Mejia-Villa, A., O’Born, R., Hellström, M., and 

Faessler, B. (2021). Circular business models for lithium-ion batteries - 

Stakeholders, barriers, and drivers. Journal of Cleaner Production, 317. 

https://doi.org/10.1016/j.jclepro.2021.128393 

Wu, B. (2024). Addressing the battery talent shortage with interdisciplinarity. Nature 

Energy 2024 9:9, 9(9), 1044–1045. https://doi.org/10.1038/s41560-024-01576-w 

Wynn, D., and Williams, C. K. (2012). Principles for conducting critical realist case study 

research in information systems1. MIS Quarterly: Management Information 

Systems, 36(3). https://doi.org/10.2307/41703481 

Yalçın, N. G., and Foxon, T. J. (2021). A systemic approach to transitions towards 

circular economy: The case of Brighton and Hove. Cleaner Environmental Systems, 

3, 100038. https://doi.org/10.1016/J.CESYS.2021.100038 

Yang, X., Zhang, H., Liu, Q., and Jiang, G. (2025). The Li-ion battery industry and its 

challenges. Nature Reviews Chemistry 2025, 1–2. https://doi.org/10.1038/s41570-

025-00742-2 

Zeng, A., Chen, W., Rasmussen, K. D., Zhu, X., Lundhaug, M., Müller, D. B., Tan, J., 

Keiding, J. K., Liu, L., Dai, T., Wang, A., and Liu, G. (2022). Battery technology 

and recycling alone will not save the electric mobility transition from future cobalt 

shortages. Nature Communications 2022 13:1, 13(1), 1–11. 

https://doi.org/10.1038/s41467-022-29022-z 

Zhang, T. (2023). Critical Realism: A Critical Evaluation. Social Epistemology, 37(1). 

https://doi.org/10.1080/02691728.2022.2080127 

  



 

 

 

 

 

 

Publication I 

 

Quinteros-Condoretty, A. R., Albareda, L., Barbiellini, B., and Soyer, A. 

A Socio-Technical Transition of Sustainable Lithium Industry in Latin America 

 

Reprinted with permission from 

Procedia Manufacturing 

Vol. 51, pp. 1737-1747, 2020 

© 2020, Elsevier Ltd. 

 

  





http://crossmark.crossref.org/dialog/?doi=10.1016/j.promfg.2020.10.242&domain=pdf


1738	 America Rocio Quinteros-Condoretty  et al. / Procedia Manufacturing 51 (2020) 1737–1747
1738 America Rocio Quinteros-Condoretty et al. / Procedia Manufacturing 51 (2020) 1737–1747 

one hand, there exist uncertainties about how these newly 
elected governments will determine the future of the lithium 
industry and the effects that these new paths may cause; on the 
other hand, there is uncertainty about the main actors’ dynamics 
in this industry, both nationally and globally, and the 
achievement of sustainable mobility systems [11, 12].  

Therefore, LT countries have a sensible role in the global 
lithium industry and a successful EV transition. This paper aims 
to analyse two different scenarios or paths that arise by applying 
the socio-technical transition theory (STT) [13] to the study of 
a sustainability transition to the lithium industry in the three 
Latin America countries. To this end, the paper analyses 
secondary data and presents an overview of the ongoing 
development of niches in the lithium industry within the LT 
countries of Argentina, Chile and Bolivia.  

In this paper, we adopt the concept of the lithium industry 
system (LIS) by identifying the most important actors in the 
lithium industry throughout the whole value chain – that is, the 
producing countries, processing industries, manufacturing 
industries, the sustainable energy and automotive industries – 
and the dynamics within and between them. In this paper, we 
mainly study the first stage of the lithium value chain in the LT 
countries: the mining and processing industry and the 
international export of critical materials. 

This article is arranged as follows. Section 2 gives an 
overview of the STT. Section 3 describes the current lithium 
industry in the LT, including the general geopolitical context 
and governance arrangements. Section 4 discusses the global 
lithium market and economic impacts. Section 5 explores a 
multilevel perspective (MLP) in the LT countries including a 
description of the landscape, regime and niche. Section 6 
studies two possible future scenarios in the LT countries and 
suggests challenges for the industry. Lastly, the conclusions of 
the study are presented. 

 
Nomenclature 

EV Electric Vehicle 
LIS Lithium Industry System 
LT Lithium Triangle 
MLP Multilevel Perspective 
PPP Public Private Partnership 
SOE State Owned Enterprise  
STT Socio-technical Transition 

2. Socio-technical Transition Theory: Multilevel 
Perspective 

STT studies the co-evolution of social and technological 
relationships in transitions towards a sustainable system of 
production and consumption in our globalized society as part of 
a sustainable and low-carbon economy [13]. STT is based on 
evolutionary economics, the sociology of innovation and neo-
institutional theory [14]. Socio-technical transitions require an 
MLP that emphasizes the core driver of radical innovations – 
supporting socio-technical transitions – which is fostered by 
multiple social groups (e.g. consumers, firms, governments, 
researchers, media, investors, social movements) that engage 

and support multiple and diverse activities at different levels, 
including the transformation or reconfiguration of institutional 
norms, economic rules, political issues, social and cultural 
rules, industrial and production systems and expectations [15, 
16].  

The MLP is a framework that conceptualizes the dynamics 
and connections between technology and society. This tool 
considers three different levels of analysis: the socio-technical 
landscape (top level), the socio-technical regime (middle level) 
and the technological and innovation niches (bottom level) [13, 
17]. 

The socio-technical landscape represents an exogenous 
environment that directly influences the regime, where changes 
occur slowly over the decades [15].  

The socio-technical regime consists of three different 
components: the socio-technical system, actors and a set of 
rules [18]. First, the socio-technical system refers to all 
elements related to production, distribution and usage of 
technology [16]. Second, the actors are groups of organizations 
or social groups. Lastly, the rules are present in three different 
forms, being regulative (technical standards, government 
subsidies), cognitive (priorities, beliefs, paradigms; they make 
designers follow specific directions) and normative (values, 
norms, perceptions, expectations) [17]. At this middle level, 
only incremental innovations are developed.  

The technological niches are the ones where radical 
innovations emerge and break the pattern of incremental ones 
occurring in the existing regime [16]. 

Geels and Schot [15] identified four transition pathways that 
complement this analysis: transformation, technological 
substitution, reconfiguration and de-alignment and re-
alignment. In the first pathway, transformation, regime actors 
and social movements are the main actors who adjust regime 
rules, where innovations in technological niches are not yet 
sufficiently developed. In the technological substitution 
pathway, niche innovations have been abundantly developed by 
the main actors in the transition: incumbent firms versus new 
firms. In the reconfiguration scenario, regime actors and 
suppliers changing the basic architecture of the regime adopt a 
symbiotic innovation developed in the niches. Finally, in the 
de-alignment and re-alignment pathway, two possible 
scenarios can occur: if the landscape change is abrupt and 
causes struggles between the regime actors, de-alignment 
results, or if there is a dominant innovation forming a new 
regime, re-alignment occurs. 

In this paper, we apply this theory to understand the socio-
technical and economic transition of a sustainable LIS. We 
mainly focus on the first stage: the lithium mining and 
processing industry based in the three Lithium Triangle 
countries. 

3. The Lithium Industry in Chile, Argentina and Bolivia 

Regarding the socio-technical approach, we first study the 
politics of the three LT countries, including the geopolitical 
context, lithium extraction, processing and international 
commercialization. Therefore, in each country we study 
national policies and governance arrangements between the 
governments and lithium companies.  
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3.1. General geopolitical context 

There are two main reasons for considering lithium deposits 
in the LT in South America as a strategic resource and a 
geopolitical advantage: (i) the geological nature of the type of 
lithium source and (ii) the capacity in terms of global volume 
reserves. 

At the global level, lithium for commercial export is mainly 
obtained from two types of sources: hard rocks and brine [1, 2, 
16]. Hard rock deposits are mostly located in Australia and 
China, which respectively hold 7.7 and 4.5 million tonnes or 
12% and 7% of the worldwide lithium reserves [4]. It is 
estimated that hard rock deposits account for approximately 
32%, whereas brine rock deposits comprise 46% of the global 
lithium sources [2]. Brine sources of lithium are more attractive 
than rocks because they allow for obtaining lithium carbonate 
with the purity degree demanded for the production of lithium-
ion batteries and generate low production and environmental 
costs compared to conventional mineral methods [1].  

Argentina, Bolivia and Chile are in possession of brine 
reserves of lithium. Brine deposits of lithium in South America 
are located in high-altitude salt flats, making these three 
countries the most significant actors in this industry. According 
to the U.S. Geological Survey, about 52% of the world’s 
deposits of lithium are located in this area. Although most of 
the lithium reserves are in Argentina, which holds about 14.8 
million tonnes (23% of the total), Bolivia and Chile respectively 
occupy the second and third places with 9 and 8.5 million 
tonnes, covering the 14.5% and 13.7% of the worldwide 
reserves of lithium [4] (see Fig. 1).  

Fig. 1: Global lithium reserves in 2019 [4]. 
 
Chile and Argentina also play an important role in the 

production of lithium carbonate as part of the global lithium 
industry, respectively occupying the second and fourth places 
globally. The world’s first lithium producer is Australia (60%), 
followed by Chile (19%), China (9%) and Argentina (7%) [4] 
(see Figs. 2 and 3). Table 1 describes general indicators of the 
LT countries. 

Fig. 2: Main global lithium producers [4] 

Fig. 3: Global lithium production in thousand tonnes [4]. 

Table 1. General indicators of the Lithium Triangle countries 

Characteristic Argentina Bolivia Chile 

Population [hab.]a 
Indigenous population [%]b 
Territory [km2] 
Lithium reserves [106 tons]c 

44,494,502 
2.4 

3,761,274 
14.8 

11,353,142 
48.0 

1,098,581 
9.0 

18,729,160 
12.8 

2,006,096 
8.5 

Sources: Constructed by the authors from World Bank, INE Bolivia, INE 
Chile, INDEC Argentina, US Geological Survey a2018, b2017, c2019. 

3.2. National policies regarding lithium extraction, processing 
and commercialization 

Chilean and Argentinian lithium mines are leased to 
multinational corporations. Thus, the governments of these 
countries have allowed private companies to exploit and 
process the lithium. The corporations control the extraction 
process of the raw material and export lithium without treating 
it. In the case of Chile, the country’s law classifies lithium as a 
strategic resource, not allowing concessions [19]. In 2014, 
former Chilean president Bachelet established a National 
Lithium Commission (CNL) to propose a national policy and 
administration for this metal. However, Piñera’s government 
(2010–2014) promoted a Special Lithium Operation Contract 
(CEOL) to allow exploration, exploitation and an extraction 
quota of up to 100,000 tonnes of metallic lithium to 
multinational companies [20, 21].  

Argentina differs from the other LT countries by not 
engaging in discussions about the so-called national 
development of lithium [1]. However, given that Argentina has 
a federal system of administration, even though there is no 
specific regulation in the mining code with respect to lithium, 
this metal is considered a strategic resource in some provinces, 
such as Jujuy, Salta and Catamarca [19]. 

In contrast, in the case of Bolivia, Movement for Socialism 
(MAS), the political party led by former president Evo Morales, 
opted for a strategy that would take advantage of the extra effort 
required for lithium extraction. In 2014, the Bolivian parliament 
declared lithium reserves as strategic resources. Currently, 
unlike its neighbours, Bolivia does not restrict the export of 
lithium as raw material but plans to have control over the entire 
production chain. The goal is to play a key role in the process 
of adding value to lithium. The Bolivian state wants to carry out 
the extraction process and subsequent processes needed to 
obtain derivative materials and/or batteries as the final 
products. Bolivia signed contracts with China and Germany at 
the end of 2018. In 2019, Bolivia completed its first pilot project 
with a plant for the production of batteries and for the 
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manufacturing of the first Bolivian EV with the aim of 
exporting the first lithium battery to Germany in 2023 [19]. 

3.3. Exploitation and governance arrangements for the lithium 
industry 

Scholars investigating lithium companies and projects in 
Latin America have underlined the presence of two kinds of 
partnerships or governance arrangements between governments 
and private or public companies [22]. 

Table 2. Lithium suppliers at the global level [26, 27, 29] 

Company Country Place of Operations 
Albemarle Corporation 
 

USA 
 

Silver Peak, USA 
Salar de Atacama, Chile 

FMC Corporation USA 
 

Salar del Hombre 
Muerto, Argentina 

SQM 
  Tianqi Lithium Corp (24%) 

Chile 
China 

Salar de Atacama, Chile 
 

Minera Exar (Joint Venture) 
  Lithium Americas (62.5%) 
  Ganfeng Lithium (37.5%) 
  JEMSE (8%) 

Argentina 
Canada 
China 
Argentina 

Salar Olaroz-Cauchari, 
Argentina 
 

YLB Bolivia Salar de Uyuni 

Table 3. Legal framework for the lithium industry in the LT [19, 28, 36, 37] 

Law Scope Main Description 

Law No. 928 - Law of the 
National Strategic Public 
Company of Bolivian Lithium 
Deposits – YLB 

Bolivia 
2017 
 

Extraction SOE (100% 
participation of the state) 
Industrialization PPP (with 
major participation of the state) 

Law No. 535 - Mining and 
Metallurgy Law. 

Bolivia 
2014 

Article 26 declares Lithium as a 
strategic resource 

Bolivia (Plurinational State 
of)’s Constitution  
 

Bolivia 
2009 
 

Article 348 states that natural 
resources are of strategic 
character and of public 
importance for development. 
Article 349 declares that natural 
resources property and 
management correspond to the 
State. 

Law No. 5,674 - Declares 
strategic natural resource 
generating the economic 
development of the Province 
of Jujuy to mineral reserves 
that contain lithium. 

Argentina, 
Jujuy 
2011 
 

Lithium is recognized as a 
strategic resource for Jujuy 
Province of Argentina 
 

Decree No. 16 - Establishes 
requirements and conditions 
of the special operation 
contract for the exploration, 
exploitation and benefit of 
lithium deposits. 

Chile 
2012 
 

National and international 
public biddings are possible for 
this purpose. 
 

The United Nations 
Declaration on the Rights of 
Indigenous People (UNDRIP) 

Interna-
tional 
2008 
 

Article 19 declares that before 
implementing any legislative or 
administrative measure that 
affects indigenous 
communities, state 
governments have to consult 
and cooperate with them in 
good faith. 

C169 - Indigenous and Tribal 
Peoples Convention, 1989 
(No. 169) 

Interna-
tional  
1989 

Consultations should be carried 
out before any approval for 
exploration or exploitation to 
seek the opinion of the 
indigenous peoples binding 
with the whole process of 
approval of the activity 

 

First, public private partnership (PPP) is a configuration 
where the management of public institutions is transferred to 
the private sector [29]. Therefore, PPP brings the public and 
private sectors together in a long-term partnership with the aim 
of using the private sector’s economies of scale, know-how and 
managerial skills to support more effectively the public sector’s 
service or infrastructure [30]. This is the case in Chile and 
Argentina, where lithium mining activities are conducted by 
PPP arrangements or by multinationals: SQM and Albemarle 
operate in Chile and FMC Lithco operates in Argentina (see 
Table 2). The main function of PPP is to be a mechanism for 
sharing risk, where the exploration and exploitation operations 
of lithium deposits in the salt flats are carried out by 
multinationals [22–24]. 

Second, state-owned enterprise (SOE) represents an 
arrangement where the ownership is completely taken over by 
the state. This is the case for Bolivia’s public company, 
Yacimientos de Litio Bolivianos (YLB). Two articles of the 
Bolivian constitution promote SOE as the management 
arrangement for lithium as a strategic resource [13, 15] (see 
Table 3). The main functioning of SOE is that the state 
exercises total ownership of YLB as a corporate entity 
recognized by national law. Consequently, under the current 
Bolivian law, while the industrialization of lithium is not under 
an SOE arrangement, the exploration and exploitation 
operations of lithium as a raw material can only be carried out 
by YLB. 

4. Global Lithium Industry and Global Markets 

4.1. Global players in the lithium industry 

The global lithium supply is in the hands of a few companies 
that are the main players in the global lithium industry as raw 
material suppliers for the manufacturing of products that enable 
the electrification and energy transition (see Table 2) [26, 27, 
29].  

The main firms in the global lithium supply chain are 
Albemarle Corporation with headquarters in North Carolina, 
USA, FMC Corporation with headquarters in Pennsylvania, 
USA, Sociedad Quimica y Minera de Chile (SQM) with 
headquarters in Santiago de Chile, Lithium Americas with 
headquarters in Vancouver, Canada, and Ganfeng Lithium with 
headquarters in Sinyu, China. All of these firms have a strong 
presence in Latin America. However, the concentration of the 
global mining market in a few global companies generates a 
lack of transparency [25]. Moreover, Tianqi Lithium Corp 
owns a 24% stake in SQM [31]. Therefore, the main 
characteristic of the industry in which lithium is produced from 
brine deposits is the concentration of production in few large 
companies from the United States, China and Canada [23–25]. 

Since a few companies dominate lithium production 
worldwide, there is an oligopoly in the supply of lithium, and 
therefore, transparency is lacking regarding lithium market 
prices. Indeed, as lithium is not traded in the market, the real 
prices are set under strict confidentiality [25].  

Lithium prices in the current market depend on two main 
factors: the type of lithium chemical being traded (i.e. typically 
lithium carbonate and lithium hydroxide) and the chemical 
quality of the lithium content and impurities. According to 
lithium market experts [32], as the mine supply increases and 
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demand intensifies due to the battery industry, the lithium 
sector requires a reference price that boosts capital investments 
for new lithium miners. However, there is resistance from 
major players in the lithium market (e.g. Albemarle and SQM). 
They believe that setting a price for lithium is not so easy, as 
lithium is sold in innumerable forms and qualities according to 
the usage area. Therefore, the product complexity of lithium is 
a limitation for arriving at a standardized market place. 

4.2. Global supply chain, technological innovation: Market 
prices and lithium demand 

Overall, lithium mining technologies and production have 
been increasing over the decades. This demand is due to the 
role that lithium plays in the manufacturing of EVs. 
Furthermore, this increase is mainly due to the global policy 
regulations that are promoting the transition of the energy 
matrix. 

Lithium producers are affected directly by the dynamic and 
challenging conditions of the market. Lithium demand directly 
depends on the EV market. Therefore, the dynamics of the 
demand for EV instantly affects the upstream players in the 
supply chain of raw materials used to manufacture EVs. Clear 
evidence of this impact can be observed in the dynamics of the 
market caused by China’s policy changes regarding EV 
subsidies. China is the world’s largest EV market, and while it 
boosted the EV industry in 2009 by subsidizing EV purchases, 
in June 2019, it implemented a 50% cut in subsidies for EV 
purchases with less than 250 km of range, causing an 
immediate EV price increase and, consequently, layoffs and 
cutbacks of many manufacturers as well as trouble for start-ups  
[33, 34]. As a result, a global lithium oversupply occurred, 
causing a decline in the price of lithium and directly affecting 
lithium producers (see Fig. 4). The drop in lithium prices was 
also affected by the fast growth in production globally (in the 
case of Chile’s SQM) as well as social unrest [35]. 

It is important to highlight that lithium prices fell in 2019 
due to oversupply in the global markets while the use and 
adoption of EVs slowed. Another major factor in the decline in 
lithium prices is the new mine supply; investors expect that new 
production from Argentina, Australia and Chile could add 
500,000 tonnes of lithium to the market per year by 2025 [36].  

Fig. 4: Lithium price in US$ per kilogram [4] 

5. Socio-technical Transition: The Lithium Industry in 
Lithium Triangle Countries 

Regarding the socio-technical approach to sustainability, 
we study the lithium mining and processing regime, main 

stakeholders and technological innovation based on the three 
countries. The main goal is to analyse niche dynamics and 
developments. 

5.1. Lithium mining and processing regime 

The socio-technical regime of Latin America’s LT is 
composed of a set of technologies, public policies, market 
practices and actor interactions. In this study, the lithium 
regime analysis comprises the interactions occurring both at the 
regional and national levels within the LT countries. The 
current regime is characterized by recent policy shifts at the 
national level, with governments seeking to ensure the most 
profitable way to boost their lithium mining activities towards 
the electrification of the global energy matrix. 

Several laws at the national and international levels make up 
the regulatory framework for the lithium extraction 
arrangements in the LT countries. At the international level, 
regulations promoting the usage of electric cars and the global 
objective to reduce CO2 emissions are boosting national and 
international investments in lithium mining projects. The Paris 
Agreement on Climate Change, UNFCCC (2016), includes 
sustainable mobility and clean transports as a main goal to 
strengthen the global response to climate change and reduce 
greenhouse gas (GHG) emissions. It includes the Paris 
Declaration on Electro-Mobility and Climate Change & Call 
to Action [37] that engages collective commitments to joint 
efforts to increase electro-mobility to levels compatible with a 
less-than 2-degree pathway. Partners must commit to 
sustainable transport electrification such that at least 20% of all 
road vehicles are to be electrically powered by 2030. It is a 
partnership between the United Nations (UN) and UN 
Environment Programme (UNEP) in close coordination with 
the Paris Process on Mobility and Climate, the International 
Energy Agency and other private partners, such as large hybrid 
and EV corporations, foundations and city-based initiatives. 

At the national level, there are different corresponding 
approaches at each LT country. For example, all LT countries 
have declared lithium as a strategic resource, but the regulatory 
configuration is different in nature in each of them, as described 
in Table 3. Moreover, in the case of the LT, two extraction 
projects – one located in the “Salar de Atacama” in Chile, and 
the other in the “Salar del Hombre Muerto” in Argentina – 
account for more than 50% of the total global production for 15 
years [1].  

In the case of Chile, Decree No. 16 specifies the nature of 
national and international public biddings for the exploitation 
of lithium. Argentina is a federal state composed of 23 
autonomous provinces that have their own constitutions. That 
is why lithium has been declared a strategic resource at the 
provincial level (e.g. Jujuy province), where mining activities 
are carried out by joint ventures with multinationals [27]. 
Finally, in the case of Bolivia, two Articles of the Bolivian 
constitution force an SOE (the management arrangement for 
lithium) as a strategic resource [19, 28]. 

Previous studies have underlined that environmental issues 
are the main weakness of the mining industry in Latin 
American countries, since it is an industry that started during 
the colonial time [38]. Latin America historically was typified 
for its role as a raw material, agriculture and livestock supplier. 
For many countries in this region, during the last decade, the 
export of primary resources has gained relevance for their 
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manufacturing of the first Bolivian EV with the aim of 
exporting the first lithium battery to Germany in 2023 [19]. 

3.3. Exploitation and governance arrangements for the lithium 
industry 

Scholars investigating lithium companies and projects in 
Latin America have underlined the presence of two kinds of 
partnerships or governance arrangements between governments 
and private or public companies [22]. 

Table 2. Lithium suppliers at the global level [26, 27, 29] 

Company Country Place of Operations 
Albemarle Corporation 
 

USA 
 

Silver Peak, USA 
Salar de Atacama, Chile 

FMC Corporation USA 
 

Salar del Hombre 
Muerto, Argentina 

SQM 
  Tianqi Lithium Corp (24%) 

Chile 
China 

Salar de Atacama, Chile 
 

Minera Exar (Joint Venture) 
  Lithium Americas (62.5%) 
  Ganfeng Lithium (37.5%) 
  JEMSE (8%) 

Argentina 
Canada 
China 
Argentina 

Salar Olaroz-Cauchari, 
Argentina 
 

YLB Bolivia Salar de Uyuni 

Table 3. Legal framework for the lithium industry in the LT [19, 28, 36, 37] 

Law Scope Main Description 

Law No. 928 - Law of the 
National Strategic Public 
Company of Bolivian Lithium 
Deposits – YLB 

Bolivia 
2017 
 

Extraction SOE (100% 
participation of the state) 
Industrialization PPP (with 
major participation of the state) 

Law No. 535 - Mining and 
Metallurgy Law. 

Bolivia 
2014 

Article 26 declares Lithium as a 
strategic resource 

Bolivia (Plurinational State 
of)’s Constitution  
 

Bolivia 
2009 
 

Article 348 states that natural 
resources are of strategic 
character and of public 
importance for development. 
Article 349 declares that natural 
resources property and 
management correspond to the 
State. 

Law No. 5,674 - Declares 
strategic natural resource 
generating the economic 
development of the Province 
of Jujuy to mineral reserves 
that contain lithium. 

Argentina, 
Jujuy 
2011 
 

Lithium is recognized as a 
strategic resource for Jujuy 
Province of Argentina 
 

Decree No. 16 - Establishes 
requirements and conditions 
of the special operation 
contract for the exploration, 
exploitation and benefit of 
lithium deposits. 

Chile 
2012 
 

National and international 
public biddings are possible for 
this purpose. 
 

The United Nations 
Declaration on the Rights of 
Indigenous People (UNDRIP) 

Interna-
tional 
2008 
 

Article 19 declares that before 
implementing any legislative or 
administrative measure that 
affects indigenous 
communities, state 
governments have to consult 
and cooperate with them in 
good faith. 

C169 - Indigenous and Tribal 
Peoples Convention, 1989 
(No. 169) 

Interna-
tional  
1989 

Consultations should be carried 
out before any approval for 
exploration or exploitation to 
seek the opinion of the 
indigenous peoples binding 
with the whole process of 
approval of the activity 

 

First, public private partnership (PPP) is a configuration 
where the management of public institutions is transferred to 
the private sector [29]. Therefore, PPP brings the public and 
private sectors together in a long-term partnership with the aim 
of using the private sector’s economies of scale, know-how and 
managerial skills to support more effectively the public sector’s 
service or infrastructure [30]. This is the case in Chile and 
Argentina, where lithium mining activities are conducted by 
PPP arrangements or by multinationals: SQM and Albemarle 
operate in Chile and FMC Lithco operates in Argentina (see 
Table 2). The main function of PPP is to be a mechanism for 
sharing risk, where the exploration and exploitation operations 
of lithium deposits in the salt flats are carried out by 
multinationals [22–24]. 

Second, state-owned enterprise (SOE) represents an 
arrangement where the ownership is completely taken over by 
the state. This is the case for Bolivia’s public company, 
Yacimientos de Litio Bolivianos (YLB). Two articles of the 
Bolivian constitution promote SOE as the management 
arrangement for lithium as a strategic resource [13, 15] (see 
Table 3). The main functioning of SOE is that the state 
exercises total ownership of YLB as a corporate entity 
recognized by national law. Consequently, under the current 
Bolivian law, while the industrialization of lithium is not under 
an SOE arrangement, the exploration and exploitation 
operations of lithium as a raw material can only be carried out 
by YLB. 

4. Global Lithium Industry and Global Markets 

4.1. Global players in the lithium industry 

The global lithium supply is in the hands of a few companies 
that are the main players in the global lithium industry as raw 
material suppliers for the manufacturing of products that enable 
the electrification and energy transition (see Table 2) [26, 27, 
29].  

The main firms in the global lithium supply chain are 
Albemarle Corporation with headquarters in North Carolina, 
USA, FMC Corporation with headquarters in Pennsylvania, 
USA, Sociedad Quimica y Minera de Chile (SQM) with 
headquarters in Santiago de Chile, Lithium Americas with 
headquarters in Vancouver, Canada, and Ganfeng Lithium with 
headquarters in Sinyu, China. All of these firms have a strong 
presence in Latin America. However, the concentration of the 
global mining market in a few global companies generates a 
lack of transparency [25]. Moreover, Tianqi Lithium Corp 
owns a 24% stake in SQM [31]. Therefore, the main 
characteristic of the industry in which lithium is produced from 
brine deposits is the concentration of production in few large 
companies from the United States, China and Canada [23–25]. 

Since a few companies dominate lithium production 
worldwide, there is an oligopoly in the supply of lithium, and 
therefore, transparency is lacking regarding lithium market 
prices. Indeed, as lithium is not traded in the market, the real 
prices are set under strict confidentiality [25].  

Lithium prices in the current market depend on two main 
factors: the type of lithium chemical being traded (i.e. typically 
lithium carbonate and lithium hydroxide) and the chemical 
quality of the lithium content and impurities. According to 
lithium market experts [32], as the mine supply increases and 
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demand intensifies due to the battery industry, the lithium 
sector requires a reference price that boosts capital investments 
for new lithium miners. However, there is resistance from 
major players in the lithium market (e.g. Albemarle and SQM). 
They believe that setting a price for lithium is not so easy, as 
lithium is sold in innumerable forms and qualities according to 
the usage area. Therefore, the product complexity of lithium is 
a limitation for arriving at a standardized market place. 

4.2. Global supply chain, technological innovation: Market 
prices and lithium demand 

Overall, lithium mining technologies and production have 
been increasing over the decades. This demand is due to the 
role that lithium plays in the manufacturing of EVs. 
Furthermore, this increase is mainly due to the global policy 
regulations that are promoting the transition of the energy 
matrix. 

Lithium producers are affected directly by the dynamic and 
challenging conditions of the market. Lithium demand directly 
depends on the EV market. Therefore, the dynamics of the 
demand for EV instantly affects the upstream players in the 
supply chain of raw materials used to manufacture EVs. Clear 
evidence of this impact can be observed in the dynamics of the 
market caused by China’s policy changes regarding EV 
subsidies. China is the world’s largest EV market, and while it 
boosted the EV industry in 2009 by subsidizing EV purchases, 
in June 2019, it implemented a 50% cut in subsidies for EV 
purchases with less than 250 km of range, causing an 
immediate EV price increase and, consequently, layoffs and 
cutbacks of many manufacturers as well as trouble for start-ups  
[33, 34]. As a result, a global lithium oversupply occurred, 
causing a decline in the price of lithium and directly affecting 
lithium producers (see Fig. 4). The drop in lithium prices was 
also affected by the fast growth in production globally (in the 
case of Chile’s SQM) as well as social unrest [35]. 

It is important to highlight that lithium prices fell in 2019 
due to oversupply in the global markets while the use and 
adoption of EVs slowed. Another major factor in the decline in 
lithium prices is the new mine supply; investors expect that new 
production from Argentina, Australia and Chile could add 
500,000 tonnes of lithium to the market per year by 2025 [36].  

Fig. 4: Lithium price in US$ per kilogram [4] 

5. Socio-technical Transition: The Lithium Industry in 
Lithium Triangle Countries 

Regarding the socio-technical approach to sustainability, 
we study the lithium mining and processing regime, main 

stakeholders and technological innovation based on the three 
countries. The main goal is to analyse niche dynamics and 
developments. 

5.1. Lithium mining and processing regime 

The socio-technical regime of Latin America’s LT is 
composed of a set of technologies, public policies, market 
practices and actor interactions. In this study, the lithium 
regime analysis comprises the interactions occurring both at the 
regional and national levels within the LT countries. The 
current regime is characterized by recent policy shifts at the 
national level, with governments seeking to ensure the most 
profitable way to boost their lithium mining activities towards 
the electrification of the global energy matrix. 

Several laws at the national and international levels make up 
the regulatory framework for the lithium extraction 
arrangements in the LT countries. At the international level, 
regulations promoting the usage of electric cars and the global 
objective to reduce CO2 emissions are boosting national and 
international investments in lithium mining projects. The Paris 
Agreement on Climate Change, UNFCCC (2016), includes 
sustainable mobility and clean transports as a main goal to 
strengthen the global response to climate change and reduce 
greenhouse gas (GHG) emissions. It includes the Paris 
Declaration on Electro-Mobility and Climate Change & Call 
to Action [37] that engages collective commitments to joint 
efforts to increase electro-mobility to levels compatible with a 
less-than 2-degree pathway. Partners must commit to 
sustainable transport electrification such that at least 20% of all 
road vehicles are to be electrically powered by 2030. It is a 
partnership between the United Nations (UN) and UN 
Environment Programme (UNEP) in close coordination with 
the Paris Process on Mobility and Climate, the International 
Energy Agency and other private partners, such as large hybrid 
and EV corporations, foundations and city-based initiatives. 

At the national level, there are different corresponding 
approaches at each LT country. For example, all LT countries 
have declared lithium as a strategic resource, but the regulatory 
configuration is different in nature in each of them, as described 
in Table 3. Moreover, in the case of the LT, two extraction 
projects – one located in the “Salar de Atacama” in Chile, and 
the other in the “Salar del Hombre Muerto” in Argentina – 
account for more than 50% of the total global production for 15 
years [1].  

In the case of Chile, Decree No. 16 specifies the nature of 
national and international public biddings for the exploitation 
of lithium. Argentina is a federal state composed of 23 
autonomous provinces that have their own constitutions. That 
is why lithium has been declared a strategic resource at the 
provincial level (e.g. Jujuy province), where mining activities 
are carried out by joint ventures with multinationals [27]. 
Finally, in the case of Bolivia, two Articles of the Bolivian 
constitution force an SOE (the management arrangement for 
lithium) as a strategic resource [19, 28]. 

Previous studies have underlined that environmental issues 
are the main weakness of the mining industry in Latin 
American countries, since it is an industry that started during 
the colonial time [38]. Latin America historically was typified 
for its role as a raw material, agriculture and livestock supplier. 
For many countries in this region, during the last decade, the 
export of primary resources has gained relevance for their 
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national economies. However, although the export of primary 
resources has generated and contributed significantly to public 
policy funding at the national and sub-national levels, they 
contradictorily signified environmental costs and risk at the 
local level [39]. Moreover, Gundermann and Göbel [40] 
investigated the local impacts of lithium mining projects in the 
Puna de Atacama, located in north-western Argentina, by 
analysing the interaction between local indigenous populations, 
the mining companies and the State. They concluded that 
indigenous people are in a fragile and unequal position. 

5.2. Main Stakeholders 

Multiple actors operate within this institutional framework 
in LT, holding radically different agendas: (i) governments, (ii) 
private local actors, (iii) multinationals (private foreign actors), 
(iv) state-owned companies, (v) technological centres and 
universities, (vi) civil society and (vi) indigenous communities 
living in and around high-altitude salt flats. Table 4 describes 
the main local actors in national innovation systems in the LT 
countries, and Table 5 shows the most important multinational 
players acting in LT countries. 

Table 4. Main players in the national innovation systems of Lithium Triangle 
countries [27, 32]. 

Country  Actor Type of Actor 
Argentina 
 

JEMSE SOE 
Indigenous organizations Indigenous community 

Bolivia COMIBOL SOE 
YLB SOE 
Indigenous organizations 
Civic Committee of Potosi 
(Concipo) 

Indigenous community 
Civil society 

Chile 
 

Comisión Chilena del Cobre 
(Cochilco) 

Technological centres 

Corporación de Fomento de la 
Producción (Corfo) 

Technological centres 

Indigenous organizations Indigenous community 
Universities University 

Table 5. Main private actors in Latin America’s Lithium Triangle [29, 34]. 

Country  Brine Companies 
Argentina 
 

Salar de Olaroz 
– Cauchari 

Orocobre, Toyota Tsusho Corporation, 
Minera Exar  
Lithium Americas, GFL Lithium Co. LTD 

Salar de Salinas 
Grandes 
 

Orocobre,  
Advantage Lithium  
Argosy Minerals Ltd., Ekeko 
Dajin Resources Corp, Delta Mutual Inc 

Salar de Rincon Orocobre 
Rincon Limited 

Salar de 
Hombre Muerto 

FMC, NRG Metals Inc. 
 

Bolivia Salar Coipasa 
and Pastos 
Grandes 

Xinjiang TBEA Group Co Ltd 
 

Chile Salar de 
Atacama 

SQM, Albemarle 

 
In the previous section we have analysed the governments 

and companies acting in the three countries. However, 
indigenous communities are important actors in the socio-
technical regime of Latin America’s lithium. Local 
communities that live in the surrounding areas of the high-
altitude salt flats share common characteristics within the LT 
countries. These communities take advantage of the salt flats 
as they extract salt from them (e.g. Salar de Uyuni in Bolivia, 
Salinas Grandes in Argentina), and their main economic 

activities are related to agriculture, such as quinoa (Salar de 
Uyuni and livestock (e.g., Salar de Uyuni in Bolivia, Salar de 
Olaroz-Cauchari in Argentina), and handicrafts. According to 
the local communities in these areas, tourism is also a relevant 
economic activity, and they think that tourism might be 
affected by the territorial invasion that mining companies cause 
[27, 29, 30]. International agreements, such as the United 
Nations Declaration on the Rights of Indigenous People 
(UNDRIP) and the Indigenous and Tribal Peoples Convention 
(ILO C169, Article 6), form the legal framework for promoting 
the participation of indigenous peoples in decision-making 
processes. These regulations recommend carrying out 
consultations freely and in good faith in order to reach a 
consensus before any approval of extractive activities. 
Therefore, indigenous peoples’ consultation is binding and 
governments must carry it out during the process of gaining 
approval before implementation. 

5.3. Technological Innovation 

Innovation is a vital element for promoting the sustainability 
transition, as well as social justice, equal treatment and non-
discrimination and sustainable development, obtained by 
achieving economic growth, social equality and environmental 
sustainability simultaneously [41–43]. However, national 
economic dynamics in the innovation systems of developing 
countries face difficulties in finding uniform patterns. Even 
though there exists evidence in the literature that innovation 
systems are urged to pursue competence building [43], which 
provides the necessary skills and learning processes to 
innovate, Latin American countries still seem not to apply these 
theories properly. In fact, innovation can boost or diminish 
inequality. To prevent such situations, it is important to invest 
in developing local skills, provide propitious working 
conditions, prevent environmental externalities and involve 
local energies as much as possible. Therefore, four elements for 
innovation systems in developing countries are recommended 
in the literature: local economic growth, social inclusion and 
equality, sustainability and competence building [34]. 

5.4. Niche Dynamics and Developments 

The analysis of niche dynamics and development shows 
some challenging elements. The absence of an articulated 
innovation infrastructure is one of the common features of the 
three LT countries. In the theory of innovation systems, 
competence and capability building is underlined as a central 
and important element [44, 45].  

In the LT countries, governments are the actors promoting 
most of the innovative initiatives in the lithium industry. In the 
cases of Chile and Argentina, multinational lithium mining 
companies, universities and research institutes play a 
fundamental role in the technology transfer as well as in 
boosting local skills and capabilities. Argentina is perceived as 
a country with propitious jurisdiction for lithium investments. 
For instance, the province of Salta is considered one of the best 
districts for mining investments in South America in terms of 
regulations, taxation, infrastructure and political stability [46]. 
Furthermore, the province of Jujuy is favourable in reference 
to the local infrastructure and operating environment [47]. 

At the technological level, while Chile and Argentina are 
already developing lithium batteries, Bolivia is just planning to 
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national economies. However, although the export of primary 
resources has generated and contributed significantly to public 
policy funding at the national and sub-national levels, they 
contradictorily signified environmental costs and risk at the 
local level [39]. Moreover, Gundermann and Göbel [40] 
investigated the local impacts of lithium mining projects in the 
Puna de Atacama, located in north-western Argentina, by 
analysing the interaction between local indigenous populations, 
the mining companies and the State. They concluded that 
indigenous people are in a fragile and unequal position. 

5.2. Main Stakeholders 

Multiple actors operate within this institutional framework 
in LT, holding radically different agendas: (i) governments, (ii) 
private local actors, (iii) multinationals (private foreign actors), 
(iv) state-owned companies, (v) technological centres and 
universities, (vi) civil society and (vi) indigenous communities 
living in and around high-altitude salt flats. Table 4 describes 
the main local actors in national innovation systems in the LT 
countries, and Table 5 shows the most important multinational 
players acting in LT countries. 

Table 4. Main players in the national innovation systems of Lithium Triangle 
countries [27, 32]. 

Country  Actor Type of Actor 
Argentina 
 

JEMSE SOE 
Indigenous organizations Indigenous community 

Bolivia COMIBOL SOE 
YLB SOE 
Indigenous organizations 
Civic Committee of Potosi 
(Concipo) 

Indigenous community 
Civil society 

Chile 
 

Comisión Chilena del Cobre 
(Cochilco) 

Technological centres 

Corporación de Fomento de la 
Producción (Corfo) 

Technological centres 

Indigenous organizations Indigenous community 
Universities University 

Table 5. Main private actors in Latin America’s Lithium Triangle [29, 34]. 

Country  Brine Companies 
Argentina 
 

Salar de Olaroz 
– Cauchari 

Orocobre, Toyota Tsusho Corporation, 
Minera Exar  
Lithium Americas, GFL Lithium Co. LTD 

Salar de Salinas 
Grandes 
 

Orocobre,  
Advantage Lithium  
Argosy Minerals Ltd., Ekeko 
Dajin Resources Corp, Delta Mutual Inc 

Salar de Rincon Orocobre 
Rincon Limited 

Salar de 
Hombre Muerto 

FMC, NRG Metals Inc. 
 

Bolivia Salar Coipasa 
and Pastos 
Grandes 

Xinjiang TBEA Group Co Ltd 
 

Chile Salar de 
Atacama 

SQM, Albemarle 

 
In the previous section we have analysed the governments 

and companies acting in the three countries. However, 
indigenous communities are important actors in the socio-
technical regime of Latin America’s lithium. Local 
communities that live in the surrounding areas of the high-
altitude salt flats share common characteristics within the LT 
countries. These communities take advantage of the salt flats 
as they extract salt from them (e.g. Salar de Uyuni in Bolivia, 
Salinas Grandes in Argentina), and their main economic 

activities are related to agriculture, such as quinoa (Salar de 
Uyuni and livestock (e.g., Salar de Uyuni in Bolivia, Salar de 
Olaroz-Cauchari in Argentina), and handicrafts. According to 
the local communities in these areas, tourism is also a relevant 
economic activity, and they think that tourism might be 
affected by the territorial invasion that mining companies cause 
[27, 29, 30]. International agreements, such as the United 
Nations Declaration on the Rights of Indigenous People 
(UNDRIP) and the Indigenous and Tribal Peoples Convention 
(ILO C169, Article 6), form the legal framework for promoting 
the participation of indigenous peoples in decision-making 
processes. These regulations recommend carrying out 
consultations freely and in good faith in order to reach a 
consensus before any approval of extractive activities. 
Therefore, indigenous peoples’ consultation is binding and 
governments must carry it out during the process of gaining 
approval before implementation. 

5.3. Technological Innovation 

Innovation is a vital element for promoting the sustainability 
transition, as well as social justice, equal treatment and non-
discrimination and sustainable development, obtained by 
achieving economic growth, social equality and environmental 
sustainability simultaneously [41–43]. However, national 
economic dynamics in the innovation systems of developing 
countries face difficulties in finding uniform patterns. Even 
though there exists evidence in the literature that innovation 
systems are urged to pursue competence building [43], which 
provides the necessary skills and learning processes to 
innovate, Latin American countries still seem not to apply these 
theories properly. In fact, innovation can boost or diminish 
inequality. To prevent such situations, it is important to invest 
in developing local skills, provide propitious working 
conditions, prevent environmental externalities and involve 
local energies as much as possible. Therefore, four elements for 
innovation systems in developing countries are recommended 
in the literature: local economic growth, social inclusion and 
equality, sustainability and competence building [34]. 

5.4. Niche Dynamics and Developments 

The analysis of niche dynamics and development shows 
some challenging elements. The absence of an articulated 
innovation infrastructure is one of the common features of the 
three LT countries. In the theory of innovation systems, 
competence and capability building is underlined as a central 
and important element [44, 45].  

In the LT countries, governments are the actors promoting 
most of the innovative initiatives in the lithium industry. In the 
cases of Chile and Argentina, multinational lithium mining 
companies, universities and research institutes play a 
fundamental role in the technology transfer as well as in 
boosting local skills and capabilities. Argentina is perceived as 
a country with propitious jurisdiction for lithium investments. 
For instance, the province of Salta is considered one of the best 
districts for mining investments in South America in terms of 
regulations, taxation, infrastructure and political stability [46]. 
Furthermore, the province of Jujuy is favourable in reference 
to the local infrastructure and operating environment [47]. 

At the technological level, while Chile and Argentina are 
already developing lithium batteries, Bolivia is just planning to 
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develop technology to manufacture batteries and even electric 
cars [38]. However, the continuity of this path might change 
depending on the results of Bolivia’s general elections in May 
2020. Conversely, the Chilean government has tended to 
prioritize measures to attract foreign investments rather than 
efforts to industrialize lithium with internal resources. 
However, the government of Chile has been slow to react to the 
growing new demand and allow new players to enter the market 
since it bungled a joint venture that aimed to attract battery 
makers with POSCO from South Korea in 2019 [48]. 

The LT countries’ innovation systems are mostly led by 
their respective governments. In the case of Bolivia, the 
government was the one that led and planned the 
industrialization of lithium. This project started in 2008 with a 
supreme decree giving state-owned Bolivian Mining 
Corporation (COMIBOL) the responsibility of exploitation and 
management of the lithium brine reserves, and it continued 
slowly until former president Evo Morales established YLB, an 
SOE, in 2017. 

6. Patterns in Socio-technical Transitions towards a 
Sustainable Lithium Industry System: Lithium Triangle 
Scenarios 

Based on the previous analysis, in this section, we first build 
a multilevel approach to explain patterns in the socio-technical 
transition towards a sustainable LIS. Based on these patterns, 
we study two scenarios for a socio-technical and economic 
sustainability transition in the lithium industry in the three LT 
countries. The main focus of the scenarios is the transition of 
the lithium industry (mining, processing and international 
commercialization) based on the first stage of the LIS and 
global value chain. 

6.1. Patterns in the socio-technical transition towards a 
Sustainable Lithium Industry System  

The MLP approach to the LIS system [13, 15] explores the 
socio-technical transition as the result of the interplay between 
the lithium system, landscape, regime and niche innovations. 
Thus, the transition involves changes in domains and mining 
and processing systems in each country. However, in general, 
it follows this dynamic and phases: (i) sustainable lithium niche 
innovations gradually emerge and build up their process and 
momentum to change, (ii) then sustainable niche innovations 
and landscape changes generate important pressures on the 
lithium system and regime and, finally, (iii) there is a 
destabilization of the current regimes that generate “windows 
of opportunity” for sustainable niche innovations while 
simultaneously diffusing and disrupting the existing system. 

We describe the socio-technical transition to a sustainable 
LIS as an ongoing process dynamic that takes several decades 
to achieve. We build on Geels (2019) [14], who underlined four 
phases. The first phase includes multiple and fragmented 
pioneering research, experimentation and a trial-and-error 
learning process regarding sustainable lithium mining, 
processing and manufacturing batteries based on radical niche 
innovation (e.g. local projects, urban experiments and living 
labs). It is mainly based on green niche innovation uncertainty 
and higher rates of failure. The second phase, green innovation 
in the mining and processing of lithium and the EV industry, 
moves to market niches influencing the “dominant design” of 

green battery technologies. They support a large learning 
process, which enhances the aggregation of R&D activities that 
have an important impact in terms of codification, 
standardization and best practices for lithium batteries, EV 
products and services. This is a legitimate sustainable lithium 
innovation, but it also promotes an important opposition to 
change led by mainstream actors in society (e.g. oil industry vs. 
biofuels). The third phase is based on the diffusion of 
sustainable radical lithium-based and EV innovation into 
mainstream markets and the impact of niche-internal drivers 
(including price performance improvements, economies of 
scale, complementary technologies) taking advantage of 
windows of opportunity generated in the landscape 
developments that transform the sustainable mobility and EV 
system. This diffusion phase is based on struggles between 
sustainable niche innovation and the current regime, including 
economic competition between novel and old technologies, 
business conflicts between new entrants and incumbents and 
political conflicts regarding how to adapt to the new agenda 
with novel regulations and taxes. The fourth phase occurs when 
there is a new sustainable socio-technical system that 
substitutes the old regime, based on sustainable transport 
systems and clean lithium technologies with new 
institutionalization, regulations, production and consumption 
systems and industries, including EV and lithium batteries. 

6.2. Lithium triangle countries: Scenarios 

With the goal to study the socio-technical transition of the 
Argentinean, Bolivian and Chilean sustainable lithium 
industries, we explore the data presented above. Although the 
three countries share common exogenous pressures, they 
certainly differ from each other significantly in terms of the 
kind of transition pathways that they are pursuing due to 
different governmental and national policies. To analyse the 
potential of STT for the future paths of these countries, major 
transition scenarios were developed with respect to the 
aforementioned transition patterns. Therefore, this section 
attempts to describe the different directions that each LT 
country might take. 

The main elements that affect the socio-technical transition 
are as follows. The current lithium regime experiences 
landscape pressures, such as neoliberal (supported by PPP 
arrangements mainly in Argentina and Chile) and 
nationalization ideologies (supported by SOE arrangements 
mainly in Bolivia). Moreover, changes in the price of lithium, 
as a raw material for batteries, are likely to be determined by 
the concentration of EV manufacturers in China, Germany and 
Japan [5]. Concerns related to the environmental impacts of 
lithium mining are also being raised among indigenous 
communities living near the salt flats deposits of lithium. 
Furthermore, social crises in these countries have resulted in 
rising political uncertainties. All these issues create potential 
problems for the stability of the system that might vary in 
magnitude according to each country’s specific situation.  

As a result, two scenarios were identified in order to analyse 
the potential of STT towards sustainable future paths for LT 
countries: (i) a transformation scenario and (ii) a de-alignment 
and re-alignment scenario. 
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6.3. Transformation (experimentation) towards a Sustainable 
Lithium Industry System: Argentina and Chile 

The first transition scenario reflects incremental 
transformations in the regime configuration of the lithium 
industry towards a sustainable production and global value 
chain. We suggest that Argentina and Chile follow a 
transformation pathway in which PPP is the dominant 
organizational arrangement for the lithium mining and 
processing industry that should play a major role in introducing 
clean technologies and niche markets. This scenario is ruled by 
the market mechanism, considering that both Argentina and 
Chile are positioned among the top four worldwide lithium 
producers [4].  

Argentina has experienced a growing interest in lithium 
mining activities, since it has about 46 projects at different 
stages of lithium extraction [27], whereas Chile has a project 
portfolio worth US$ 1.8 billion [49]. Some countries might 
bring more advantages than others. In the case of Argentina, 
there are specific opportunities, such as boosting income in the 
form of tax revenues and royalties and providing more direct 
and indirect employment created from increased investment 
and projects [27]. In this pathway, different dynamics occur, 
which are illustrated in Table 6. 

Regarding the landscape, both Argentina and Chile are 
currently facing moderate pressure to move towards a 
sustainable lithium industry. Thus, in terms of socio-technical 
transitions, they are in phase 1. Therefore, more sustainable 
niche innovations are needed to support the sustainable LIS 
transition. In the lithium regime, mainstream actors (national 
governments, cities and mining corporations) and niche actors 
(civil society, indigenous communities and disruptive scientific 
projects) are less connected. They adopt interdependent 
symbiotic elements. Some, but not many, niche innovations are 
emerging in these two countries. Most of them are at an early 
stage and are insufficiently developed to promote phase 2. In 
Chile, an example is the Lithium Innovation Center (CIL), an 
initiative created at the end of 2010 in collaboration with the 
University of Chile and the companies Soquimich, Chemetall 
and the Japanese multinational Marubeni, which produced the 
first Chilean battery, Eilbatt 4.0; however, the installation of 
the factory was not able to catch on. Another example is of the 
Catholic University with Albemarle and Argonne National 
Laboratory, which joined forces to develop new lithium 
carbonates with more storage capacity and a larger battery life 
cycle [50]. 

To move towards the next phases, more sustainable niche 
innovation should flourish in connection to international LIS 
transformations in other regions. The mining and processing 
companies based on the two countries should promote R&D 
into clean technologies produced by mainstream companies.  

6.4. De-alignment and re-alignment (diffusion and disruption) 
towards a Sustainable Lithium Industry System: Bolivia 

The second transition scenario is characterized by the shift 
from a regime where lithium extraction projects are carried out 
without foreign intervention under an SOE configuration. In 
terms of overall socio-technical transition patterns, we suggest 
that Bolivia is currently in a state of de-alignment and re-
alignment towards a sustainable LIS. In Bolivia, this might be 
the case depending on who will be in the presidential seat after 

Bolivia’s general election in 2020. According to Reuters 
(2019), a representative of Bolivia’s state-owned lithium 
company (YLB) stated in January 2020 that they are planning 
to limit foreign investments in the extraction and processing of 
lithium in Bolivia [12]. However, that will depend on the next 
elected government. 

In Bolivia, the landscape is very complex, as there are huge 
problems and major challenges. Regarding the current regime, 
the main actors, Bolivian lithium state-owned companies and 
universities have directed their attention away from 
mainstream lithium technologies. They are searching for clean 
technologies to support novel niche innovations that have 
emerged as government initiatives. However, they are not 
developed enough to sustain the transition towards LIS. Yet 
moving towards a sustainable LIS requires novel actions, such 
as more in-depth R&D between academia and private and state-
owned companies. It must be supported by governmental 
policies promoting sustainable development, and green 
innovation. Thus, based on the socio-technical transition, 
Bolivia is in phase 3 due to the presence of different views and 
interpretations of the problems and solutions regarding 
policymaking and selecting the best management arrangement 
for lithium. 

In December 2018, under the MAS government led by Evo 
Morales, YLB selected ACISA, a German company, and 
signed a joint venture agreement as a strategic partner to extract 
and industrialize lithium from residual brine in Salar de Uyuni 
[51]. Nevertheless, President Morales dismissed that 
agreement just before he resigned. The cancellation of the 
agreement with ACISA was mainly due to the protest of the 
Civil Committee of Potosi, the region where Salar de Uyuni is 
located, since the population felt that the project was not 
benefiting them. We suggest that both possibilities – alignment 
(pursuing an SOE structure) and re-alignment (following a PPP 
arrangement) – are likely to occur in Bolivia, depending on the 
policies that the next government develops. Table 6 describes 
the main characteristics of the two identified scenarios across 
the MLP levels. 

Table 6. Main dynamics in the multilevel perspective of the socio-technical 
transition theory scenarios [14, 15, 53] 

Transition 
scenario  

Experimentation 
(Transformation) 
 

Diffusion, disruption 
(De-alignment & Re-
alignment) 

Landscape 
 

Moderate pressure Huge problems with mayor 
changes 

Regime Actors adopt symbiotic 
elements (interdependent) 

Actors lose faith in current 
technologies 

Niche 
innovation 

Early stage, insufficiently 
developed 

Not been developed enough 
with competition between 
them 

LT country  Argentina 
Chile 

Bolivia 

 
The main lithium suppliers of the raw material for the later 

manufacturing of EVs and all the products related to the 
electrification and energy transition are Albemarle, SQM and 
FMC. However, those companies currently exist in the lithium 
carbonate and lithium hydroxide markets. 

Despite the fact that any of the LT countries may change 
their lithium mining structural arrangement, some companies 
might be willing to expand their current business upstream and 
downstream along the lithium industry value chain. For 
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instance, that is the case of Ganfeng Lithium, a Chinese 
company, which expanded its operations throughout the 
upstream and downstream lithium industry value chain [53]. 
Governments cannot take the full responsibility for the 
transition. Different Latin American actors in the LIS should 
take the initiative. Another issue is that skilful people should 
be empowered in the region. The private sector cannot innovate 
if it does not have state of the art knowledge of technological 
advancements or know how to use them. More clearly 
articulated and active roles from both public and private players 
are needed. 

6.5. Challenges to driving the socio-technical transition in the 
Lithium Triangle 

Given that socio-technical transition to a sustainable LIS is 
complex, disrupted and non-linear [54], solely relying on 
technical analysis is not enough to unfold and understand the 
underlying dynamics and to examine and manage sustainable 
mobility systems and low-carbon transitions. Therefore, in the 
case of LT countries, in addition to techno-economic 
approaches, it is important to understand the socio-economic 
and political dynamics in the mining countries as critical 
dimensions [55–57]. Taking into account the particularities of 
the LT countries in Latin America, two lessons that are 
described below can be extracted from this study, including the 
multilevel perspective. 

First, global lithium markets and their supply and demand 
levels have important effects in the three countries. They are 
very impactful on national economies, influencing national 
policies and support for lithium industry arrangements in the 
three countries. As stated before, this effect was observed in 
2019, when lithium prices fell. The first reason for this fall was 
the increasing possibility of a lithium oversupply, given the 
direct relationship between the EV market and lithium demand. 
By 2025, the quantity of batteries used in EVs is expected to 
triple to more than 1.5 million metric tonnes [36]. The second 
reason was the slowdown of EV market growth. Therefore, the 
dynamics in the EV demand not only instantly affect the 
upstream players in the supply chain of raw materials used to 
manufacture EVs but also the changes in supply, such as an 
under-supply scenario due to plummeting investments of 
upstream players to cover the increasing future demand, which 
directly concerns downstream players.  

Second, MLP analysis is a good framework for 
understanding the complexity of stakeholder relationships in 
the three LT countries. This research shows that trust should be 
built among the main national and international actors in the 
LIS to strengthen inter-firm relationships in the two scenarios. 
Companies willing to work with LT countries should be aware 
of the power of national civil society and social movements in 
these countries. It is not enough to build good relationships 
only with suppliers and customers. In order to build long-term 
business-to-business relationships, these companies should 
foster good relationships with societal-related stakeholders, 
local governments, social movements for human rights and 
indigenous communities. Taking into account that the 
dismissed joint venture case between YLB and the German 
ACISA was due to social groups’ mobilizations and pressures 
led by Potosi city’s civic committee in Bolivia, it is noteworthy 
that paying attention to the concerns of the society and 

indigenous communities is crucial for the private and public 
partners to avoid future business agreement breakdowns. 

7. Conclusions 

An important element that will enable the manufacturing of 
EVs is lithium, which is the main component of the batteries 
that power EVs. In this paper, we have studied the socio-
technical transition to sustainable Lithium Industry System in 
the three Latin American countries comprising the LT (i.e., 
Argentina, Bolivia and Chile) by using the MLP. The main 
focus has been on the first stage of the LIS transition, the 
lithium mining and processing industry in Latin American 
producer countries. Future research should explore the rest of 
the stages of the global LIS.  

This paper has considered the socio-technical transition 
approach of the lithium industry as a key dimension towards 
the adoption of sustainable mobility systems and a low-carbon 
economy in the world. We have studied the geopolitical and 
policy arrangements in the three countries to investigate the 
lithium industry mining and processing companies and 
governance arrangements that affect the possibilities for socio-
technical and economic transitions. The transition to 
sustainable LIS requires targeted strategies to empower 
context-specific transformative solutions developed in multi-
actor networks from a multilevel perspective. Societies and 
economies should adopt sustainable ways of production and 
consumption to understand complex and multi-dimensional 
shifts [58]. LIS in Latin America has to deal with substantial 
uncertainties, including national policies, local mining regions 
and indigenous communities, which result from political 
dynamics and interactions between actors in the socio-technical 
system. A transition to a low-carbon economy requires the 
alignment of industry transitions to transform social, political 
and cultural dimensions as well as producers’ practices and 
national policies. 

The literature on sustainability transitions underlines three 
different perspectives: socio-technical, socio-institutional and 
socio-ecological [59]. Given that Latin America is a 
geographical area that faces persistent social and political 
problems, future research might adopt a socio-institutional 
approach to assess this regional context.  
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A B S T R A C T

To maximise the resource efficiency of electric vehicle lithium-ion batteries (LIBs), their lifetimes can be
extended through cascading second- and third-life applications. Using expert input, this study establishes a
conceptual model for understanding these applications’ state of health (SOH) thresholds and user requirements.
Using a qualitative methodology, including focus group discussions with multistakeholder experts and policy
analysis of the European battery regulatory landscape, we propose extending LIB use. Our model outlines po-
tential second- and third-life applications aiming to maximise battery value retention. The findings highlight
gaps in current European Union regulations that inadequately support battery-repurposing strategies. The con-
ceptual model with an SOH threshold and key performance indicators serves as a foundation for researchers and
industries to explore cascading battery applications, foster long-term resource efficiency and contribute to the
circular economy by extending LIB lifespans through repurposing initiatives.

1. Introduction

With the global transition towards sustainable energy alternatives,
electric vehicles (EVs) have become a central focus of both mobility and
stationary energy storage system (ESS) applications
(Quinteros-Condoretty et al., 2020; Virmani et al., 2023). The growing
demand for lithium-ion batteries (LIBs) in EVs has increased interest in
battery circularity, driving new regulations, such as the European Bat-
tery Regulation [Regulation (EU) 2023/1542; European Commission
(EC), 2023a], which aims to promote sustainability by encouraging
circularity in the battery industry. The literature has offered different
circular economy strategies (CESs) for LIBs, including remanufacture,
reuse, repurpose and recycling, along with different scenarios for
developing the battery sector and life-cycle management (Baars et al.,
2021; Bobba et al., 2019; Dunn et al., 2023; Glöser-Chahoud et al., 2021;
Nurdiawati and Agrawal, 2022). The present article focuses on the
repurposing of LIBs, a key strategy within the circular economy (CE) to
extend the battery’s lifespan by finding new applications beyond their
original use (Stahel, 2016). LIBs can be effectively repurposed for
various second- and third-life applications (Quinteros-Condoretty et al.,
2021).

Defined as the complete or partial reuse of a battery for a different
application (Börner et al., 2022), repurposing offers a sustainable
alternative to immediate recycling (Dunn et al., 2023) with the aim of
extending the battery’s lifetime (Bobba et al., 2019). In the EV industry,
batteries are seldom directly reused without refurbishment or remanu-
facturing (Glöser-Chahoud et al., 2021) because of the degradation of
their technical characteristics over time (Hu et al., 2020). Repurposing is
relevant for spent EV batteries, which can still serve in ESSs where
diminished capacity is less critical (Baars et al., 2021).

Distinguishing between second- and third-life applications for EV
batteries is important because they differ in their technical re-
quirements. For example, an EV battery with 80% remaining capacity
(Dunn et al., 2023; Shahjalal et al., 2022) may be deemed ‘too good’ for
certain applications, for example, as a backup power source. Given that
the circular EV LIB industry is a new and evolving domain (Albertsen
et al., 2021), a systemic understanding of it and pertinent regulations
and policies is critical (Morseletto, 2020; Nurdiawati and Agrawal,
2022); these regulatory frameworks are viewed not only as the most
critical drivers of the adoption of CESs for LIBs (Wrålsen et al., 2021) but
also as barriers to their widespread implementation (Chirumalla et al.,
2023; Shahjalal et al., 2022). Furthermore, policy development should
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incentivise the adoption of higher-level CESs, such as repurposing
(Albertsen et al., 2021). A holistic approach is essential for maximising
long-term resource efficiency by integrating a cascading use of EV bat-
teries across their second and third lives (Quinteros-Condoretty et al.,
2021).

Once EV LIBs degrade to 80% of their initial capacity, they have
reached the end of their automotive lives (Haram et al., 2021). However,
spent EV batteries retain a significant capacity and can operate for
additional years when repurposed (Muhammad et al., 2019). Large
batteries can be repurposed as stationary power sources (Colarullo and
Thakur, 2022), allowing for better exploitation of the storage capacity of
LIBs (Bobba et al., 2019) and increasing their utilisation and potentially
decreasing their total lifetime costs (Börner et al., 2022); this will reduce
their negative environmental impact more significantly than recycling
(Dunn et al., 2023). However, repurposing has several challenges, such
as delayed recycling and material recovery (Nurdiawati and Agrawal,
2022) and regulatory inconsistencies hindering its adoption (Chirumalla
et al., 2023).

Most studies have focused on second-life applications in ESSs and
their specific key performance indicators (KPIs) and state of health
(SOH) thresholds (Börner et al., 2022). However, there is a gap in un-
derstanding the technical requirements for various repurposing appli-
cations, especially third-life applications. Second- and third-life
applications, such as in residential households, uninterruptible power
supplies (UPSs), and grid-scale power variance, can extend battery life
by 7–10 years (Bobba et al., 2018; Haram et al., 2021; Muhammad et al.,
2019). Although several studies have analysed second-life applications
in stationary energy systems (Casals et al., 2019; Martinez-Laserna et al.,
2018; Shahjalal et al., 2022), fewer have emphasised cascading ap-
proaches integrating third-life applications (Helander and Ljunggren,
2023; Ribeiro da Silva, 2023), highlighting the need to optimise multi-
life battery systems across diverse applications (Börner et al., 2022) and
investigate methods for extending the lifespan of LIB batteries, including
repurposing thresholds and potential performance upgrades (Casals
et al., 2019). Policy improvements are needed to support repurposing
initiatives (Albertsen et al., 2021). Therefore, the current study was
guided by the following two research questions (RQs):

• RQ1: How can the optimal pathway for spent EV batteries be
determined through specific SOH thresholds and KPIs for various
second- and third-life applications?

• RQ2: In what ways do current regulations support or hinder the
extension of EV battery lifetimes through repurposing, and what
policy changes could enhance these efforts?

Drawing on insights from 20 focus group discussions (FGDs) organ-
ised under the EU Horizon REINFORCE project regarding standardised,
automated, safe and cost-efficient processing of end-of-life batteries for
second and third lives and for recycling, the current study provides a
conceptual model for extending the lifetime of EVs. We contribute to
prolonging the usefulness of EV batteries, maximising retained product
value through second- and third-life applications (Reike et al., 2018).
We identify SOH thresholds and KPIs for these applications, presenting a
comprehensive conceptual model that encompasses multiple cascading
battery life cycles. Together with its policy aspects, this model addresses
the essential elements of battery repurposing, thus supporting battery
circularity (Campbell-Johnston et al., 2020; Dunn et al., 2023; Morse-
letto, 2020).

The article is structured as follows: Section 2 discusses the concep-
tual background, Section 3 presents the research approach, Section 4
summarises the results, and Section 5 concludes the article by discussing
the findings, presenting the study limitations and suggesting future
research avenues.

2. Conceptual background

2.1. Definition and types of battery repurposing

Although no clear definition of repurposing exists, we define it as ‘the
usage of the battery in another application’ (Börner et al., 2022, p.3),
providing a second and third life to the spent EV battery. There are two
kinds of repurposing (Bobba et al., 2018). The first, known as ‘direct
reuse’, does not dismantle the battery pack but tests it, and if the SOH
threshold is met, it is directly used in the second application. The second
strategy—‘battery repurposing’—dismantles the battery at the module
level, creating a new battery pack with extra costs, but is more flexible
and suitable for specific applications (Casals et al., 2017).

Second- and third-life concept approaches innovate battery use to
prolong battery usefulness and maximise the retained product value
(Reike et al., 2018) and critical raw material (CRM) value before recy-
cling. Second-life batteries are no longer useful in EVs but still have
sufficient capacity, typically approximately 80%, for use in other ap-
plications, such as industrial stationary ESSs (Ali et al., 2021). Third-life
batteries are repurposed for a third use after their initial automotive and
second-life applications, such as for power grids, microgrids or backup
power systems. Various scenarios concerning end-of-life (EOL) batteries
have been discussed (Aguilar Lopez et al., 2023; Baars et al., 2021;
Bobba et al., 2019; Börner et al., 2022; Glöser-Chahoud et al., 2021;
Nurdiawati and Agrawal, 2022; Ribeiro da Silva et al., 2023; Wrålsen
et al., 2021). However, studies on multiple life cycles beyond the second
life cycle are still nascent (Helander and Ljunggren, 2023), even though
cascaded use is recognised as important for extending resource use and
retaining the added value of materials (Campbell-Johnston et al., 2020).

2.2. Applications and benefits of second- and third-life batteries

Empirical studies on the second and third life of batteries provide
concrete examples of how repurposing can be implemented. For
instance, Martinez-Laserna et al. (2018) investigated EV battery repur-
posing for use in stationary ESSs, demonstrating significant potential for
extending battery life and enhancing grid stability. Similarly, Kamath
et al. (2020) examined the reuse of spent batteries in renewable energy
applications and found that even with diminished capacity, these bat-
teries can effectively support solar and wind power systems. Helander
and Ljunggren (2023) explored the potential for third-life applications of
EV batteries within a product-service system offered by an underground
hard-rock mining equipment manufacturer, focusing on multiple reuse
and recycling loops. These studies underscore the feasibility and benefits
of repurposing batteries and provide valuable insights into the technical,
economic and environmental aspects of second- and third-life
applications.

The concept of repurposing within a CE has gained significant
attention as a strategy to enhance resource efficiency and minimise
waste. Literature reviews by Bobba et al. (2018) and Melin et al. (2021)
highlighted the benefits of extending product life cycles, conserving
resources and reducing environmental impacts. Casals et al. (2017) and
Ahmadi et al. (2017) discussed the economic advantages, including cost
savings and new market opportunities. The cascading use of batteries
optimises resource utilisation, reduces costs and offers environmental
benefits by extending battery lifespans (Albertsen et al., 2021; Börner
et al., 2022; Shahjalal et al., 2022). However, challenges remain, such as
ensuring efficient dismantling, assessment and repackaging processes;
managing capacity decreases and internal resistance issues; and
addressing regulatory uncertainties and economic feasibility (Albertsen
et al., 2021; Börner et al., 2022; Ribeiro et al., 2023; Shahjalal et al.,
2022). Additionally, labour costs, valuation complexity and potential
competition over spent batteries because of higher resource prices
complicate commercial deployment (Albertsen et al., 2021; Ribeiro
et al., 2023), and no standards and policies are a hurdle (Haram et al.,
2021).
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2.3. State of health and key performance indicators

The SOH is critical for determining spent EV battery suitability for
repurposing in second- and third-life applications (Börner et al., 2022).
Important KPIs like capacity and internal resistance play a vital role in
evaluating the health and performance of these batteries (Börner et al.,
2022; Shahjalal et al., 2022). For instance, starting a battery’s second
life at 80% SOH and setting the EOL at 60% SOH can extend its useful
life by 3 to 3.5 years (Casals et al., 2019). Accurate SOH assessment
methods, including impedance measurements and capacity estimation,
are essential to ensure the optimal performance and longevity of
repurposed batteries (Shahjalal et al., 2022). Additionally, monitoring
SOH variations, maintaining optimal depth of discharge levels and
balancing other KPIs, such as cycle times and internal resistance, are
crucial to avoid premature degradation and maximise repurposed bat-
teries’ efficiency (Casals et al., 2019; Shahjalal et al., 2022). These
factors collectively ensure that repurposed batteries can meet the per-
formance demands of secondary applications, thereby contributing to
enhanced resource utilisation and sustainability.

3. Material and methods

Given the exploratory nature of cascading repurposing strategies for
spent EV batteries, we adopted a qualitative research design (Eriksson
and Kovalainen, 2008). This approach allowed us to develop a
comprehensive and nuanced understanding of the topic, informed by
expert insights and policy analysis. The methodology consisted of FGDs
with experts, complemented by a review of relevant literature and policy
documents.

3.1. Data collection

The primary data collection method was FGDs, chosen for their
effectiveness in capturing diverse perspectives and generating insights
through group interaction (Barbour, 2018; Morgan, 1997). A total of 20
FGDs were conducted between June and November 2023, involving 25
experts from 14 organisations representing seven industries and seven
research and development organisations. Details of the FGDs and par-
ticipants are summarised in Table 1.

Each FGD started with broad, open-ended questions – such as ‘What
are the most important factors to consider in extending the useful life-
time of EV batteries?’ – to foster discussion. These were followed by
specific probes, such as ‘When is a battery considered a spent EV

battery?’, as well as defining the SOH thresholds and identifying KPIs for
different repurposing applications. The iterative nature of the FGDs
allowed for continuous refinement of themes across sessions. Modera-
tors from both research and industry backgrounds ensure balanced input
and guided discussions. For further details on the FGD design and spe-
cific questions posed, refer to Supplementary Material SM1.

The FGDs covered a range of topics critical to the research, including
second- and third-life applications of spent batteries, technical re-
quirements, and the regulatory implications of current and future EU
policies. Data from the FGDs were documented using meeting minutes,
recordings, and Excel templates.

3.2. Data analysis

The data analysis followed an abductive approach, integrating
theory-driven and data-driven processes to iteratively refine our un-
derstanding of the repurposing of spent EV batteries (Timmermans and
Tavory, 2012). Initial coding categories were developed based on both
the literature and insights generated from the FGDs. Coding was per-
formed manually, and findings were cross-validated using secondary
sources to ensure reliability. This approach aligns with the abductive
method, where theories guide the initial analysis while remaining open
to new patterns and interpretations that emerge from the data. The
coding process was structured hierarchically into three levels: first-level
descriptive codes captured specific observations from the FGDs; sub--
themes grouped related descriptive codes into more refined categories;
and broader themes represented the highest level of abstraction, identi-
fying overarching patterns consistent with theories of repurposing and
the CE.

To structure the analysis, we initially applied three primary broader
themes: “applications of spent EV batteries,” “requirements for those
applications,” and “regulations for repurposing.” These themes facili-
tated the organisation of the FGD data into categories of practical ap-
plications, technical requirements, and regulatory considerations. Based
on the results, we refined our themes and sub-themes. For instance, the
broader theme of “requirements”was redefined as “battery assessment,”
with sub-themes “SOH assessment” and “KPIs” used to evaluate battery
performance. Ultimately, we refined the broader themes into four main
categories: “high-performance applications” (second life), “low-perfor-
mance applications” (third life), “battery assessment,” and “repurposing
policy,” as detailed in Table 2 on the data structure.

For policy analysis, we conducted an in-depth assessment of the EU
regulatory framework on batteries, focusing on how policies support

Table 1
Overview of the focus group discussions (F) and details of the participating organisations (R: research, I: industry, T: total).

Session Topic Participating
organisations

Number of participants Date Duration

F1 Understanding the main topics on extending EV battery lifetime R:4 I:5 T:9 R:6 I:7 T:13 7.6.2023 1 h
F2 Clustering the main topics for repurposing R:4 I:2 T:6 R:6 I:3 T:9 3.7.2023 1 h
F3 Identifying the main processes and opportunities for second and third battery lives R:3 I:3 T:6 R:4 I:3 T:7 17.7.2023 1 h
F4 Exploring future market opportunities for second and third battery lives R:7 I:4 T:11 R:13 I:6 T:19 20.7.2023 1.5 h
F5 Conceptual model development: Preliminary criteria for CES adoption R:3 I:1 T:4 R:6 I:1 T:7 25.7.2023 1 h
F6 Conceptual model development: Criteria for CES adoption R:2 I:0 T:2 R:5 I:0 T:5 4.8.2023 0.5 h
F7 Key concept definitions: Validation R:3 I:2 T:5 R:7 I:2 T:9 28.8.2023 1 h
F8 New battery regulation R:3 I:2 T:5 R:5 I:2 T:7 31.8.2023 0.5 h
F9 Conceptual model development R:2 I:0 T:2 R:5 I:0 T:5 7.9.2023 1 h
F10 Criteria for CES adoption: Validation 1/3 R:3 I:3 T:6 R:5 I:4 T:9 11.9.2023 1 h
F11 Criteria for CES adoption: Validation 2/2 R:2 I:0 T:2 R:5 I:0 T:5 20.9.2023 1 h
F12 Criteria for CES adoption: Validation 3/3 R:3 I:2 T:5 R:6 I:3 T:9 25.9.2023 1 h
F13 Battery transportation and safety issues R:2 I:1 T:3 R:4 I:1 T:4 29.9.2023 0.5 h
F14 Conceptual model development: Modelling perspective R:2 I:1 T:3 R:4 I:3 T:7 9.10.2023 1 h
F15 Battery pack disassembly strategies R:5 I:3 T:8 R:6 I:7 T:13 23.10.2023 1 h
F16 User requirements for second- and third-life batteries R:4 I:4 T:8 R:6 I:5 T:11 26.10.2023 1 h
F17 Second- and third-life applications: Identification R:2 I:4 T:6 R:3 I:5 T:8 6.11.2023 1 h
F18 Second- and third-life applications: Technical aspects 1/2 R:4 I:2 T:6 R:5 I:3 T:8 10.11.2023 1 h
F19 Second- and third-life applications: Technical aspects 2/2 R:4 I:2 T:6 R:6 I:3 T:9 20.11.2023 1 h
F20 Conceptual model validation R:4 I:1 T:5 R:6 I:2 T:8 27.11.2023 1 h
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different CESs, including repurposing and recycling, while noting any
conflicts, synergies or complementarities (Morseletto, 2020). FGD data
on policy recommendations to support repurposing were manually
coded and categorised into four dimensions: policy and regulatory
framework, financial and economic support, operational and structural
support, and market engagement (see Section 4.3, Table 4 for more
details).

4. Results

The findings present a model for repurposing to extend the product
lifetime of LIBs by cascading their use to second- and third-life appli-
cations. This model is accompanied by a list of potential user segments
and repurposing application categories, related SOH thresholds and
KPIs. Additionally, the model highlights the interaction between prac-
tical applications and regulatory frameworks in extending the lifetime of
EV batteries.

Our findings have three primary elements: (1) an optimal pathway
for spent EV batteries through repurposing, showing cascading appli-
cations for lifetime extension involving second- and third-life applica-
tions and their corresponding SOH thresholds and KPIs; (2) an
assessment of the remaining battery capacity based on the battery’s
technical characterisation; and (3) policies on extended battery life-
times, based on regulations that either boost or hinder the repurposing
of batteries for second- and third-life applications in a cascading setting
(Fig. 1).

4.1. Optimal pathway for repurposing spent EV batteries

Our model shows multiple life cycles and applications for spent EV
batteries. To find adequate technical measures for extending the lifetime
and maximising the utilisation of batteries, our conceptual model pro-
poses four distinct consecutive stages, where the first stage, first life, is
the primary life of an EV battery within the EV itself, typically spanning
10–15 years. Here, the battery retains approximately 80% of its initial
capacity.

The second stage, second life applications, emerges once the battery’s
capacity for EV use diminishes, at which point it transitions to secondary
applications geared towards high-performance uses, including station-
ary energy storage both on- and off-grid, serving purposes such as
renewable energy integration, load levelling and peak shaving. Here, the
battery can operate for an additional 5–8 years. These applications
typically require batteries with 60–80% SOH that can endure 550 cycles
or more while maintaining energy densities ranging from 100 to 300
Wh/kg and operating within varying temperature ranges. Additionally,
batteries repurposed for telecom and mobile applications must meet
specific cycle life and energy density criteria tailored to support pow-
ering cell towers, base stations and various mobile EVs under different
environmental conditions (see Table 3).

The third stage, third life, occurs when the battery’s remaining ca-
pacity targets lower performance demands, focusing on backup power
systems for residential and commercial use, urban electromobility (e.g.
e-bikes and scooters) and portable power solutions for everyday elec-
tronics. This stage can extend the battery’s life by another 5–10 years. As
Table 3 shows, these applications utilise batteries with reduced capacity
with 40–60% SOH, longer cycle life exceeding 5000 cycles and energy
densities ranging from 70 to 120 Wh/kg operating under milder tem-
perature conditions. This categorisation underscores the diverse utility
potentials of repurposed EV batteries across different life-cycle stages,
emphasising optimisation for specific performance metrics and opera-
tional environments.

Finally, the fourth stage, recycling, ends by closing the loop with the
recovery of valuable materials, such as lithium, cobalt and nickel, and
their reintroduction into the battery production cycle as secondary re-
sources, minimising the need for primary resource extraction.

4.2. Assessment of SOH and KPIs

Once the potential extended-life battery applications are defined, the
question arises regarding how to determine the optimal pathway for a
spent EV battery, including second- and third-life use. In our cascade
model, when repurposing a battery, its remaining capacity must be
carefully assessed and monitored to ensure safety and optimal decision-
making regarding its potential second- or third-life applications. The

Table 2
Data structure.

Broader theme (3rd
level)

Sub-themes
(2nd level)

Descriptive codes
(1st level)

High-performance
applications
(2nd life)

Stationary energy storage • Renewable farming
• Area and frequency
regulation

• Load levelling
• Generation-side asset
management

• Peak shovelling
• Reactive power support
• Microgrid
• Smart grid
• Load following
• Power quality &
reliability

• Spinning reserve
• Renewable energy
integration

Telecoms • Powering cell towers
• Powering base stations

Mobile applications • EV charging station
• Electric boats
• Electric aircraft and
drones

• Renewable energy
integration

Low-performance
applications (3rd
life)

Backup power & UPS • For homes
• For businesses
• For computers and other
critical equipment

Urban electromobility and
micro batteries

• E-bikes and scooters
• Home appliances
• Portable power for
laptops and mobile
devices

Battery assessment SOH assessment • Battery chemistry
• Battery format
• Battery unit
• Battery Management
System

KPIs • Internal resistance
• Cycle lifetime
• Energy density
• C-rate (discharge/
charge rates)

Repurposing policy Current policy support • European Green Deal
• Circular Economy
Action Plan

• The Raw Materials
Action Plan

• Sustainable and Smart
Mobility Strategy

• New EU Battery
regulation

• Battery Passport
• Critical Raw Materials
Act

• Inland transport of
dangerous goods

Policy recommendations to
support repurposing

• Regulatory framework
• Financial support
• Operational support
• Market engagement
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battery’s SOH serves as a KPI of the battery, describing the degree of its
degradation relative to its original state. This degradation in the ESS of a
battery unit leads to a decline in its performance over its lifespan. The
battery’s SOH can manifest as the capacity SOH, reflecting that the
battery’s capacity fades over time, or as the power SOH, which corre-
lates with the increase in the internal resistance of the battery unit over
time. Hence, battery performance depends on various factors, such as
power, internal resistance, voltage and self-discharge. To acquire the
essential data for battery assessment, safety inspections are imperative
to ensure the battery’s integrity and safe dismantling, followed by
retrieval of battery management system (BMS) data to diagnose the
battery’s condition. A comprehensive battery assessment entails a well-
defined characterisation process gathering any missing data on the
battery’s current state, thereby facilitating SOH evaluation.

When assessing a battery to determine its capacity and when delib-
erating on repurposing strategies for spent EV batteries, several factors
merit consideration: battery chemistry, battery unit level and battery
shape. For example, from a demand-orientated perspective, the choice
of battery chemistry, such as nickel manganese cobalt (NMC) or lithium
iron phosphate (LFP), plays a pivotal role, with each possessing unique
attributes. Depending on an application’s specific requirements, it might
utilise both chemistries or one of them. Some second- and third-life
applications may be better suited for NMC or LFP batteries, depending
on variables such as the energy density, life cycle and safety consider-
ations. Furthermore, an inclusive evaluation at the battery unit lev-
el—spanning pack, module or cell—provides a holistic understanding of
specific parameter ranges. Considering the diverse cell for-
mats—prismatic, cylindrical and pouch—enriches the conceptual model
by enabling comprehensive assessment of repurposing possibilities. For
instance, pouch cells cannot be dismantled.

In selecting the appropriate cathode chemistry for repurposing spent
EV LIBs, it is crucial to consider the unique characteristics of NMC and

LFP chemistries, particularly as the market transitions towards increased
use of LFP batteries for both EVs and energy storage systems. NMC
batteries, with higher energy density and greater material recyclability
due to their nickel and cobalt content, are better suited for applications
requiring long-range capabilities, such as passenger EVs and high-
performance stationary energy storage systems. However, the eco-
nomic incentive to extend the life of NMC batteries before material
recycling is a key factor, as their valuable CRMsmake them attractive for
recovery. In contrast, LFP batteries, which contain more abundant and
less expensive materials like iron, are not economically viable for
recycling but offer significant advantages in repurposing due to their
superior safety and longer cycle life. LFP batteries are thus ideal can-
didates for second- and third-life applications, particularly in lower-
value and high-safety applications such as backup power systems,
urban electromobility and off-grid energy storage. Choosing an inap-
propriate chemistry for a given application can lead to safety concerns,
including potential thermal runaway, underscoring the need for careful
selection based on performance requirements and life-cycle
considerations.

4.3. Policy on the extended lifetime of lithium-ion batteries

To estimate the extent of policy support and potential bottlenecks to
the realisation of the conceptual model, we mapped relevant policies for
repurposing EV batteries (Table 4).

The European Parliament (2023) defined the CE as a conceptual
model that emphasises sharing, leasing, reusing, repairing, refurbishing
and recycling to extend product life cycles. The EC (2018) stated that it
is crucial for the EU to transition to a CE to ensure a competitive and
sustainable EU economy with low carbon emissions and efficient use of
resources; this aim is reflected in the CEAP, which introduced the
concept of circularity into EU policy and represents the EU’s

Fig. 1. Conceptual model of the extension of EV battery lifetime.
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commitment to integrating circularity into its future policy instruments
(Talens Peiro et al., 2020). The CEAP aims to increase recycled content,
reduce battery waste and facilitate recycling, reuse and repurposing in
the EU. The Strategy for Sustainable and Smart Mobility notes the
increasing demand for batteries in the mobility sector (EC, 2020c), and
the Raw Materials Action Plan (EC, 2020b) considers the increased
circularity necessary to improve access to raw materials. Although these
policies stress the importance of multiple CESs, the Green Deal (EC,
2019), for instance, rarely mentions reuse or repurposing, indicating
that not all CESs have been fully integrated. European Battery Regula-
tion 2023/1542 (EC, 2023a) contains measures such as battery health
checks, collection targets for recycling and requirements for minimum
recycled content in new batteries (EC, 2023a). LIB raw materials,
damaged LIBs and LIBs with a capacity exceeding 100 Wh are consid-
ered dangerous goods according to Directive 2008/68/EC, which pre-
sents rules for LIB labelling and transportation (EC, 2008; United
Nations, 2023). Raw Materials Act 2023/0079 focuses on EOL vehicles
and ecodesign. The retrievability of components and materials from
used cars, including EVs, should be ensured, and products should be
designed to prolong their lifetimes (EC, 2023b).

Although policy strategies highlight the importance of supporting
second-life solutions, the policy measures are focused on recycling, and
there are significant differences between measures implemented to
support repurposing and those utilised to support recycling. The most
significant measures to stimulate EV LIB repurposing are presented in
European Battery Regulation 2023/1542 (EC, 2023a), including a BMS
and battery ‘health check’ which enables the recategorisation of

repurposable batteries from waste to product. Although regulation
2023/1542 sets clear targets for recycling rates and requirements for
recycled content, it has no targets or objectives for repurposing (EC,
2023a). Measures such as battery health checks and battery passports
enable repurposing but do not create incentives as strong as those used
to support recycling. Furthermore, there is no mention of a third life in
any of the policy documents. The exclusion of a third life as a possible
strategy for battery lifetime expansion signals that it was not considered
a potential option or that recycling was seen as preferable to a third life.

Based on insights gathered from the FGDs, a nuanced approach is
recommended to foster effective battery-repurposing initiatives across
four defined categories (Table 5). Although current policies, such as the
new battery regulation (2023/1542), play a crucial role, there is a
notable gap in incentivising repurposing efforts. Rather than solely
enabling policies, there needs to be robust financial incentives aimed at
both businesses and consumers. Specific measures could include pro-
posing subsidies, tax incentives and tailored incentive schemes designed
to mitigate repurposing costs and promote wider adoption of repurposed
batteries. Moreover, it is essential to advocate for increased funding for
research and development initiatives and facilitate stronger collabora-
tions between the public and private sectors. These actions are vital for
stimulating market demand and driving continuous innovation.

5. Discussion and conclusion

The present research addresses critical gaps by investigating the
optimal pathways for battery repurposing and necessary regulatory

Table 4
EU policies relevant to EV LIBs.

Policy Aim Objectives relevant to EV LIBs and CES adoption

European Green Deal (EC, 2019) Transform the EU into a resource-efficient, fair,
competitive and carbon-neutral economy by 2050

• Adopt the use of a life-cycle approach
• Create a predictable and simplified regulatory environment

Circular Economy Action Plan (CEAP) (
EC, 2020a)

Transition the European economy to a circular model • Improve battery durability, reusability, upgradability, reparability, and
resource and energy efficiency

• Reduce hazardous chemicals and environmental and carbon footprints
• Support recycling, remanufacturing and product-as-a-service business
models

• Standardise European battery recycling
The Raw Materials Action Plan (2020) (
EC, 2020b)

Ensure sufficient and sustainable supply of CRMs • Promote sustainable product design, innovation, extended product lifetimes
and use of secondary raw materials

• Develop resilient EU value chains and sourcing; source 80% of lithium from
Europe by 2025

• Diversify sources and promote responsible sourcing from third countries
Sustainable and Smart Mobility Strategy
(2020) (EC, 2020c)

Build a resilient and sustainable mobility network for
Europe

• Achieve 90% reduction in CO2 emissions from mobility by 2050
• Achieve at least 30 million zero-emission vehicles by 2030
• Achieve almost 100% zero-emission vehicles by 2050

New battery regulation (2023/1542) (EC,
2023a)

Facilitate the reuse, repurposing and recycling of
batteries

• Achieve performance and durability requirements
• Recover 90% of cobalt, nickel and copper and 35% of lithium from batteries
by 2025

• Recover 95% of cobalt, nickel and copper and 70% of lithium from batteries
by 2030

• Achieve the following recycled battery content requirements by 2030: 12%
cobalt, 85% lead, 4% lithium and 4% nickel; and the following by 2035: 20%
cobalt, 10% lithium and 12% nickel

2023/0079 Critical Raw Materials (CRM)
Act (EC, 2023b)

Develop circular and sustainable European raw
materials supply chains by increasing self-sufficiency
and diversifying supply

• Strengthen the European CRMs value chain
• Diversify CRM imports
• Improve Europe’s capacity to monitor and mitigate supply disruption risks
• Ensure functioning markets for CRMs, maintain a high level of environmental
protection and improve circularity and sustainability

• Increase recycling and use of secondary CRMs
• Promote ecodesign to reduce resource use and increase durability,
reparability and reusability and to ensure recycling, remanufacturing or
recovery

Directive 2008/68/EC inland transport of
dangerous goods (EC, 2008; United
Nations, 2023)

Ensure safe transport of dangerous goods between
Member States and third countries according to the
ADR, RID or ADN1

• Ensure that LIBs are packed and labelled correctly, and transported in a
vehicle equipped with appropriate safety features

• Ensure that LIBs with a capacity of more than 100 Wh are transported as
dangerous goods

• Ensure that all damaged or defective LIBs are transported as dangerous goods

1 ADR: European Agreement concerning the International Carriage of Dangerous Goods by Road, RID: Regulation concerning the International Carriage of
Dangerous goods by Rail, ADN: European Agreement concerning the International Carriage of Dangerous Goods by Inland Waterways.
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enhancements. Our model delineates a range of potential applications
for extending EV batteries into second and third lives. These applications
span from stationary ESSs to smaller-scale uses for residential andmicro-
urban electromobility. Additionally, we explore specific SOH thresholds
and KPIs to support decision-making on maximising EV battery lifetimes
through repurposing and analyse how current regulations support or
hinder these efforts, proposing policy changes to enhance repurposing
initiatives. The contributions are twofold: first, we define specific SOH
thresholds and user requirements tailored to different second- and third-
life applications based on expert insights and, second, we critically
evaluate current policies and identify specific recommendations to
encourage greater emphasis on battery repurposing over recycling.

5.1. Theoretical contribution

Our study makes significant theoretical contributions by establishing
repurposing as a crucial strategy for extending the lifespan of EV bat-
teries within the CE framework. By defining specific SOH thresholds and
user requirements for different second- and third-life applications, our
model addresses gaps in the literature. For instance, although Albertsen
et al. (2021) and Casals et al. (2019) discussed the general benefits of
second-life applications, our research offers a more detailed and
actionable pathway tailored to distinct user needs. Additionally, unlike
Martinez-Laserna et al. (2018), who focused on regulatory aspects, our
findings integrate business strategies with technical analyses, providing
a more holistic approach to battery capacity assessment and policy
challenges. This comprehensive model goes beyond the scope of Ribeiro
da Silva (2023) and Shahjalal et al. (2022) by proposing a multistage
cascade of battery use, optimising resource utilisation and reduces total
lifetime costs, as supported by Börner et al. (2022). Moreover, our
research identifies specific regulatory shortcomings and offers targeted

policy recommendations, thus filling the critical gap noted by Dunn
et al. (2023) and Hoarau and Lorang (2022) regarding the need for
enhanced incentives for repurposing. Through these contributions, our
study enriches the theoretical discourse on CESs in battery life-cycle
management.

5.2. Managerial implications

Our study reveals contrasting perspectives in the literature regarding
battery-repurposing strategies within a CE. Unlike previous studies
emphasising regulatory support (Martinez-Laserna et al., 2018; Kamath
et al., 2020), our findings highlight a predominant focus on recycling
within existing frameworks. This presents a strategic opportunity for
managers to proactively explore the underutilised potential of second-
and third-life battery applications. By implementing our model, orga-
nisations can optimise resource utilisation and operational efficiency,
thereby aligning with environmental sustainability goals while reducing
the costs associated with traditional disposal methods. The insights
derived from contrasting our findings with the literature (Bobba et al.,
2019) emphasise the importance of managerial decisions that prioritise
flexibility and innovation in battery life-cycle management. This
approach not only addresses regulatory uncertainties but also enhances
organisational resilience by leveraging diverse end-use scenarios and
adapting to evolving market dynamics.

5.3. Policy implications

Despite the EU’s emphasis on battery circularity (Barkhausen et al.,
2023), the results show that the implemented policies provide stronger
incentives for recycling than other CESs. This finding aligns with that of
Albertsen et al. (2021), who noted that although the EU Battery

Table 5
Recommendations to support battery-repurposing initiatives.

Category Themes Specific recommendation

Policy and regulatory framework Regulatory compliance and standards • Develop certification programmes for safety and compliance standards on digital product
passports (DPPs)

• Set guidelines for necessary information to enable repurposing and consumer right to repair
• Standardise battery health monitoring
• Develop and enforce harmonised standards for repurposing processes
• Standardise testing methods for safety and performance

Legal frameworks and mandates • Implement extended producer responsibility (ERP) mandates
• Establish clear regulations for ownership and liability of repurposed batteries
• Specify hazardous material classification in DPPs
• Establish battery design regulations

Financial incentives and economic
support

For businesses • Offer subsidies and tax breaks to businesses in battery repurposing
• Architect incentive schemes to offset the costs of repurposing (e.g. transportation, testing,
dismantling, reassembly)

• Subsidise technological innovation (e.g. AI-enabled disassembly)
For consumers • Provide tax benefits for buyers of repurposed batteries

• Lower VAT for refurbished, repurposed and remanufactured batteries
• Subsidise storage optimisation that uses repurposed batteries

Economic impact assessment • Cost comparison between new and repurposed batteries
• Link subsidies to job creation in battery-repurposing initiatives

Operational and structural support Research and development • Fund R&D initiatives to advance repurposing technologies
• Support pilot projects for battery repurposing
• Subsidise innovations for efficient and environmentally friendly repurposing processes

Infrastructure support • Invest in robust battery collection and recycling systems
• Establish centralised locations and logistical frameworks for battery return and transport
• Support local value chain improvement and development of new, sustainable recycling
technologies

Data and transparency • Create tracking systems to manage the life cycles of batteries
• Ensure transparency through labelling to build consumer confidence
• Facilitate data exchange among stakeholders (manufacturers, recyclers and repurposing entities)

Market engagement and impact Consumer and market engagement • Educate consumers and businesses on the advantages of repurposed batteries
• Promote the use of repurposed batteries in government projects and public infrastructure
• Forster collaborations between the public and private sectors to drive market demand and
innovation

Environmental and economic
considerations

• Calculate environmental impact benefits to align incentives with cost savings from positive
environmental practices

• Monitor the retention of battery materials within Europe to reduce dependency on imports
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Directive introduces recycled content requirements and aims to enhance
information availability, it indirectly supports repurposing without
strong incentives. Although Regulation 2023/1542 includes measures
such as the use of a BMS and battery health checks, it lacks mandatory
requirements or substantial incentives for repurposing. Dunn et al.
(2023) emphasised that prioritising second- and third-life applications
over recycling reduces the lifetime environmental impact of LIBs.
Hoarau and Lorang (2022) suggested adjusting recycled content re-
quirements to support second-life applications. We recommend a sys-
temic approach that harmonises recycling with second- and third-life
strategies through robust regulations that encompass all CES options.
This aligns with Börner et al. (2022) and Riveiro et al. (2023), who
stressed the importance of data sharing and transparency across the
battery value chain. Additionally, policies should be technology-neutral
to adapt to emerging technologies (Melin et al., 2021). The differences in
circularity-related policies across countries, such as China’s temporary
ban on large-scale repurposing (Geng et al., 2022), highlight the need for
universal standards to benefit CESs (Chirumalla et al., 2023). Compre-
hensive policies that integrate repurposing strategies into national en-
ergy frameworks (Kamath et al., 2020) can significantly enhance the
utility and environmental benefits of batteries.

5.4. Limitations and recommendations for further research

The present study contributes to extending the lifespan of spent EV
batteries within a conceptual model while acknowledging certain limi-
tations. The proposed model—derived from FGDs and secondary data-
—serves as a theoretical framework rather than an empirically tested
framework guiding the achievement of CE targets. Empirical in-
vestigations are needed to validate and refine the presented concepts.
No economic analysis for potential applications was conducted, high-
lighting the need for studies to assess the economic viability of each
repurposing application, particularly in relation to different battery
chemistries. For example, further exploration is needed to determine
when NMC or LFP batteries are most appropriate for specific applica-
tions, considering trade-offs between recyclability value, safety and
long-term performance benefits. The dynamic nature of the CE and
sustainable battery management, influenced by ongoing technological
advancements and regulatory changes, may impact the efficacy of the
outlined strategies. Although the present study offers insights into po-
tential pathways for extending the EV battery lifespan and aligning with
CE goals, further research, particularly through real-world applications,
is essential for validating and refining the model. Future research should
explore the practical implementation of the model in diverse contexts,
evaluate its effectiveness and consider safety concerns to mitigate risks
associated with repurposing while refining strategies to maximise the
value and lifespan of EV batteries within the CE model.
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LIB is considered the most important component of an EV
as well as a vital industry with increasing importance for the
economy and environment [7]. This paper focuses on five types
of LIBs including Lithium manganese oxide (LMO), Lithium
titanate oxide (LTO), Lithium iron phosphate (LFP), Lithium
nickel manganese cobalt oxide (NMC), and Lithium nickel
cobalt aluminium oxide (NCA). The design of LIBs (pack,
module, and cell) is an important step to achieve more efficient
recycling in line with implementing a circular economy model.
To have a sustainable and circular LIB from a design
perspective, it is essential to consider several factors such as an
easy dismountable architecture of components, a competitive
cost for the secondary process compared to the primary process,
a simple purification flowsheet, high recovery rates of valuable
elements demanded in the market, as well as a collection and
segregation mechanism [8]. Therefore, given that EVs’
architecture design must include a battery operating properly as
an integrated system, it is necessary to identify the challenges
that EV batteries face achieving the energy transition across a
sustainable and circular supply chain of lithium. Consequently,
this study aims: (1) to better understand the challenges of a
circular design of LIBs in the energy transition to achieve
sustainable development goals (SDGs), (2) to analyse the
potential impact of significant factors and their interrelations in
the value chain of EVs to suggest improvements, and (3) to
propose an improved model of a circular design system to be
considered for all actors in the value chain of LIBs for EVs,
including policymakers.

This paper is organized as follows. Section 2 explains the
method used in this study by a conceptual model, a causal loop
diagram (CLD), and a stock and flow diagram (SFD). Section
3 includes the results and discussions regarding the proposed
circular SFD versus the current linear one, estimates the pattern
of behaviour of the major variables and presents managerial and
policy implications. Finally, Section 4 includes the conclusions
of this study.

2. Materials and methods

According to the World Economic Forum, battery demand
grew by 30% annually (2010-2018) and reached a volume of
180 GWh in 2018. The market is expected to grow 25% yearly
to reach a volume of 2,600 GWh by 2030. Global battery
demand is expected to double between 2024 and 2025 while the
growth of lithium production is 3-5% annually [9]. The limited
effect on the global primary lithium demand is due to the rapid
technology changes of EVs and batteries resulting in an
exponentially increasing demand for lithium. Whereas the
timespan of lithium exploration mining projects till reaching
their operation stage is much slower, which is at least one
decade for brine lithium deposits projects. Therefore, circular
design plays a crucial role in promoting resource efficiency.
Using system dynamics modelling, this paper aims to suggest a
circular design of LIBs supply chain to improve the share of
secondary lithium recirculating in the system.

System dynamics modelling is a simulation method used to
represent and interpret real-world systems including
complexity, nonlinearity, and feedback loop structures.
Moreover, system dynamics is used to model and simulate
relevant systems to better understand the dynamic behaviours

and to evaluate different policies [10]. In this study, we used
Vensim PLE, which is a software designed for qualitative and
quantitative modelling systems that change over time.

Several studies related to the lithium industry have applied
the system dynamics methodology. For example, Liu et al. [11]
analysed the supply and demand response trends of lithium
resources in China caused by the demand for emerging
renewable energy technologies. In their model, lithium market
price, supply, demand, import volume, and consumption of
lithium are included, but the environmental and socioeconomic
interactions are not considered at all. By applying a systems
dynamics approach and life cycle assessment (LCA),
Golroudbary et al. [9] simulated and analysed the energy
consumption and GHG emissions from critical mineral
recycling of the LIBs. Their results show a quantification trend
of the recycling of lithium from the environmental and energy
consumption perspectives excluding policies and regulations
analysis.  Sun et al. [2] analyse a regional dynamic flow of the
life cycle of lithium in China to study the changes in the lithium
supply chain as a result of the EV industry. Their model
includes production, consumption, international trade of
lithium to calculate the import dependence. Consequently,
there is a lack of analysis of the lithium supply chain from a
holistic point of view to show the challenges of LIB design in
the journey of energy transition. Therefore, the novelty of this
study is that technology, economy, policy, and sustainability
aspects are considered to assist the implementation of the
circular design of batteries.

2.1. Conceptual Model

Fig. 1 shows the proposed model that consists of three main
sub-systems: (i) supply, (ii) demand, and (iii) ‘policies and
regulations’.

The supply sub-system includes two different streams as
linear and circular. The linear stream refers to primary lithium
sources including three main elements: (1) Lithium deposits: At
the global level, for commercial export, lithium is mainly
extracted from two types of sources: 32% from hard rocks (e.g.
Australia and China) and 46% from brine (e.g. Argentina,
Bolivia, Chile) [1]. (2) Lithium mining: For extraction from
deposits, various technologies are carried out according to the
type of lithium source, where brine sources being considered
less energy-intense than hard rock mining [12]. (3) Processing

Fig. 1. Conceptual model for LIBs supply chain in line with energy transition.

This is a resupply of March 2023 as the template used in the publication of the original article contained errors. The content of the article has remained unaffected.



America Rocio Quinteros-Condoretty  et al. / Procedia CIRP 100 (2021) 73–78 75

of lithium: Lithium carbonate and lithium hydroxide are the two
types of processed lithium that is commercialized as raw
material for the production of LIBs [13,14]. The circular stream
corresponds to secondary lithium sources, including recycling
activities such as collecting, processing, and refining spent
LIBs.

Demand sub-section considers four elements: (1)
Manufacturing of LIBs: Cathode, anode, electrolyte and
separator are the essential components of a LIB [15]. (2)
Lithium demand: LIB industry requires lithium carbonate and
lithium hydroxide as raw materials to manufacture the cathode
part that ends up in different chemistries and types of LIBs
[13,14]. (3) LIBs demand: This research focuses on five types
of LIBs including LMO, LTO, LFP, NMC, and NCA [9,16].
(4) EV demand: It is expected that EVs’ demand will grow
exponentially, reaching 44 million units by 2030 [17]. This
study focuses on three types of EVs: battery-powered electric
vehicles (BEVs), plug-in hybrid electric vehicles (PHEVs) and
hybrid electric vehicles (HEVs) [15].

The third sub-system ‘policies and regulations’ corresponds
to a macro level. This sub-section influences supply and
demand sub-systems. ‘Policies and regulations’ sub-system
includes three elements: (1) Government incentives to purchase
EVs: Local tax regimes and government purchase incentives
directly influence new adopters of EVs [7]. For instance, China
is a clear example of the positive impact of government
incentives. In 2009, China subsidized EV purchases promoting
the shift of the transportation system and becoming the largest
EV market globally [18]. (2) Government incentives to ban
internal combustion engines (ICE): To mitigate car emissions
and lessen the use of fossil fuels, some countries have planned
to set bans on ICE cars in the coming 10 to 30 years [7]. (3)
Transition to a circular economy: It refers to promote policies
for designing out waste and pollution, keeping products and
materials in use, and regenerating natural systems.
Nevertheless, waste treatment is primarily the focus of
attention of current circular economy regulations. Therefore,
experts in the area expect that policies regarding the circular
economy would include stronger standards and norms in
production, tax alleviation for circular products, circular supply
expansion, eco-design, and eco-industrial parks support [19].

2.2. Causal Loop Diagram

The system considered in this study focuses on the complex
interrelations between supply, demand, and policies towards
the energy transition to promote the shift to a sustainable
transportation system. The model considered in this study is
depicted in Fig. 2 in a causal loop diagram by identifying the
key variables and their interrelations. The diagram shows that
the relevant variables are not independent as they have
significant interrelationships, and the direction of the
relationships is one-way in most cases. It can be seen from Fig.
2 that there exist loops in the diagram, inside which some of
the relevant variables affect each other. For that reason, the
objective of a CLD is the identification of the significant factors
that affect a system, and the causal relationships amongst them.
A CLD contains arrow-connected variables signifying the

hypotheses of the model which represent the feedback structure
of the systems [20].

A causal link in the model demonstrates how variables affect
each other. Next to the arrowhead, the positive (+) or negative
(-) signs show if the linked components change in the same or
reverse direction. In the developed model, the flow starts from
the existence of lithium deposits, allowing more mining of
lithium. However, environmental, and social issues are
generated by mining of lithium. These issues and concerns
increase the levels of sustainability commitment towards the
SDGs, which signifies a limitation for mining operations [21]
(See Table 1). The greater mining of lithium activities allows
the more processing of lithium. More processing of lithium
leads to greater levels of manufacturing of LIBs. Two kinds of
government incentives trigger battery demand of EVs from
market: (i) incentives to purchase EVs such as subsidies and
(ii) incentives to ban ICE. At the same time, incentives to
purchase EVs has a positive impact on the number of early
adopters of EVs [7]. Transition to circular economy policy
framework has also an influence on the recycling of lithium as
well as on the sustainability commitments towards the SDGs.
However, the transition to a circular economy is also affected
by technology availability and market readiness. Circular
design plays a direct relation in boosting lithium recycling and
in the transition to a circular economy. Moreover, the future of
E-mobility has the potential to influence the global automotive
market as well as governance. Therefore, as it can be seen in
Table 1, sustainable development of transport technologies has
the prospect to empower communities and increase
productivity, by creating new life models.

A CLD may involve balancing (depicted by B sign) or
reinforcing (presented by R sign) feedback loops. There are six
balancing feedback loops and one reinforcing feedback loop in
the developed CLD, as shown in Fig. 2. The first balancing loop
is made up of processing of lithium, demand of lithium from
LIB industry and mining of lithium. The second balancing loop
involves manufacturing of LIBs and demand of LIBs from EVs
industry. The third balancing loop is made up of mining of
lithium, processing of lithium, manufacturing of LIBs, demand
for LIBs from EVs industry, and demand for lithium from LIBs
industry. The fourth and the fifth balancing loops involve the
relationship of mining of lithium with environmental and social
issues respectively, and their support with sustainability
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Fig. 2: Causal Loop Diagram of LIBs supply chain.
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from EV market is also directly affected by the policy
framework. Therefore, if a robust and integrated policy
package is developed considering both the incentives to
purchase EVs and the bans for reduction the acquisition of ICE
cars, then the exponential behaviour might occur at a more
rapid pace.

3.2. Circular versus Linear Design

A linear economy is characterized by products
manufactured, used, and discarded, whereas a circular
economy has as a principle of material value preservation as
high as possible for as long as possible [23]. Regarding the
current system, we can consider it as linear due to the low
contribution of secondary sources to lithium demand.

Smart way circular designed batteries: The proposed model
considering a circular design would add different lives to the
spent LIBs from EVs. There is a need to boost reuse and
recycling from the beginning of the life cycle of batteries (i.e.,
the designing stage) [24]. As Fig. 4 shows, when the battery
has its full capacity, it will be used for EVs as its first life. After
diminishing its storage capacity to 80%, it can be reused for
storage of energy coming from renewables as a second life.
When its capacity has reached 60%, it might be reused for
back-up energy storage of infrastructures. Finally, only after
three lives, it should be recycled. However, the three purposes
should be addressed from the beginning of the designing stage.
Certainly, another challenge here is to reach a balance for
consumer expectation in terms of features such as energy
capacity, battery size, and energy density. Therefore, the design
should be assessed from an LCA perspective to understand the
environmental impacts across all categories to achieve the
decarbonisation of our economy. A circular design that
maximises durability and facilitates maintenance of the LIBs
would also allow the extension of the lifetime mileage of EVs
as a whole reducing the environmental impacts in the use-stage
of an electric car [24].

In this line, the literature suggests different improvements
for a circular design of LIBs. For instance, standardization of
battery design is considered an important enabler of reuse and
recycling of LIBs and supporting the reduction of primary
sources as raw materials [8,24]. The estimated lifespan of a LIB
is over 20 years, yet it changes depending on the application.
For instance, the lifespan of an EOL LIB for EVs is between 8
to 10 years until reaching about 80% of its nominal capacity
[6]. The cascaded use of EOL LIBs results in the delay in the
eventual recycling of batteries. Considering the main

objectives of the proposed model, the reduction of GHG
emissions and the socio-economic development, this delay
would support the system to be in balance and to reach these
objectives in long term. It is worth mentioning that this delay
may provide opportunities for research and development of
recycling technologies so that the system would boost the rate
of secondary lithium circulating in the long term.

3.3. Managerial and policy implications

From a managerial perspective, several issues should be
addressed: (i) technological and managerial adaptation to reuse
materials, (ii) designing new products to markets and new
circular business models, (iii) stakeholder collaboration and
alliance partnerships across the value chain of LIBs for EVs.
The latter is extremely required to develop a circular design, as
well as to align and join efforts towards the energy transition.
For instance, a good example of this is the initiative of two
British companies – Eco Charger and Aceleron – which
committed to the creation of a circular economy for spent EV
batteries emphasizing the designing of batteries to achieve this
aim [25].

From a policy perspective, the importance of circular
economy policy should rely on four pillars: (i) CO2 emission
reduction, (ii) economic development through the creation of
new jobs (iii) fostering collaboration among actors of the value
chain, and (iv) encouraging a more robust and continuing
research and investments in the recycling sector of LIBs [26].
Therefore, in the case of EU circular policy, a robust
framework would bring important benefits such as supplying
the region with its own sources instead of relying only on
imports from other countries outside the EU and consequently
lessening the supply shortage of LIB materials [27]. Some
studies underlined the fact that there are challenges concerning
technologies that result in costly efficient and effective LIB
recycling [9,19]. A summary of the barriers across the value
chain of lithium recycling is provided by the International
Institute for Sustainable Development [21].

In summary, some specific changes in the current system are
required to achieve the so desired energy transition to mitigate
the effects of climate change and to decarbonize our economy.
The sustainability of the lithium industry system requires
developing targeted strategies adapted to specific contexts to
foster transformative solutions at regional, national, and local
levels with the involvement of multi-actor actions [1]. As stated
by EEA [23] “The transition to a circular economy requires
better knowledge about the links between products, their
underlying business model and the societal infrastructure and
governance determining their life-cycle.”. Therefore, these
changes are needed to be made at the product design stage
(starting from the very beginning), at the consumption stage by
developing innovative business models, and also at the
policymaking level to enable the proper conditions for
robustness, alignment, and synergy of the policy framework.

4. Conclusions

By applying a system dynamics approach, this study has
developed a conceptual model to focus on the impact of a

Fig. 4. Circular design of LIB with extended purposes
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circular design of LIBs for EVs. Three sub-systems of supply,
demand, and ‘policies and regulations’ were identified as the
most important sub-systems for the system under investigation.
Additionally, the interrelations of the variables of each sub-
system were defined and depicted by using a CLD and SFDs.
From the proposed models four main conclusions were drawn.
Firstly, environmental, and social commitments towards the
achievement of SDGs should be addressed to ensure the
smooth continuity of current and future lithium mining projects
to ensure supply from primary resources. Secondly, secondary
share and reuse of lithium should improve smartly. A circular
design of LIBs is developed to extend their durability, make
their maintenance easy, and facilitate the recycling process.
The circular design might create values such as securing global
resources by promoting the usage of secondary materials and
extending the durability by giving different lives for the
product. Therefore, circularity would allow the preservation of
natural systems and circular design would improve resource
efficiency. Thirdly, managerial adaptation should be applied
connected to the integration of LCA and CO2 emissions, and
new technologies. Fourthly, an appropriate policy framework
is needed to enable the conditions for material circularity.
Policies should consider limitations and challenges that would
emerge for each stakeholder in the whole value chain of the
lithium industry for LIBs of EV, where close collaboration
within all actors is prominent to avoid unexpected results in the
market.

The focus of this study is on qualitative modelling and the
causal effect of significant variables for better managing a
possible circularity of lithium. Future research can use the
proposed circular design SFD of this study as a base for
quantitative analysis and simulate the dynamics of the
proposed variables over time with the support of a software.
Furthermore, researchers might also focus on the impact of
different policies to promote modular design.
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