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I 
 

 

Circularity as an enabler for sustainable value chains 

Managing and controlling the battery value chain for heavy trucks 

 

STINA LUNDIN 

Department of Technology Management and Economics 

CHALMERS UNIVERSITY OF TECHNOLOGY 

 

Abstract 

 

Environmental sustainability has become a pressing challenge, with global warming 

underscoring the need for innovative solutions. The vehicle industry is shifting from fuel- to 

material-intensive systems, particularly with battery-electric heavy trucks. The automotive 

industry’s transition towards electrification has increased the demand for critical materials, 

risking shortages and raising ethical and environmental concerns, which highlights the need for 

a circular economy. Achieving zero-emission trucking depends on efficient battery use, 

extending battery life, and implementing end-of-life solutions to reduce reliance on virgin 

materials. Circular value chains for heavy truck batteries are essential in order to secure the 

supply of critical raw materials and support environmentally sustainable solutions. For battery 

manufacturers, circularity helps avoid price volatility, supply chain disruptions, and 

geopolitical dependencies. However, there is limited understanding of the transformation 

needed to achieve large-scale industrialized circularity in battery production. This research aims 

to shed light on the circular opportunities of battery life.  

 

Achieving circularity for heavy truck batteries requires key shifts, including battery design for 

extended use and material recovery and set-up of reverse supply chains to address material 

shortages and geopolitical risks. In addition, technical solutions for the recycling process and 

access to battery data throughout the battery journey are essential for informed decisions and 

circular strategies. 

 

Key words: Electric vehicle batteries, Self-actualization, Circular economy, Mass 

customization, Servitization
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1. Introduction 

 

Environmental sustainability has become an increasingly pressing challenge in recent years, 

with global warming driven by greenhouse gas emissions highlighting the need for innovative 

solutions. Electrification has been identified as the primary way for the transportation sector to 

become climate-neutral. Achieving climate neutrality through electrification requires 

integration of circularity throughout value chains. The urgency to address environmental issues 

through electrification is evident in initiatives like the European Green Deal and international 

climate agreements.  

 

The vehicle industry is undergoing a major technological transformation, shifting from fuel-

intensive to material-intensive systems. As a reference, the critical material demand for electric 

vehicle batteries is expected to increase up to 26-fold by 2050 (Lehtimäki et al., 2024). The 

technological transformation is influencing the complete value chain, organizations, business 

models, and geographical footprints. This complex global challenge demands solutions that 

balance societal, ecological, and economic sustainability. To scale the production of battery 

electric heavy trucks, the battery material value chain must be established, developed, and 

maintained in a sustainable manner. In this thesis, the value chain concept refers to the activities 

that add value (Walters et al., 2000) to battery raw materials throughout their journey, in 

contrast to the supply chain that focuses on the flow of battery materials (Mentzer et al., 2001), 

without necessarily adding value. 

 

For the heavy truck industry, as for the automotive sector in general, the shift to electrification 

requires the development of sustainable solutions through circular practices, which are currently 

not in place. Extending battery life across first- and second-use phases, repurposing them in a 

third life, and implementing appropriate end-of-life measures will help reduce reliance on virgin 

materials. Scalable solutions for the expected surge in used batteries creates opportunities for 

circularity, sustainable practices, and new business models.  

 

 

1.1 Background 

 

Currently, the original equipment manufacturers in the automotive industry are facing 

challenges in transforming the combustion engine value chain to a battery electric value chain; 

the focus of the present research is on how to industrialize the battery material recovery.  

 

In the transportation sector, reducing CO2 emissions through electrification places a high 

demand on raw material used for battery production. The materials needed in battery production 

are challenging, not only from a supply and cost perspective but from a social and an 
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environmental sustainability perspective (Rehman et al., 2025; Tsao et al., 2024; Petzold et al., 

2024). To secure the sustained supply of raw material, reasonable cost structure and 

environmentally sustainable solutions for a great volume of heavy trucks batteries, there is an 

anticipated need for circular value chains (Petzold et al., 2024). The demand for virgin materials 

must be reduced, while recycling and reuse of used materials should be prioritized. In the 

present study, moving from linear value chains to circular value chains is assumed to be a key 

for future resource-efficient and sustainable battery production. The installed base of batteries 

will be an important source of critical materials. Currently, solutions are missing; for example, 

electric vehicle battery recycling is not being implemented (Feng et al., 2025; Jiang et al., 2025). 

My view as a professional is that circular practices for battery life extension and battery material 

recovery are not evident. Visions and principles do exist, but, in general, circular practices for 

electric vehicles are not implemented. There is an urgent need to develop an understanding of 

how to overcome barriers and identify enablers in the transformation to an industrialized 

circular value chain for a heavy truck battery volume at scale. In this thesis, industrialized 

circular value chain refers to large scale, implemented circular practices with consistency, 

predictability, and efficiency.  

 

This research contributes to our understanding of how to put circular value chains into action. 

The extant literature needs to be complemented to establish actionable knowledge. While there 

is extensive research on circular economy and electric vehicles, the literature could benefit from 

enhanced feasibility assessments and actionable insights. In most articles, it appears that 

circular value chains for electric vehicle batteries are already operational. However, based on 

my professional experience, this is not the case. Furthermore, the current literature focus is not 

on whether these solutions are truly effective or feasible to implement. As illustrated in Chapter 

2.1, Table 1, the literature feasibility for circular battery value chains is assessed. The circularity 

area, as well as the value chain field, will gain knowledge by research on the topic of how the 

transformation can be applied in practice to reach circular value chains for heavy truck batteries. 

In the battery circular value chain, the access to batteries and the materials included in the 

batteries will be key, not only to secure supply, cost, and environmental solutions but also to 

secure fulfilment of current and future regulations (Terkes et al., 2024; Li et al., 2024). Our 

understanding of how trust, transparency, and traceability will be managed in the circular value 

chains for batteries needs to be reinforced (Li et al., 2024; Centobelli et al., 2021).  

 

This research is phenomenon-driven. My personal take on the current literature is that it offers 

insights into potential circular solutions for electric vehicle batteries, but lacks discussion on 

feasibility and the practical implementation of circular practices. 
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1.2 Research focus 

 

The phenomenon and background: Anticipated shortage, and associated risks, as well as lack 

of sustainable supply of battery materials, demands a transition towards circularity. There is a 

wide spectrum of risks such as geopolitical tensions, mining bottlenecks, price volatility due to 

increased demand, as well as sustainability and ethical concerns, that draw attention to battery 

materials. Battery raw material metal mining is controlled by a few actors, mainly from China. 

China has made heavy investments in Africa and Latin America to secure access to raw 

materials for battery cell production. In addition, a few countries and companies dominate the 

refining of battery materials, with China controlling a significant share of the battery refining 

and processing market (European Commission 2024; Li et al., 2024).  

 

The complete life cycle of material with a special focus on the critical materials needs to be 

understood. The life cycle of materials includes the full supply chain, from raw material 

extraction, production, use during first and second life and the process of reuse, refurbish, 

repurpose and recycling at the battery end of life. Within the realm of the battery material life 

cycle, in this research I focus on how to extend the use of battery raw materials and battery raw 

material recovery; currently, circular solutions are missing.  

 

The lifetime of a vehicle with a combustion engine is significantly longer than the lifetime of 

the battery electric vehicle or the battery in the vehicle (Chirumalla et al., 2024; Tang et al., 

2023; Alfaro-Algaba, 2020). It is worth noting that the technology is evolving rapidly, and some 

suggest that future battery lifespans may exceed the lifetime of the vehicle itself. The cost for 

the battery drive line, as we know it today, is far higher than the fuel drive line. Considering the 

battery lifetime and cost, the business models will most likely be impacted due to the total cost 

of ownership (Zhou et al., 2025; Jiao et al., 2016). The effect of the societal push for sustainable 

solutions is evident in the truck market and the traditional truck ownership business model is 

likely to change. A prolonged lifetime and increased use of batteries and battery materials is 

necessary in order to increase the economic value of a battery electric vehicle supporting the 

electrification to take off, resulting in greenhouse gas emission reductions. Increased electric 

truck sales provide a future increased battery return volume stressing the circular solutions for 

the battery value chain.  
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Figure 1. Estimated battery return volume 

 

 

Considering the estimated volume of the return flow of batteries, as illustrated in Figure 1, the 

reuse of materials is necessary, not only to fulfil the volume demand of new batteries, but also 

to secure environmentally sustainable solutions for the batteries at the end of useful life and 

thereby limit the use of substances of concern (Rehman et al., 2025; Koech et al., 2024; Niri et 

al., 2024). The need to implement circular end-of-life practices is urgent in order to manage the 

battery return volume when it arises. Critical materials such as nickel, cobalt, and lithium have 

a significant resource impact from both environmental and societal perspectives (Niri et al., 

2024; Chordia et al., 2021). Disassembly and automated industrial disassembly of batteries is 

the only way to achieve economic and environmentally sustainable solutions (Rehman et al., 

2025; Glöser-Chahoud et al., 2021). To limit the need of virgin materials in cell production, the 

need to reuse and recycle material from used batteries has been assumed in the present study. 

 

Anticipating increased demand on responsibility and control of material and substances of 

concern places a high demand on traceability and information (Compagnoni et al., 2025). Data 

and relevant tracking systems need to be in place to fulfil legal requirements as well as social 

and ethical demands on the heavy truck manufacturer. The access to battery status and health 

places demands on information and data over the full lifetime of a battery (Terkes et al., 2024; 

Hasib et al., 2021). Strengthened producer responsibility, including responsibility for the post-

consumer battery, requires extensive battery information. In addition, the battery data are 

needed to make informed decisions to secure supply of secondary raw materials. Sustainable 

solutions will be sought to manage batteries both included in and excluded from trucks, aiming 

to minimize the use of virgin raw materials. Expanded responsibility for the entire value chain 

needs to be understood, from raw material, cell to built-up product in a vehicle, during the 

battery lifetime and beyond (Montecchi et al., 2021). Maintaining control, information, and data 

across the battery value chain is essential to ensure it is used efficiently and in a socially 

responsible way taking ethical, societal, and environmental perspectives into account. The 
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battery value chain must be transformed to secure solutions fitted for the future, looking beyond 

the current business logic.  

 

 

1.3 Research motivation and questions 

 

The overall objective of this research is to create an actionable knowledge base intended for use 

in the transition from linear value chains to circular value chains for heavy truck batteries. The 

intention is to conceptualize the transformation through a theoretical model, described in the 

battery maturity assessment model in Chapter 2.4, and find pathways to industrialized 

circularity. Industrialized circularity is referred to as large-scale implementation of circular 

practices, scalable collection and reverse supply chains and utilizing end-of-life batteries as a 

supply base for battery cell production. Figure 2 illustrates the foreground of this thesis, circular 

value chains for heavy truck batteries and provides an overview of the research problem, the 

distinct parts of this thesis, and their relationships to the research questions and appended 

papers. The first research question brings the results of the first and second studies together and 

seeks to map the problem solving capability of mass customization. The second research 

question broadens the battery journey perspective and connect the findings of the two studies, 

resulting in the battery maturity model described in Chapter 5.2. 

 

 

Figure 2. Overview of research scope and research questions 
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The below research questions have been formulated to guide this research.  

 

Challenge mitigation through mass customization. The aim of the first study was to set the 

scene for the research. The focus was on the challenges and opportunities for circular value 

chains in the context of electric vehicle batteries. The study showed that requirements in the 

transformation range from internal competence and knowledge in the organization, through 

physical artefacts such as product design towards and the reverse battery flow. In the second 

study, the primary focus was to gain an in-depth understanding of the battery diversity and the 

consequences with a lack of a mass customization building on a standard for heavy truck 

batteries, creating an understanding of how mass customization can enable the transformation 

to circular value chains.  

 

RQ1: What challenges, in the transition to circular value chains for electric vehicle batteries, 

can be mitigated through battery mass customization?  

 

Shift needed to reach circularity. The answer to the second research question sheds light on 

the shift needed to reach industrialized circularity, utilizing installed base of batteries as supply 

base for battery cell production, presented in the battery maturity assessment model and the 

battery maturity model.  

 

RQ2: What shifts are needed to reach circular value chains and secure secondary raw materials 

as input to battery cell production? 
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1.4 System boundaries 

 

This research focuses on heavy-duty truck batteries, with a particular emphasis on battery 

materials and their recovery, Figure 3 illustrates the boundary between the battery material and 

the battery throughout its journey. Achieving circularity and recovering battery raw materials 

from electric vehicle batteries presents significant industry challenges, and overcoming these 

obstacles requires substantial shifts. Regarding the transferability of the results, because the 

case company is an early adopter in the electrification transformation, it is likely that the results 

are also representative for other large truck manufacturers or automotive players.  

 

 

Figure 3. Circular lifecycle of an electric vehicle battery  
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2. Frame of reference 

 

This chapter establishes the theoretical perspectives for this research by providing relevant 

aspects from the existing body of literature to address the purpose and research questions. This 

thesis contributes to three fields – circular value chains, scalability, and servitization – as 

illustrated in Figure 4. These fields were chosen because of the relevance of the battery journey 

through its different lives and beyond the useful life. In this thesis, circular value chains are 

assumed to be a prerequisite for a sustainable electrification of heavy trucks, where resources 

are fully used and then circled back by “slowing resource loops through the design of long-life 

goods and product-life extension, closing resource loops through recycling, and narrowing 

resource flows aimed at using fewer resources” (Bocken et al., 2016). Scalability was chosen 

in order to gain insights regarding the ability to establish battery solutions for an electric truck 

volume at scale “increase in the size of a focal subject that is accompanied by a larger-than-

proportional increase in the performance resulting from the said subject” (Palmié et al., 2023). 

The field of servitization was selected to establish knowledge about the evolving business 

model opportunities because of heavy truck electrification, “moving from product-focused 

business models to providing advanced lifecycle services” (Rabetino et al., 2021).  

 

 

Figure 4. Identified theoretical pillars underpinning this thesis. 

 

 

2.1 Circular value chains  

 

In the field of circular value chains, this research focuses on extending battery life through 

procedures to recover secondary raw materials for battery cell production. Within this area, I 

look at circular design, product life extension, reverse supply chains, and recycling, as described 

in Figure 5.  
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Figure 5. Circular value chain literature focus 

 

Circular value chains target the reduced need for primary raw materials and were chosen as the 

first theoretical component of the framework for this research. The definition of a circular value 

chain I refer to aligns with the Ellen MacArthur Foundation’s definition of a circular economy: 

“the circular economy is a system where materials never become waste and nature is 

regenerated. In a circular economy, products and materials are kept in circulation through 

processes like maintenance, reuse, refurbishment, remanufacture, and recycling” (Ellen 

MacArthur Foundation, 2025). A circular value chain is an economic model that emphasizes 

sustainability by designing products and processes to maximize resource efficiency, minimize 

waste, and encourage the continual reuse and recycling of materials by slowing, closing, and 

narrowing resource loops (Bocken et al., 2016). Unlike the traditional linear model, where 

resources are extracted, used, and discarded – “take, make, and dispose” (Farooque, 2017) – a 

circular value chain aims to establish loops in which products are kept in use for as long as 

possible and materials are reused for production (Seika et al., 2024). Key principles for circular 

value chains are designs of products (Bocken et al., 2016) with durability in mind, ensuring that 

they last longer and can be repaired, refurbished, or repurposed rather than discarded after a 

particular use. Products need to be designed considering the 9R concept: “Refuse, Rethink, 

Reduce, Re-use, Repair, Refurbish, Remanufacturing, Repurpose, Recycle and Recover” 

(Kirchherr et al., 2017, Kazançoğlu et al., 2020). Resource efficiency means that materials are 

selected and used in ways that minimize waste and energy consumption during production. 

Recycling, at the end of a product’s life cycle, involves recovering and recycling materials into 

new products, reducing the need for raw materials, and cutting down on waste (Alipanah et al., 

2021, Harper et al., 2019). Reverse supply chains are key aspect of circular value chains, 
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considering the system for collecting and returning used products and materials to the 

manufacturing process. This often requires redesigning supply chains and logistics to manage 

the reverse flow of goods for reuse, repurpose or recycling. Circular value chains encourage 

partnerships between industries, suppliers, and customers to ensure that materials flow 

efficiently through the economy. In respect to circular value chains for electric vehicle batteries, 

the growing demand for batteries underscores the importance of solutions for battery life 

extension applications and stresses high volume recycling, enabling material recovery (Rehman 

et al., 2025; Chirumalla et al., 2024). Not only the forward supply chains but also the reversed 

supply chains need to be established to secure an efficient and safe return flow of batteries for 

reuse and recycling, enabling a circular value chain (Altuntas Vural et al., 2024).  

 

Circular design is a sustainable approach that designs products for durability, allowing products 

to be reused, repaired, and recycled, thereby extending their life and reducing waste (Bocken et 

al., 2016). Unlike traditional linear systems, circular design aims to create systems where 

resources are kept in use for as long as possible (Tan et al., 2024), minimizing the need for 

virgin raw materials and reducing environmental impact. This approach involves designing 

products that are modular, easy to disassemble, and built from materials that can be reprocessed 

at the end of their life. To achieve sustainable solutions, battery product design must account 

for not only the initial lifespan within a vehicle, but also its second and third lives, as well as 

end-of-life considerations. The design should encompass the entire lifecycle, including use, 

reuse, repurposing, and recycling. Creating environmentally friendly electric vehicle batteries 

presents challenges, which drives the need for improved life cycle design.  

 

Product life extension is key to maximizing the lifespan and utility of products, thereby 

reducing waste and conserving resources. Through practices like repair, refurbishment, 

remanufacturing, and upgrades, product life extension allows businesses and consumers to use 

items longer before they reach their end-of-life. By keeping products in circulation and 

functional for as long as possible, product life extension contributes to a more resilient, 

resource-efficient economy that is focused on longevity (Etxandi-Santolaya et al., 2024). For 

electric vehicle batteries, the use in the first life needs to be extended as far as possible; when 

the battery no longer fits into the first life, it can still be used in a second life in a vehicle with 

other demands (Tsao et al., 2024, Xu et al., 2024). For heavy truck needs, the battery has 

reached the end of its first life at a state of health of 70–80 percent (Kang et al., 2025; Glöser-

Chahoud et al., 2021), but the battery can still be useful in another truck with different demands 

on range or power. The lifetime of a vehicle with a combustion engine is significantly longer 

than the lifetime of the battery vehicle or the battery in the vehicle (Alfaro-Algaba et al., 2020), 

resulting in higher battery demand than the volume of electric vehicles. To further extend the 

battery life, the battery can be refurbished, or problematic components can be exchanged or 

remanufactured to get them back to an “as good as new” performance level (Shaikh et al., 2023). 

When the battery cannot operate as a power source for the vehicle it can be repurposed into 

energy storage, contributing to the overall societal need of energy distribution. Battery energy 

storage systems are technologies that store energy in rechargeable batteries for later use, 
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meaning they play a crucial role in modern energy management. These systems help balance 

energy supply and demand (Nyamathulla et al., 2024). To extend the battery life and take 

appropriate actions, data collection, monitoring, and analysis is crucial.  

 

Establishing reverse supply chains is essential for creating circular value chains for heavy truck 

batteries. Collecting and reclaiming used batteries is crucial to ensure battery second life and 

end-of-life activities. Reverse supply chains focus on the flow of products, materials, or 

resources back from consumers to manufacturers or recyclers (Sasikumar et al., 2008). This 

process includes activities such as collection, logistics, and storage to be able to reuse or recycle 

products (Tsoulfas et al., 2002). By implementing a reverse supply chain, companies can 

recapture value from used products, reduce waste, and support sustainability efforts by giving 

materials a second life. It is necessary to minimize cost and secure product recovery and 

recycling for the battery population reverse supply chains for the return flow (Al-Salem et al., 

2016). Open and closed loops are concepts of the reversed supply chain. These are two distinct 

models for managing the lifecycle of materials and products, especially in the context of 

sustainability and resource efficiency. They describe how materials are used, circulated, or 

disposed of within economic systems. In closed-loop systems, products are returned to the 

original supply chain after use for value extraction; this is often facilitated by manufacturers in 

collaboration with other actors. Open-loop systems, on the other hand, manage returned 

products from various actors, creating a diverse range of materials for reprocessing (Berlin et 

al., 2022). Additionally, a reverse logistics system is necessary to retrieve batteries at the end 

of their life, ensuring that appropriate actions such as reuse, repurpose or recycling are taken. 

Transporting end-of-life batteries presents significant challenges due to the potential risks they 

pose, such as fire, chemical leaks, or explosions (Liu et el., 2023). Proper handling, packaging, 

and transport procedures are essential to ensure the safety of personnel, the environment, and 

surrounding infrastructure. Given the growing prevalence of lithium-ion batteries in electric 

vehicles, safe transport solutions for batteries are essential for ensuring the safety of supply 

chains, protecting the environment, and facilitating the circular economy for battery reuse and 

recycling (Meegoda et al., 2024). To guarantee producer responsibility, secure supply chains, 

and promote sustainable solutions, robust processes for recovering valuable metals and 

managing the storage, transportation, and recycling of substances must be developed. The 

identity of a battery must be tracked throughout its entire lifecycle and beyond to monitor its 

state of health, behavior, and performance (Ghadbane et al., 2024). To make informed decisions 

about the most suitable value recovery option, and whether reuse, repurposing, or recycling of 

the battery is optional, the information and data about the battery’s condition and health need 

to be accessible.  

  

Transitioning from a linear value chain to a circular value chain ensures more efficient use of 

natural resources and generates value from waste by closing the loop on raw materials. To 

secure a sustained and sustainable supply of materials for battery production, the recovery and 

recycling of batteries at the end of their life is essential. Managing battery returns at scale 

requires the availability and quality of battery data (Ali et al., 2024), an industrialized reversed 
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supply chain, and a disassembly model to enable efficient recycling and mitigate safety risks. 

This disassembly system should be systematic and automated, breaking down batteries from 

pack to module, cell, and material levels to achieve circularity. Considering the expected 

volume of batteries at end of life, a standardized and automated disassembly is needed to create 

circular value chains (Glöser-Chahoud et al., 2021, Wegener et al., 2015). Achieving resource-

efficient disassembly demands automated processes, which in turn necessitates common battery 

standards and product designs (Harper et al., 2019). By efficiently recycling used batteries, 

valuable resources can be returned to the supply chain, which supports the production of new 

batteries and reduces dependency on virgin mining operations. Advanced recycling techniques, 

such as hydrometallurgy and pyrometallurgy, are employed to recover high-purity metals that 

can be directly reintroduced into battery manufacturing (Dong et al., 2024, Panda et al., 2023). 

These methods not only reduce waste, but also lower the energy consumption and carbon 

emissions associated with virgin resource extraction. Secondary raw materials are materials 

recovered from end-of-life products that can be reused in manufacturing processes, serving as 

alternatives to virgin resources (Hu et al., 2024). Utilizing secondary raw materials is a key 

strategy in promoting a circular economy, where resources are continually reused rather than 

discarded, thereby reducing the need to extract finite natural resources. However, the continued 

evolution of electric vehicle battery technology and design, and significant product variation, 

meaning that disassembly and recycling pose challenges for safe and automated recycling 

processes. Battery mass customization based on a battery standard could enable efficient and 

automatic recycling (Rehman et al., 2025; Dominish et al., 2021; Glöser-Chahoud et al., 2021).  

 

To conclude, circular value chains represent a transformative approach to sustainable business, 

offering both environmental and economic benefits. By creating a loop on production and 

consumption, companies can reduce waste, optimize resource use, and drive innovation, while 

contributing to the long-term health of the planet. In addition, circular value chains promote 

greater resource independence by reducing reliance on virgin raw materials, which are subject 

to price volatility and supply chain disruptions and geopolitical dependencies (Ren et al., 2024, 

Bednarski et al., 2024). Businesses that embrace circularity can also reduce costs by reusing 

materials and improving operational efficiency. Circular value chains for batteries are essential 

for reducing the environmental and economic impacts of the growing demand for energy 

storage and electrification. By designing batteries for longevity, improving recycling 

technologies, and creating systems for reuse and material recovery, industries can build more 

sustainable battery supply chains. While challenges remain, such as the need for scalable battery 

collection, reversed supply chains, recycling infrastructure, and recycling technologies, a 

circular approach offers a path toward a more resource efficient and environmentally friendly 

battery journey.  

 

Based on my professional experience, I feel that the structure needed to execute the 

recommendations in the literature is not evident. A recommendation or potential solution does 

not mean the solution exist or is possible to implement. Table 1 illustrates the literature around 

circular value chains and the feasibility of the solutions. The evaluation of the actionability is 



14 

 

based on a review evaluating the view of existing solutions or realistic implementation. While 

automotive batteries are currently collected and recycled to an extremely limited extent, the 

extant literature gives the impression that this process is already established and fully 

implemented. As an example, Meegoda wrote, “upon reaching the end of their operational life, 

either due to aging or due to damage, batteries are replaced at dealerships or body shops. This 

critical juncture marks the transition to the next phase: transportation to and evaluation at 

designated collection points. These older batteries are often transported via pallets in trucks, 

considering their substantial weight and the risks associated with their hazardous nature, so 

classified due to their thermal, electrical, or chemical properties. At collection points, each 

battery is assessed for its individual potential path forward: repair, reuse, or recycle. The repair 

process entails replacing damaged cells within the battery, a process that extends its functional 

life” (Meegoda et al., 2024). Another example from Kan gives the impression that the processes 

are established and implemented: “Advancements in various technologies have made it possible 

to recycle end-of-life batteries from electric vehicles (EV) into a stationary energy storage 

system (ESS) within residential buildings” (Kan et al., 2025). 

 

 

 

Table 1. Circular value chain feasibility in the literature 

 

 

2.2 Scalability  

 

Scalability the capability of establishing battery solutions for electric truck volume at scale. To 

provide insight into the complexity of scalable solutions for electric vehicle batteries, I have 

focused on the area of modularity, mass customization, standardization and battery data, as 

illustrated in Figure 6.  
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Figure 6. Scalability literature focus 

 

Scalability refers to the ability of a system, process, or business to grow and manage an 

increased demand or workload without compromising performance, efficiency, or quality 

(Palmié et al., 2023). A scalable system can manage larger volumes or complexity without 

requiring a complete overhaul of its underlying structure, and can manage increased demand 

while maintaining performance and cost-effectiveness. As industries continue to evolve, the 

ability to scale efficiently will be a defining characteristic of resilient and innovative 

organizations. Reverse supply chains, disassembly, and recycling processes must be designed 

to meet increasing demand. To ensure a growing return flow of batteries, scalability of future 

solutions will be critical, which is why scalability is a key theoretical component of the present 

research.  

 

End-to-end processes will evolve, and organizations must take initiative-taking steps to secure 

sustainable solutions, reducing the need for virgin raw materials by extending product lifetime 

and enabling secondary use. Extending the life of the battery, through reuse and repurpose, 

presupposes the possibility of decoupling the battery from the truck by battery modularity 

(Cicconi et al., 2023). The vehicle and the battery must be designed to enable modularity, with 

the possibility for the battery to be easily separated from the truck or third life application. 

Decoupling the battery from the vehicle is crucial to scale the use of batteries by extending the 

battery life in multiple applications. Modularity is a design principle that involves dividing a 

system into distinct, smaller components, or modules, each of which can be independently 

developed, evaluated, and maintained. These modules can then be integrated into a complete 
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system through standardized interfaces (Langlois, 2002). Modular systems have several 

defining characteristics: independence, meaning modules can be developed separately and 

operate independently in both form and function; interchangeability, which allows modules to 

be replaced or upgraded without affecting the entire system; and reusability, which enables 

modules to be used across different systems or contexts (Gershenson et al., 2003). To complete 

the full life cycle modularity, the battery must be decoupled from the vehicle at the end of life 

of the vehicle or when the battery no longer fulfils the demands of the vehicle; this precedes 

any reuse, repurpose, or recycling. Realization of the potential of electrification managing end 

of life batteries is a necessity, the battery needs to be disassembled from the truck in a cost-

effective, cost-efficient, and scalable way (Hertel et al., 2024). Modular solutions are key to 

scale battery recycling. It is essential to address the growing demand for raw materials in the 

battery industry and mitigate the environmental impacts of battery disposal. As battery usage 

continues to rise, developing efficient, safe, and economically viable recycling at scale will be 

key to achieving sustainability in the battery industry and fostering a circular economy. In this 

chapter, modularity is focused on product modularity; however, modular solutions entail 

opportunities also for servitization or product as a service and in this context battery as a service 

(Shi et al., 2022; Jiao et al., 2016), as further elaborated upon in the servitization chapter 

(Chapter 2.3).  

 

Mass customization is a manufacturing and business strategy that merges the efficiency and 

low unit costs of mass production with the flexibility and personalization typical of custom-

made products. This approach enables companies to produce a large volume of products tailored 

to specific customer preferences and needs. Customization can occur at various levels, pure, 

tailored, or standardized, depending on the desired uniqueness of the product (Mintzberg, 

1988). In the context of electric vehicles, mass customization with support from a battery 

standard is key for faster market adoption. Mass customization refers to the capability to 

produce customized goods for a mass market (Wang et al., 2016). Combining standardization 

that fosters uniformity and innovation that create agility and customer adaptability mass 

customized battery systems will be key to achieving economies of scale and scope (Wang et 

al., 2016).  

 

A standard is a collection of best practices based on consensus among industry experts, 

academia, and government representatives (Brown et al., 2010). Standardization refers to the 

process of making something conform and implementing that standard; in this case, the battery 

for electric trucks. Despite the acknowledged importance of standards for electric vehicle 

batteries, barriers such as proprietary interests and the complexity of battery design impede 

their implementation (Tankou et al., 2023; Meng et al., 2022). The lack of a standardized 

electric vehicle battery designs limits the diffusion and adoption of heavy-duty electric vehicles, 

which highlights the need for internationally recognized standards (Brown et al., 2010). While 

battery technology evolves rapidly, standards must promote safety and environmental 

protection without stifling innovation (Brown et al., 2010). A major barrier to electric vehicle 

battery standardization is the self-interest of original equipment manufacturers in protecting 
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their proprietary systems (Bhardwaj et al., 2022; Dominish et al., 2021). Enhanced standards 

are needed for battery reuse, recycling, and transportation, which would reduce costs and 

increase the incentive for recycling (Thompson et al., 2020).  

 

To transform battery volume at scale into material input, collection, return flow, and recycling 

solutions must be established. To ensure appropriate actions throughout a battery’s life and 

enable scalable battery solutions, it is essential to have access to data (Ali et al., 2024, Ward et 

al., 2022) to monitor the battery’s condition and determine the most suitable value recovery 

options at each stage of its lifetime (Reis et al., 2021). For trucks in-use, the geographical 

location and physical condition of batteries needs to be known. Using the battery in other 

applications and at end of life puts other dimension to the condition of the battery. Safety 

considerations, uncertainties about battery history, and handling during initial use also pose 

challenges (Ahuja et al., 2020). Ensuring battery quality before reuse is crucial to mitigate risks 

and prevent reputational damage. Ensuring data and traceability of battery condition and heath, 

along with structured collection, reverse logistics, and sustainable reuse, repurposing, and 

recycling solutions, will be key to closing the extend the life of batteries and extract raw 

materials for battery production.  

 

 

 

2.3 Servitization 

 

The servitization area covers the evolving business model opportunities focusing on service-

oriented business models and customer-centric solutions, as illustrated in Figure 7.  

 

 

Figure 7. Servitization literature focus 

 

Unlike traditional linear business models, circular value chains emphasize reducing resources 

and reusing and recycling products – “slowing, closing, and narrowing loops” – to reduce 

environmental impact and create economic value (Bocken et al., 2016). For original equipment 

manufacturers, embracing circularity transforms their business models by promoting service-

based offerings, enhancing value creation, and integrating new actors (Ziegler et al., 2022). 

Business models are expected to evolve as the electrification transition accelerates (Bitencourt 

et al., 2023), making servitization in focus of this research. Innovative business models can 
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serve as powerful drivers for profitable growth, commercialization, and competitiveness 

(Ziegler et al., 2022), especially in the context of scaling electric heavy truck fleets.  

 

Innovative business models are key for sustainable growth and competitiveness (Bocken, 

2020). New business models evolve as response to unleashing the potential in the electrification 

transition; one such pathway is servitized customer offerings (Liu et al., 2021). In the context 

of customers of a heavy truck electric fleet, it can be expected that the ongoing transition from 

a product-based to service oriented business models will create new opportunities for enhanced 

circularity. In the circular product-as-a-service business model, the logic is to keep the 

economic value in the product (Scheel et al., 2022) during its useful life and beyond. Circular 

economy business models prioritize services rather than products, while a transition to the 

circular economy can be made through a product and service combination, the product-as-a-

service business model (Otekenari 2020). To increase market share, profitability, and customer 

satisfaction, at the same time as reducing the consumption of the product, a product-service 

system could be a solution. The product-service system offers alternatives for the product use 

instead of acquiring it (Beuren et al., 2013). Expanding zero-emission heavy truck fleets 

requires substantial financing, as the upfront cost of battery electric vehicles is significantly 

higher than that of traditional diesel trucks (Making Zero-emissions Trucking Possible 2022). 

This, along with the need for specialized maintenance, opens opportunities for new business 

models, such as truck-as-a-service and battery-as-a-service (Shi et al., 2022). In the latter model, 

the battery could be leased separately from the truck, with ownership of the truck and battery 

being divided. The cost of the battery is distributed over its usage, while maintenance and risk 

remain with the original equipment manufacturers. This not only benefits truck owners by 

reducing upfront costs, but also provides original equipment manufacturers with opportunities 

to monitor battery health and optimize value recovery throughout the battery’s lifecycle.  

 

Customer-centric solutions are business approaches designed to prioritize and address the 

specific needs and preferences of customers at every point of interaction (Sheth et al., 2023). A 

customer-centric approach involves tailored products or services, flexible support options, and 

seamless user experiences. With the shift to electrification, traditional ownership models may 

be replaced by access-based models, where users pay for services or “pay per use” (Bocken et 

al., 2018), rather than owning or leasing the vehicles outright. Customer-centric solutions put 

the customer needs and customer data in focus (Fader 2020) and mean that opportunities for 

the transport industry needs to be optimized. By addressing the unique demands of trucking, 

customer-centric solutions build stronger relationships, reduce lifecycle costs, and help fleet 

operators achieve optimal performance and profitability. 

 

Servitization exemplifies how market forces can converge to create new business models. The 

aim is not only to sustain competitiveness and meet shifting customer demands, but also to 

lower the environmental impact. Business models may combine material products with 

intangible services, offering hybrid solutions that blend product ownership with service-based 
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offering (Rabetino et al., 2021). The rise of servitization is not incidental; it is a response to 

new opportunities for maintaining competitiveness in the evolving global economy. The market 

for servitization of batteries is nascent, but the early adopters to the changing environment could 

gain momentum in the sales development by creating not only a competitive advantage through 

service, but also maintaining control of critical materials in the various loops of reuse, recycling, 

and remanufacturing (Lüdeke-Freund et al., 2019). 

 

 

2.4 Theoretical building blocks  

 

This section integrates the theoretical components with the various battery life stages 

throughout the battery journey, culminating in a battery maturity assessment model. A maturity 

model is effective for monitoring, assessing, and evaluating a transformation process (Montag 

et al., 2021) and helps practitioners to create insights and assess the capability to implement 

strategies (Goh et al., 2015; Grimson et al., 2007). Figure 8 illustrates the battery maturity 

assessment model proposed as an outcome of the theoretical components of this thesis. The 

battery journey dimension can be evaluated by examining the detailed aspects of process, 

technology, and stakeholders, providing insights into the actual battery maturity. The vertical 

dimension of the model states the different lives that the battery undergoes during its journey, 

from its first life until it reaches its end of life. The model’s horizontal dimension represents the 

diverse options within processes, technology, and involved actors. The intensity and content of 

the dots determines the stage of maturity. In Chapter 5.2 (Figure 14 and Table 4), the battery 

maturity assessment model is combined with findings from the empirical studies resulting in a 

battery maturity model.  

 

 

 

Figure 8. Battery maturity assessment model 
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3. Research approach 

 

This chapter presents the research process (as illustrated in Figure 9, followed by the strategy 

chosen for this research. With the collaborative nature and deep integration with a case 

company, the chosen research strategy is an interactive research design with an interventional 

approach. The research conducted during the first half of my doctoral work, like the studies in 

this thesis, was phenomenon-driven. The climate emergency and urgency to find actionable 

solutions supporting sustainable zero emission trucking allowed me, as an industrial PhD 

student, to let the practical problem set the scene for this research. In Section 3.1, the research 

context is discussed, followed by the research strategy in Section 3.2. Section 3.3 addresses the 

data collection and sampling process, and Section 3.4 elaborates on the ethical considerations 

and trustworthiness of the research. Section 3.5 covers the overall theory and Section 3.6 

describes the link to the chosen literature. 

 

 

 

Figure 9. Timeline of the research process 

 

 

3.1 Research context 

 
The scientifically interesting and industrially relevant problem investigated in this research is 

how to move from linear value chains to circular value chains for critical battery materials. The 

current research object is partly under transformation during the time for the research; therefore, 

an interactive research method was chosen to create new models and frameworks of how to 

transform from linear value chains to circular value chains, focusing on continuous joint 

learning processes between the researcher and practitioners (Ellström et al., 2020). The 

challenge of transforming linear to circular value chains was studied, diagnosed, and treated at 
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the case company with an action, interventional approach (Van de Ven, 2007). The research 

aims to bridge the theory and practice by connecting findings and learnings at the case company 

to scientific knowledge on the matter. Different stakeholders in the case company have been 

involved in the research process to collect data and to validate research results. Studies, tests, 

and validation to evaluate the hypotheses for current and future demands have been conducted 

at the case company to design conceptual frameworks and models. The aim is to generate theory 

based on analysis from data collection and field studies and continuously apply them to the case 

company through sharing of results, interactions, and presentations. 

 

The collaboration between the case company and the research project has shaped the research 

problem to reflect the organization’s needs. While the involvement of the case company 

provides access to people and real-world case studies, it may also pose a risk to the external 

validity of the findings. The context of the empirical data included in this thesis is the Volvo 

Group, referred to hereafter as the case company. The case company is a leading global 

manufacturer of commercial vehicles and solutions, with a focus on driving progress through 

sustainable transport solutions. The company has grown into one of the world’s largest 

producers of trucks, buses, construction equipment, marine and industrial engines, with 

approximately 100,000 employees globally. With a mission of leading the world towards a 

more sustainable future, the case company continues to innovate in fields such as electrification, 

automation, and connectivity. The company has a portfolio that includes a variety of products 

and brands produced in 18 countries, in addition, there are aftermarket distribution centers and 

logistic centers all over the world to support customers and operations. The case company is 

currently in the process of establishing a battery cell plant to support the electrification journey.  

 

 

3.2 Research strategy  

 
Practical involvement provides exclusive access to data and deep insights, making it invaluable 

for researching the transition from linear value chains to circular value chains for recovering 

battery materials as inputs for cell production. Validity of findings is strengthened by 

involvement of practitioners that provides opportunities to evaluate hypothesis and solutions to 

confirm accuracy. This research is phenomenon-driven, where the primary motivation for 

research is to understand and explain what is needed in order for the transformation towards 

circular value chains for electric vehicle batteries to take place. The phenomenon has steered 

the studies both in terms of data collection and the literature studies. An inductive research 

approach is appropriate to use when the theory needs to be developed (Bell 2019) or, as in this 

case, to help develop a theoretical understanding of the phenomenon. In my view, implementing 

circular practices for electric vehicle batteries requires complementing existing research with 

actionable knowledge and theoretical models. 

 

An interactive approach was selected as the primary method for this research due to the nature 

of the problem. This approach is highly effective for fostering collaboration among various 

stakeholders throughout the research process (Ellström et al., 2020). Table 2 summarizes the 
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major components of the studies connected to the papers, research focus, area of literature, and 

chosen methods for data collection as well as results. The research conducted during the first 

half of my doctoral work has had an internal case company focus. The studies have been 

phenomenon-driven and the selected participants in the data collection has been experts and 

persons who are knowledgeable about the topic. The results of the two studies have been shared 

with reference teams and technical expert groups at the case company during the time of the 

research process. In addition, multiple interactions and discussions with subject matter experts 

related to findings have occurred during the process, while open discussions fostered feedback, 

enhancing insights and knowledge. Presenting the study results at the case company has been a 

crucial step to create intervention and transform research insights into practical applications. 

The interactive, interventional process included communicated findings, highlighting 

implications for the company, and providing actionable recommendations.  

 

Considering the industrial urgency of the matter and access to the studied company, an action 

design methodology could have been used to secure implementation of results and 

recommendations; however, while the actionable results were shared and discussed at the case 

company, the results of the intervention were not measured.  

 

 

 
 

Table 2. Research approach 
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3.3 Data collection and sampling 

 

In this section the methods for gathering data for the research in this thesis are presented and 

motivated.  

 

Since this research is phenomenon-driven the data collection for the first study started with a 

broad data collection, the aim was to create actionable knowledge of the challenges and 

opportunities in respect to circular value chains for heavy truck batteries. An action-oriented 

and interactive research design (Van de Ven, 2007) was chosen. To involve practitioners at 

various stages of the research process, the concept mapping method was employed (Vaughn & 

McLinden, 2016). This mixed-method approach integrates qualitative and exploratory phases 

of idea generation and sorting with quantitative hierarchical analysis. A group of individuals at 

the case company was invited to contribute to the concept mapping study. Due to the cross-

functional nature of the task, respondents were selected through purposive sampling, 

prioritizing those with extensive experience (Van de Ven, 2007) among internal stakeholders 

at the case company. The participants represented diverse functional areas within the 

organization, including senior industrial project managers in manufacturing and executive 

leaders in environmental sustainability. To further enhance understanding and deepen insights 

from the concept mapping study, a qualitative, structured interview methodology was employed 

to ensure the study’s trustworthiness and objectivity (Kallio et al., 2016). For this interview 

study, subject matter experts at the case company were selected to contribute. The results of the 

study were presented and discussed with company representatives, both those who were 

included in the data collection and those who were new to the study to secure correct 

understanding and sharing of results.  

 

The second study adopted an interactive approach, facilitating multiple engagements between 

the researcher and practitioners. The objective was to bridge theory and practice by connecting 

insights from a case company to existing scientific knowledge. Stakeholders from the case 

company played an active role in both data collection and the validation of research findings. 

To gain a deeper understanding of participants’ perspectives and explore under-researched 

topics, qualitative research methods were utilized (Bell, 2019). Rather than aiming to confirm 

existing theories, the study sought to provide new insights into the emerging field of mass 

customization of heavy truck batteries. Data collection primarily involved literature reviews 

and workshops conducted within the case company, in collaboration with master’s students 

working on their theses. This study employed a non-probability sampling method, selecting 

participants based on specific criteria rather than random selection (Bell, 2019). The researcher 

strategically identified individuals relevant to the research questions, ensuring a diverse group 

with varied expertise and perspectives essential to the study. Using generic purposive sampling, 

insights were gathered from various positions within the organization to gain a comprehensive 

understanding (Bell, 2019). Participants were chosen based on their expertise in electric vehicle 

batteries and environmental matters, particularly their roles in shaping battery development at 
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the case company. The analyzed result of the data collection was validated together with case 

company experts.  

 

3.4 Validation approach 

 

Evaluating a study’s trustworthiness involves four key aspects: credibility, transferability, 

dependability, and confirmability (Bell 2019), as summarized in Table 3.  

 

 

Table 3. Data analysis reliability 

 

Credibility, which is essential for assessing result trustworthiness, was reinforced in the studies 

through several means. In the first study, the data collected through the concept mapping study 

were analyzed and grouped by individuals at the case company and further validated through 

interviews and by experts from the case company to ensure alignment with participant 

perspectives. In the second study, the diverse range of knowledge and experiences among 

workshop participants ensured a comprehensive perspective, allowing participants to articulate 

their responses minimized the risk of misinterpretation. In addition, the responses were 

transcribed and the results were further analyzed together with a selection of participants.  

 

Transferability ensures the findings’ applicability across different contexts or times. The 

transferability of the studies is uncertain as the studies use the input from the one organization 

while the input comes from various parts of the organization; however, the findings may not be 

transferable to another context. The studies improve transferability by exploring broader themes 
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such as the circular economy, variety complexity, and standardization, relevant beyond electric 

truck batteries.  

 

Dependability, the third consideration, involves assessing the likelihood of results holding true 

over time and circumstances. The data collection methods are clearly documented and based 

on well-defined rationales, making it possible to replicate the study for similar purposes. 

 

Confirmability, the final aspect, involves demonstrating that personal values did not unduly 

influence outcomes. While it is difficult to achieve complete objectivity, measures were taken 

to mitigate bias. Allowing participants to articulate responses and incorporating quotes from 

transcripts minimized researcher influence. Participants’ involvement in the validation of the 

data analysis process further enhanced confirmability. 

 

 

3.5 Theory building  

 
As illustrated in Figure 10, this research situates itself between theories and empirical 

observations, aiming to develop practical frameworks on how to move from linear value chains 

to circular value chains for critical battery materials for heavy trucks. The interactive, 

interventional approach aligns with middle-range theory’s emphasis on testing and refining 

theories through empirical research. By combining literature reviews with empirical data 

collection, the study seeks to bridge theoretical constructs with real world applications, ensuring 

that insights are both conceptually grounded and applicable. Middle-range theory provides a 

structured yet flexible approach to studying complex, evolving phenomena such as the 

transition to circular value chains for electric vehicle batteries. Middle-range theories develop 

testable frameworks that link theoretical concepts with empirical observations, making them 

highly relevant for phenomenon-driven research (Tate et al., 2022). Rather than starting with 

established theories, middle-range theory begins by exploring emerging patterns, behaviors, 

and industry shifts, such as the increasing demand for circular solutions in electric vehicle 

batteries. By applying middle-range theory within phenomenon-driven research, actionable 

knowledge can be created; this approach ensures that research remains both theoretically robust 

and relevant. In addition, the knowledge can be transferred to other sectors. The findings of this 

research highlight both the broader concept of circular transformation and the specific potential 

for circular value chains for automotive batteries. 
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Figure 10. Middle-range theory 

 

3.6 Literature analysis 

 

The studies included in thesis were initiated by literature reviews that were conducted to build 

on previous research and ideas. As stated in the frame of reference chapter, a literature review 

is conducted in the concerned fields of theory. The focus is on reaching an understanding of 

previous research and findings related to circular value chains, scalability, and servitization to 

reach sustainable and, circular, solutions for materials in heavy truck batteries. The approach to 

finding relevant literature involved formulating suitable search strings. Once relevant literature 

was identified, additional academic works were uncovered using snowballing techniques. 
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4. Results 

 
This chapter presents results from the conducted research, which are used to answer the research 

questions. Section 4.1 is dedicated to summarizing the appended papers and the following 

sections go through the results in detail.  

 

 

4.1 Summary of appended papers 

 

The main contribution of this thesis are papers currently under review for publication, appended 

in the second part of this thesis.  

 

The aim of the first paper, entitled “Self-actualization of Electric Vehicle Batteries: Challenges 

and Opportunities for Circular Value Chains,” was to gain an understanding of the challenges 

and opportunities for circular value chains for heavy truck batteries. The study investigated the 

potential requirements on “batteries as a service” and “circular value chain” and, derived from 

this, propose actionable principles for a scalable working model. This was done through a 

concept mapping data collection in conjunction with interviews to deepen and confirm the 

understanding of the results. The conclusion of Paper A is that challenges need to be bridged to 

reach circularity and that they range from internal competence and knowledge in the 

organization, through physical artefacts such as product design towards external partners and 

the reverse battery flow. 

 

The second paper, entitled “A shared battery system beyond the brand dimension: The holy 

grail of mass customization,” focused on gaining an understanding of the issues arising from 

the diversity of heavy truck batteries from different battery producers, brands, and markets. It 

also explored the opportunities and challenges associated with battery mass customization. 

Additionally, the study examined various aspects and degrees of battery standardization. The 

paper explains that the variety and diversity of batteries are hindering a sustainable growth of 

batteries and that there are opportunities in mass customization, both for original equipment 

manufacturers and for truck customers, second-use actors, and recycling actors. Secondly, the 

results show that, to manage a high volume of end-of-life batteries, an open loop supply chain 

would benefit the environment and future access to secondary raw materials by handling 

batteries from diverse applications. Lastly, the study shows that a sustainable electrification of 

heavy trucks and battery energy storage at scale demands a certain level of battery mass 

customization, particularly at the cell level, building on a standard.  

 

 

 

 

 



30 

 

4.2 Paper A. Self-actualization of electric vehicle batteries: 

Challenges and opportunities for circular value chains 

 

The purpose of this study was to investigate potential requirements on “batteries as a service” 

and “circular value chain” and, derived from this, propose actionable principles for a scalable 

working model. 

 

The data collection from the concept mapping study, as shown in figure 11, illustrates that the 

that requirements in the transformation range from internal competence and knowledge in the 

organization, through physical artefacts such as product design towards external partners and 

the reverse battery flow. The eight clusters from the concept mapping study were grouped into 

four guiding principles – circular value chains, servitized customer offerings, scalability, and 

self-actualization – combining literature and empirical findings from the data collection. 

Interviews were conducted to gain a deeper understanding of the eight clusters and four areas. 

The interviews started from the eight clusters and four areas as outcomes of the concept 

mapping study and gave extensive insights building to the results from the study.  

 

 
 

Figure 11. Eight clusters of requirements for circular value chains 

 

The study of the challenges in transitioning from linear to circular value chains identified eight 

categories of requirements. From these, four sets of guiding principles emerge for managers to 

consider when designing a scalable working model. The first set focuses on the circular value 
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chain as an organizational structure, emphasizing change management throughout the battery 

life cycle as a key feature. The second set extends current principles of servitization to support 

circularity by incorporating through-life management, where technology-enabled traceability 

and customer incentives play a vital role. The third highlights scalability, not just in terms of 

managing the volume and variety of physical items within the value chain, but also ensuring 

the circular solution itself is highly replicable. Lastly, the principle of self-actualization, often 

applied to people, is used here to reflect the unique characteristics of a battery, such as its health 

and location, in determining the appropriate circular value chain activity.  

 

To conclude, viewing products as unique entities with evolving needs, health, and development 

requirements can be a valuable approach for organizations to identify business opportunities in 

a changing environment. The concept of self-actualization and the battery maturity model could 

be transferable to other physical products and contexts. However, empirical research is 

necessary to develop and validate a maturity model that would be useful for practitioners in 

diverse settings. 

 

 

4.3 Paper B. A shared battery system beyond the brand dimension: 

The holy grail of mass customization 

 

The aim of Paper B was to shed light on the issues arising from the diversity of heavy truck 

batteries from different battery producers, brands, and markets. The paper also explored the 

opportunities and challenges associated with battery mass customization and examined various 

aspects and degrees of battery standardization and their impact on stakeholders. 

 

For this study, workshops with relevant stakeholders at the case company were conducted to 

collect data. The data was grouped and analyzed in the following categories: variety problems, 

mass customization opportunities, mass customization challenges, and standardization 

requirements.  

 

The data related to battery variety problems show that the variety and diverse technology are 

causing problems for truck manufacturers as well as for other stakeholders during the battery 

lifetime and beyond. The data show that mass customized batteries, building on a high degree 

of standardization, entails opportunities but also challenges.  

 

In relation to the potential of standardization on distinct levels of the battery, the study shows 

that a standard on module level does not give the benefits of standardization; standardizing on 

the battery cell level entails the highest potential in terms of reclaiming raw materials. However, 

standardizing the battery on the pack level provides opportunities for battery use in terms of 

reuse, recycling and repurpose of the battery, as illustrated in Figure 12.  
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Figure 12. Beyond brand mass customized batteries 

 

 

To conclude, the study highlights three key points. First, the wide variety and diversity of 

batteries are currently limiting sustainable growth in the battery sector. However, there are 

significant opportunities in mass customization for original equipment manufacturers, truck 

customers, second-use actors, and recycling companies. Second, to manage the large volume 

of end-of-life batteries, the study demonstrates that an open-loop supply chain could benefit 

both the environment and future access to secondary raw materials by efficiently processing 

batteries from various applications. Finally, the study emphasizes that the sustainable 

electrification of heavy trucks and large-scale battery energy storage requires a certain level of 

mass customization, particularly at the cell level, built on standardized approaches. 
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5. Analysis – answering research questions  

 

In this chapter, the research questions formulated in Section 1.3 will be discussed and answered.  

 

 

5.1 Attaining circular value chains  

 

What challenges in the transition to circular value chains for electric vehicle batteries can be 

mitigated through battery mass customization?  

 

The strong societal drive and regulations stemming from environmental concerns will push for 

the continuation of electrification that will lead to expansion and development of technical 

solutions (Lehtimäki et al., 2024). The results show that the challenges and enablers range from 

change management, knowledge, and organization to technical challenges such as recycling 

and manufacturing. Extending the battery life through reuse and repurpose is challenging from 

different perspectives. Challenges to overcome include technical solutions under development, 

diversity of batteries, contradiction in lifetime of products, and novel business models.  

 

The value chains need to be set up differently from the traditional, linear value chains in order 

to reach circularity for battery materials. The reversed supply chains need to be established, 

including collection of used and end-of-life batteries (Sasikumar et al., 2008). The various 

conditions of used, end-of-life, or damaged batteries makes the reversed supply chain complex. 

The batteries are an asset and need to be treated with care due to their hazardous nature, which 

makes the collection and transportation complex (Liu et al., 2023). Decisions need to be made 

in relation to the loops of the reversed value chain, open or closed, which means that collection 

actors and recycling actors manage all batteries or only take back only the batteries from the 

respective original equipment manufacturer (Berlin et al., 2022).  

 

The variety of batteries is causing complexity for manufacturing, reuse, repurpose and reversed 

supply chains and specifically for the recycling of batteries (Tankou et al., 2023). The lack of 

standardization makes the battery recycling process manual, inefficient, insecure, and 

problematic to scale.  

 

The variety and diversity of heavy truck batteries creates various problems for different actors 

in the battery value chain. For the original equipment manufacturers, aftermarket, and workshop 

actors, the diversity is causing production and handling complexity. Reusing used batteries is 

difficult, even in the same brand with different generations of batteries. Currently, the diversity 

between brands makes reuse impossible. In the repurpose area, focusing on battery energy 

storage systems, the diversity makes the solution brand-specific and dependent on current 

technology. It is not a plug-and-play battery energy storage; each installation is unique and 

dependent on brand specific batteries and connectors. The diversity makes the collection, 
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storage, and transportation of used batteries complex and unsafe, not to mention the recycling. 

The batteries at end of life that are returned or collected for recycling are in different health 

conditions and have different shapes, sizes, and chemistries. This diversity means that 

disassembly is a manual process and the crushing is inefficient and involves safety concerns 

(Hertel et al., 2024). Since the chemistry varies between brands, producers, and battery intra 

brand generations, different recycling methods will be used to recover secondary raw materials 

for cell production.  

 

If mass customized solutions were in place or there was standardization of battery packs, 

including power, size, shape, and/or attachments, truck customers would benefit from the 

reduced lock-in effect, with customer solutions enabling the replacement and comparison of 

batteries between brands and simplified access to batteries.  

 

Battery life extension through reuse in other trucks that are fit for different usage would benefit 

from a mass customized battery. The original equipment manufacturer can remanufacture or 

refurbish the battery and create business opportunities for second-life vehicles for second-life 

batteries. Having a common shape, size, power output and attachments would enable the 

expansion of battery energy storage systems. Energy storage holds promises for societal 

expansion, supporting electricity balancing of supply and demand.  

 

A standardized battery cell would benefit the recycling actors, who could process cells from 

multiple brands creating a large scale, automated recycling. Optimized recycling methodologies 

would benefit recycling actors, and the environment, by recovering secondary raw materials for 

battery cell production.  

 

To summarize, mass customization with standardized content on a pack level would benefit 

most of the stakeholders during the battery life. However, adding a standardized battery cell in 

terms of chemistry would give the highest environmental benefit, enabling efficient and 

automated recycling and recovery of secondary raw materials.  
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Figure 13. Mass customization as enabler to overcome circular challenges 

 

Battery diversity is causing challenges in many of the areas identified as important for the 

transformation to an industrialized circularity, and the potential in mass customized batteries is 

evident. However, in the change management and organization area there could be benefits that 

conflict with drawbacks, such as business model advantages and competitive edge of the battery 

diversity. Figure 13 illustrates the challenges that can be mitigated through a mass customized 

battery. The challenges were identified in the first study of this research and presented in paper 

A, entitled “Self-actualization of Electric Vehicle Batteries: Challenges and Opportunities for 

Circular Value Chains”. The preferred level of battery mass customization originates from the 

findings in the second study, presented in Paper B, entitled “A shared battery system beyond 

the brand dimension: The holy grail of mass customization”.  

 

 

5.2 Shifts needed to reach battery circularity 

 

What shifts are needed to reach circular value chains and secure secondary raw materials as 

input to battery cell production? 

 

Throughout the battery journey, in the different lives of the battery, the capability to reach 

circularity depends on the level of maturity in the broken-down perimeters of process, 

technology, and actors. The lowest level of battery maturity – denial – is distinguished by design 

for use in the first life only and not designed for separation of the battery from the truck. The 

data is unstructured and incomplete and the reuse and repurpose of batteries are non-existing. 

The return volume of batteries is low; collection and recycling are ad hoc, manual, and 

inefficient; the supply chain is forward and no battery loops are developed; and the interface 

between actors is based on the traditional linear set-up. Throughout the process of maturity until 

reaching the self-actualized maturity level, the technology, process, set-up, and interface with 

actors have developed.  
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By borrowing from the field of psychology and healthcare management, self-actualization 

envisages batteries as “individuals.” A full utilization of the battery materials value recovery 

potential would mean reaching self-actualization in the sense of managing the “health” and 

“personality” of the battery to align with the ideal state and to decide what value recovery 

options are the most suited at various stages of the battery lifetime. The life of a battery can be 

compared with the process that an individual undergoes through life (Maslow 1965). A self-

actualized battery is designed to enhance every stage of its lifecycle while providing control 

and opportunities to manage the battery value chain. The circular battery design enables 

disassembly and breakdown of the battery at end of life, enabling recovery of raw materials as 

input to cell production (Bocken et al., 2016). The battery is used to its full extent during all 

lives, use, reuse and repurpose (Etxandi-Santolaya et al., 2024). The battery return volume is 

significant and the reverse supply chain is set up with, preferably, an open loop system enabling 

full collection. The open loop supply chain demands a level of mass customization building on 

a standard. The recycling process is automated and secure, enabling recovery of raw materials 

as input to cell production (Glöser-Chahoud et al., 2021). There is traceability, access, and 

control of battery data throughout the battery journey. Interfaces with actors, partners and 

customers are established to ensure profitable business models, access to raw materials, and 

sustainable solutions. The battery maturity levels are illustrated in Figure 14 and further 

described in the battery maturity model (Table 4). The maturity model derives from the 

theoretical building blocks presented in Chapter 2.4, combined with the findings from the 

empirical studies. When the battery reaches its highest level of maturity, self-actualization, 

industrialized circularity is achieved, enabling large-scale implementation of circular practices. 

 

 

Figure 14. Battery maturity model 
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Table 4. Battery maturity model 
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6. Discussion  

 

In this chapter, the findings are further evaluated and reflected on regarding the battery journey.  

 
 

6.1 The battery journey 

 

In the first study, eight clusters of challenges and enablers were identified. Challenges that need 

to be bridged to reach circularity range from change management, knowledge, and organization 

to physical artefacts such as battery footprint, product design and the set-up of reversed supply 

chains. The second study explained that the design needs to be not only for the complete life of 

the battery, but also modular and mass-customized to move towards circularity (Hertel et al., 

2024). The possibility of decoupling the battery from the truck is an enabler for the reuse, 

repurpose, and recycling of batteries, thus extending the life and enabling material recovery 

(Cicconi et al., 2023). The establishment of a reversed supply chain, including collection and 

return flow will impact the organization and battery footprint. Considering future access to raw 

material, geopolitical dependencies, and characteristics of used batteries in different conditions, 

the move towards regional set-ups for the battery footprint is likely. During the battery journey 

– that is, the complete life of the battery, from the first use phase until the materials are 

recovered for cell production – the battery will face different actors and touchpoints, so it is 

reasonable to assume that business models and interface with partners and actors will evolve to 

meet the needs surrounding the battery (Zhou et al., 2025). To move towards circularity, many 

of the identified challenges would be mitigated by a mass customized battery (Thompson et al., 

2020). As referred to in the battery maturity model, there are a set of areas that determines the 

choices for the lives of the battery journey; however, the battery design sets the direction and 

will steer many of the following decision points (Bocken et al., 2016).  

 

6.2 The battery maturity 

 

The first maturity level of the battery is when the process of the battery is in the denial phase; 

design, processes, and technology are immature; data is lacking or incomplete; and the battery 

has an excessive cost. The status in the denial phase is acceptable since the volume is low; 

however, the process needs to get out of denial mode until the volume starts to take off, the 

organization needs to change, solutions for extended life need to be up and running, the battery 

footprint needs to be set to secure collection, take-back, and recycling. Batteries need to be 

taken care of, independent of their condition and in a secure manner, due to their hazardous 

nature. With volume comes demand for automation, efficiency, and accurate battery data 

(Rehman et al., 2025; Ali et al., 2024; Terkes et al., 2024). The higher volume, the greater the 

need for mass customization and standardization to secure sustainable and profitable solutions, 

production efficiency, and reduced customer lock-in effect (Wang et al., 2016).  
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When the battery has reached the level of self-actualization, virgin raw materials are only 

required in case of a volume increase; the supply of raw materials for battery production comes 

from the battery at end of life. The battery is designed to extend the life including after-life 

considerations; data are available to make the best-suited decisions at every stage during the 

battery’s journey (Tan et al., 2024). The footprint, collection, reversed supply chains, and 

recycling need to be set up securing geopolitical independence, avoiding price fluctuations, and 

securing access to critical materials to recover secondary raw materials as an alternative to 

virgin materials (Hu et al., 2024). To conclude, when the battery is self-actualized, 

industrialized circular value chains are implemented meaning large scale, implemented circular 

practices with consistency, predictability, and efficiency. 
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7. Contribution to knowledge and implications 

 

In this chapter, the contribution to research and contribution to practice are presented in 

Sections 7.1 and 7.2, respectively. The primary contribution is to bridge academia and industry 

in the transition to circular value chains, addressing the need to ensure raw material supply, cost 

efficiency, and sustainable solutions for scaling the battery-electric heavy truck industry. 

 

7.1 Contribution to research  

 

The contribution to research is to complement the present literature with how the transition from 

linear to circular value chains will take place. The purpose and the scientific contribution are 

not only to illustrate the barriers and enablers in the transformation, but how to overcome or 

benefit from them and to create knowledge in relation to the need for circularity and 

prerequisites for sustainable battery value chains. The battery maturity assessment model, as 

presented in Chapter 2.4, is a theoretical model that aims to conceptualize the transformation 

from linear value chains to circular value chains for electric truck batteries. Combining the 

battery maturity assessment model with the empirical finings resulting in the battery maturity 

model provides a testable framework.  

 

7.2 Contribution to practice  

 

The circular value chains for the battery life cycle are conceptualized with a focus on efficient 

use of materials, recycling, and recovery of materials. A transition from a linear to circular 

value chain is assumed to have a significant impact on the full chain of materials used in the 

battery for heavy trucks. The research contributes to bringing actionable knowledge and 

illustrates expected impact on practice, and shifts needed, by a maturity model for self-

actualized batteries, as presented in Chapter 5.2.  

 

Vision, willingness, and technical know-how are key to creating a circular mindset for battery 

production, use, and beyond use. The research brings awareness and provides guidance by 

illustrating the potential models and pathways towards circularity and how to overcome the 

barriers and utilize the potential in the electrification journey for heavy trucks.  

 

This thesis focuses on heavy truck batteries from the case company perspective and sheds light 

on the transformation from linear to circular value chains for batteries. The results can be used 

to illustrate a circular transformation in general, as well as the potential for circular value chains 

for automotive batteries specifically.  
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8. Conclusions  

 

This chapter presents the conclusions from the studies as well as the need for further research 

in the area.  

 

Circular value chains for heavy truck batteries are a necessity to secure supply of critical raw 

materials for cell production and have environmentally sustainable systems in place. For the 

battery-producing original equipment manufacturer, it is crucial to secure supply and avoid 

exposure to price volatility, supply chain disturbances, and geopolitical dependencies through 

circularity.  

 

RQ1: What challenges, in the transition to circular value chains for electric vehicle batteries, 

can be mitigated through battery mass customization? 

 

The findings demonstrate that the challenges and enablers to reach circularity for battery 

materials are not solely related to technology and practical solutions; the results show that 

change management and organizational structures play an important part in developing circular 

flows for battery materials. Circular solutions for electric vehicle batteries need to be scalable, 

the battery needs to be self-actualized, and the electrification of heavy trucks will impact the 

future business models. The findings highlight that the wide variety and diversity of batteries 

currently hinder sustainable growth in the battery sector, presenting significant opportunities 

for mass customization that would benefit original equipment manufacturers, truck customers, 

secondary users, and recycling stakeholders. The findings suggest that, to effectively manage a 

high volume of end-of-life batteries, an open-loop supply chain could positively impact the 

environment and ensure future access to secondary raw materials by processing batteries from 

various applications. In addition, achieving sustainable electrification for heavy trucks and 

scalable battery energy storage requires a degree of mass customization, particularly at the cell 

level, built upon standardized designs. A significant amount of identified challenges in the 

transition towards circularity would be mitigated by a mass customized battery, building on a 

standard. Most of the identified challenges related to managing logistics, battery footprint, 

circular design, external network, manufacturing, and recycling could be overcome by a mass 

customized battery pack. On the other hand, a mass customized battery cell would give the 

biggest environmental impact, but not mitigate the same number of challenges.  

 

RQ2: What shifts are needed to reach circular value chains and secure secondary raw materials 

as input to battery cell production? 

 

In conclusion, achieving circularity for heavy truck batteries requires several key shifts. First, 

regarding battery design, circularity starts by designing batteries for extended use in multiple 
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applications and material recovery for cell production. Secondly, for mass customization, 

building on a standard is essential to ensure efficiency for manufacturers, provide customers 

with choices, and facilitate safe battery returns, recycling, and large-scale energy storage. 

Thirdly, organizations must establish an effective reverse supply chain to collect used batteries 

efficiently and make decisions regarding open or closed supply chains. Given future access to 

raw materials, geopolitical dependencies, and the varying conditions of used batteries, the shift 

toward establishing regional setups, both for battery use and the return process, is likely. The 

fourth shift needed is the recycling process: the recycling system must be safe, efficient, and 

automated to enable effective material recovery. Finally, access and control of comprehensive 

battery data throughout the battery life cycle supports optimal decision-making for use, reuse, 

repurposing, and recycling. 

 

8.1 Further research 

 

To further explore the potential and challenges in the transformation from linear value chains 

to circular value chains for batteries, the scope should be broadened to include diverse 

perspectives in the reversed supply chain, including collection actors, transportation of end-of-

life batteries, and recycling actors. This inclusive approach would yield comprehensive and 

reliable insights into the feasibility and potential benefits of circular supply chains and the 

potential in the material recovery as input to battery cell production for electric heavy truck 

batteries. As the global demand for batteries grows, so does the challenge of managing the 

waste generated when they reach the end of their life (Dong et al., 2024). Waste treatment of 

batteries is crucial from an environmental perspective, as well as from a material supply 

perspective. The focus of having the installed base of batteries, the urban mine, as the source 

of raw materials for battery production is key to support sustainable growth of green 

technologies and reducing supply chain vulnerabilities (Chirumalla et al., 2024; Tang et al., 

2023). The concepts of open loop supply chains and closed loop supply chains need to be further 

elaborated upon; in the current literature, the closed loop supply chain is used carelessly. The 

closed loop supply chain is often used as taking back resources in general, not considering the 

closed loop supply chain definition, that products are returned to the original supply chain after 

use for value creation (Govindan et al., 2015). In terms of the battery return flow, the impact 

and selection of open loop supply chain or closed loop supply chain is significant. Furthermore, 

the impact of regulations on the battery supply chain, transparency, traceability, and battery 

data should be investigated. The impact of digitalization for battery data and the potential in 

data driven-decision making is significant and needs to be further understood and developed 

(Nyamathulla et al., 2024). In addition, further research is needed around circular design and 

understanding the needs enabling decoupling of the battery from the vehicle (Glöser-Chahoud 

et al., 2021); modularization will be a prerequisite for full utilization of batteries throughout the 

battery lifetime. 
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