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Abstract 

The electrification of the transport sector in combination with an increased demand for 
storage solutions for renewable energy is contributing to a rapid growth of the battery 
market.  Lithium-ion batteries have shown to be a promising technology for efficient energy 
storage the last two decades. A rapidly increasing battery production will however cause 
challenges within waste management and put pressure on current recycling infrastructures.  
 
Within research, insufficient attention has been given to how traditional manufacturing 
strategy is applied within recycling environments. The objective of this study was, therefore, 
to investigate if and how the unique characteristics of battery recycling affect its 
manufacturing strategy. A case study of the planning of a battery recycling unit was 
conducted in collaboration with Northvolt AB to detect challenges and unique characteristics 
for battery recycling. A framework within manufacturing strategy was applied on the 
contextual study to identify underlying factors to be considered when building a large scale 
recycling. Based on multiple interviews with industry expert’s, critical factors were identified 
and classified according to the literature framework.  
 
Our research concludes that the main categories within traditional manufacturing strategy 
are valid within a recycling environment. On an operational level, however, it was implied 
that the specific characteristics for recycling have to be considered when formulating a 
manufacturing strategy. To concretize, it is suggested that attention is given to uncertainties 
in inflow, of both timing and amount of discarded products. It is important to carefully 
consider the variety in battery chemistry fed into the recycling process and to design a flexible 
process, to be prepared for future disruption. Furthermore, managerial implications for 
battery producers are to facilitate recycling through three key aspects; simplifying the 
disassembly of battery systems, developing intelligent labelling systems and to push for 
industry standards.  
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Sammanfattning 

Elektrifieringen av transportsektorn i kombination med en ökad efterfrågan av förnybar 
energi, bidrar till en snabb tillväxt av batterimarknaden. Litiumjonbatterier har under de 
senaste två decennierna visat sig vara en lovande teknologi för effektiv energilagring. En 
snabbt ökande batteriproduktion skapar dock utmaningar för nuvarande återvinningssystem.  

Otillräcklig forskning har givits till hur traditionell produktionsstrategi kan appliceras i 
återvinningsmiljöer. Därav var målet med denna studie att undersöka om och hur 
återvinningsmiljöns unika karaktär påverkar dess produktionsstrategi. En case studie av en 
planerad återvinningsanläggning genomfördes i samarbete med Northvolt AB, för att 
identifiera utmaningar och unika karaktärsdrag för batteriåtervinning. Ett litterärt ramverk 
inom produktionsstrategi applicerades på den kontextuella studien för att sammanställa och 
utvärdera underliggande faktorer som bör tas i beaktning för en storskalig 
återvinningsanläggning. Efter ett flertal intervjuer med experter kunde kritiska faktorer 
identifieras och klassificeras enligt det litterära ramverket.  

Studien visar att huvudkategorierna inom traditionell produktionsstrategi även gäller för 
återvinnig. På en operationell nivå konstateras det dock att den specifika karaktären för 
återvinning måste tas i beaktning när strategin utformas. För att konkretisera rekommenderas 
det att osäkerheter i inflöde, gällande fördröjning och mängder av kasserade batterier, 
hanteras i samarbete med externa aktörer som kan garantera en kontinuerlig leverans. Det är 
även viktigt att se över variationen av batterikemier som behandlas i återvinningsprocessen 
samt att designa en flexibel process som snabbt kan anpassas till framtida behov. Slutligen 
indikerar studien att batteriproducenter bör sträva efter att förenkla batteriåtervinning genom 
tre huvudpunkter; underlätta demontering av batterisystem, utveckla intelligent märkning 
och främja industristandarder.  

Nyckelord: Litiumjonbatteri, Återvinning, Produktionsstrategi 
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INTRODUCTION 

This section introduces the reader to the overall topic of the study along with the problematization. 
Furthermore, the purpose and investigated research questions are defined 

and lastly, the scope and outline of the thesis are presented. 
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1.1 Background 

Globalisation and industrialisation are contributing to the rapid increase in carbon 
emissions (Wang et al., 2011). In turn, the huge amounts of emissions have a negative 
impact on our climate, leading to devastating environmental changes and health issues. 
Fossil fuels will still play a significant role over the next decades. However, the question 
is how fast sustainable energy solutions can be ramped up to cope with climate changes 
(World energy council, 2017). 
 
One way to deal with the challenges we face in transitioning to a low-carbon economy, 
is through increased electrification of transportation and enabling storage of renewable 
energy (Kwade and Diekmann, 2018). Lithium-ion batteries has the last two decades 
shown to be a promising technology for efficient energy storage (Yun et al., 2018). 
Compared to other rechargeable batteries, lithium-ion batteries show favourable 
characteristics such as high operating voltage, high specific energy and long-lifetime 
(Georgi-Maschler et al., 2012).  
 
Although there are many environmental benefits with storing energy in lithium-ion 
batteries, an increased battery production will cause waste management challenges and 
put pressure on current recycling infrastructures. Hence, it is essential to have a 
proactive approach on how to handle future waste streams of discarded batteries. As 
the market for lithium-ion batteries continues to grow, it becomes critical to recycle 
batteries to secure scarce and valuable raw material (Gratz et al., 2014). Battery 
recycling is today associated with high costs and lack of effective technology (Yun et 
al., 2018). Furthermore, lithium-ion batteries are more difficult to recycle in 
comparison to other batteries due to the complexity of component composition. They 
are also classified as miscellaneous hazardous material, making it important to meet 
regulatory compliances (Gaines, 2014).  From a sustainability perspective, an ideal 
recycling system would allow a closed loop where the end of life batteries is reused in 
the production of new ones (Georgi-Maschler et al., 2012).  
 

1.2 Problematization 

Today, around 95 percent of lithium-ion batteries are landfilled after their end of 
lifetime, showing that the recycling market is lagging behind (Heelan et al., 2016). The 
increased demand for lithium-ion batteries will require development of a sustainable 
and competitive industrial battery recycling sector. Recycling companies are today 
facing challenges with the recovery of lithium in particular, to close the loop of raw 
material supply (Ekberg and Petranikova, 2015). At the same time, European 
regulations are putting pressure on battery producers, requiring that 50 percent of the 
average battery weight is recycled (European parliament, 2006). Further, investigations 
on how manufacturing strategies are applied within recycling industries are limited 
within research. Previous research brings up remanufacturing strategy to a certain 
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extent, which entails how products can be reassembled. However, insufficient 
attention is given to pure recycling environments, creating a gap in literature. 

1.3 Purpose and Research Questions 

The purpose of this study is to investigate if and how the unique characteristics of 
battery recycling affect its manufacturing strategy. Furthermore, the study aims to map 
different processes for battery recycling and identify challenges within the area. To 
fulfil the purpose, two research questions (RQ:s) are posed. 
 
The first question aims at understanding important aspects for a recycling 
environment. 

 
The structural decision categories are part of a manufacturing strategy, including 
dimensions of process, facility, vertical integration and capacity. To get a deeper 
understanding of how a manufacturing strategy is connected to the recycling 
environment, the second research question is formulated.  
 

 

1.5 Scope and Delimitations 

The problematization can be investigated from different perspectives and levels of 
details, hence delimitations for the study have been made. Considering the battery 
value chain, which can be seen in Figure 1, the unit of analysis has been delimited to 
recycling processes. Other parts within the value chain such as battery production, use, 
collection, first steps of sorting and disassembling of devices are briefly investigated in 
this report and are only classified within the unit of observation.  
  
The theoretical framework applied in the study is delimited to manufacturing strategy 
and the product-process matrix. The manufacturing strategy is, in turn, limited to 
investigating the dimensions of structural decision categories and competitive 
priorities. The structural decision categories were chosen because of their importance 
in an early phase in the planning of a manufacturing unit. Furthermore, the competitive 
priorities are closely linked with the decision-making categories which is why they are 
considered in parallel. The other dimensions of manufacturing strategy, such as the 
infrastructural decision categories, are not considered in this thesis.  
 

RQ2: How is the operationalization of structural 
decision categories affected by the unique 
characteristics? 
 

RQ1: What are the unique characteristics of 
battery recycling in a manufacturing context? 
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Figure 1: Unit of analysis and observation of the thesis. 

1.6 Outline  

To answer the research question of “What are the unique characteristics of battery recycling 
within a manufacturing context? (RQ1)” it was necessary to investigate critical factors 
within a recycling environment which was done through a case study. To answer the 
second research question of “How are the operationalization of structural decision categories 
affected by the unique characteristics? (RQ2)”, a theoretical framework for manufacturing 
strategy was applied on the case. Differences between the practical case and the 
literature framework were identified, and links between the underlying factors were 
pinpointed. The process choice was identified as one of the most critical decision 
factors during the case study since it in turn affects many other parameters regarding 
the planning of a manufacturing unit. This is why different recycling processes are 
described in detail in this report while other areas obtain a higher level of description 
and analysis. To give the reader an overview of the study, the outline of the thesis is 
presented in Table 1. A chapter summary can also be found after each chapter in the 
thesis. 
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Table 1: Outline of the thesis. 

1. Introduction This section introduces the reader to the overall topic of the study along 
with the problematization. Furthermore, the purpose and investigated 
research questions are defined and lastly, the scope and outline of the 
thesis are presented. 
 

2. Lithium Ion 
Battery Outlook 

In this section, the future battery demand and current European actors 
within battery recycling are presented. To give the reader a better 
understanding of lithium ion batteries, its components and materials are 
also described. 
 

3. Manufacturing 
Strategy 

This chapter presents the theoretical framework of manufacturing 
strategy. The framework is later applied on the investigated case study 
considering structural decision categories and competitive priorities. 
Furthermore, the product-process matrix is presented. 
 

4. Method In this chapter the methodology for the study is described. It consists 
of the working process for the research and data gathering methods 
applied to reach the study’s objectives. Lastly, the quality of the study 
and ethics are discussed. 
 

5. Case Study This chapter introduces the reader to the conducted case study, which 
is the foundation of the research. The life cycle of a lithium ion battery 
together with different recycling processes are described in detail. One 
process, in particular, is described in depth, since it enables an analysis 
of how the process choice affects the dimensions within a 
manufacturing strategy. Lastly, risks related to recycling processes are 
mentioned. 
 

6. Findings and 
Analysis 

The findings from the case study are presented in this chapter. The 
unique characteristics for battery recycling are classified according to 
the theoretical framework and the empirical material is analysed. 
 

7. Discussion In this chapter, the research questions are answered. Furthermore, it 
includes a discussion of the findings in relation to the theoretical 
framework. 
 

8. Conclusion Based on the research questions and purpose posed in the introduction, 
this chapter summarize the key findings from the study. Lastly, the 
contribution of the research and managerial implications are discussed 
together with suggestions on further research. 
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Chapter Summary: Introduction 

This chapter introduced the importance of lithium-ion battery to enable a sustainable transitioning 
towards a low-carbon economy. Lithium-ion batteries are used in energy storage applications, such as 
electric vehicles and grid storage to facilitate renewable energy supply.  The increased production of 
lithium-ion batteries will require development of a sustainable and competitive industrial battery 
recycling sector to handle future waste streams. Today, recycling companies are facing challenges with 
the recovery of lithium in particular, to close the loop of raw material supply.  
 
The main purpose of this study is to investigate if and how the unique characteristics of battery recycling 
affect its manufacturing strategy. The study also aims to explore the different alternatives for battery 
recycling and identify challenges within the area. Furthermore, To fulfill the purpose, two research 
questions were posed as followed: “What are the unique characteristics of battery recycling within a 
manufacturing context?” (RQ1) and “How is the operationalization of structural decision categories 
affected by the unique characteristics?” (RQ2). Lastly, this chapter clarified the scope and limitations 
of the study together with an outline of the paper.  
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LITHIUM ION BATTERY OUTLOOK 

In this section, the future battery demand and current European actors within battery recycling are presented.  
To give the reader a better understanding of lithium ion batteries,  

its components and materials are also described. 
 
 

2 
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2.1 Future Demand    

Lithium-ion batteries are widely used for portable electronic devices such as mobile 
telephones, laptops and video cameras (Ordoñez et al., 2016). They are also used in 
larger applications such as electric vehicles and stationary storage for renewable 
electricity generation. As renewables take a more significant share of energy 
production,  it becomes inevitable to store energy to manage high and low peaks of 
demand (Gissey et al., 2017). Electrical energy storage technologies, such as a lithium-
ion battery, is believed to be key in managing these supply- and demand fluctuations 
in the future (Gissey et al., 2017). The electrification of the transport sector is also 
contributin to the increasing demand for lithium-ion battery. As Figure 2 shows, the 
battery demand and raw material such as manganese, nickel, cobalt, and lithium are 
expected to have an exponential growth the years to come, based on the increase of 
electric vehicle sales (Bloomberg New Energy Finance, 2017).  
 

 
Figure 2: Global lithium ion battery demand and material forecast of electric vehicle sales (Bloomberg 

New Energy Finance, 2017) 

 
Batteries can be considered a mature technology and today there are several different 
types of lithium-ion batteries on the market. However, the NMC chemistry, with 
cathode material including nickel, manganese, and cobalt, is believed to be dominant 
in the future considering the amount of produced battery cells. The forecasted growth 
of different battery chemistries can be visualised in Figure 3.  
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Figure 3: A forecast of the dominating lithium ion chemistries in 2025 (Zackrisson, 2017) 

 
Lithium-ion batteries from electric vehicles have a lifetime of roughly ten years while 
cells from portable consumer devices have an expected lifetime of about three years 
(Wang, 2014). This implies that the battery production will bring an increasing waste 
stream of discarded batteries in the near future. As the market for lithium-ion batteries 
continues to grow, it becomes essential to recycle lithium-ion batteries due to the 
scarce raw material (Gratz et al., 2014). Incentives for recycling is not only built upon 
the limited raw material but also the EU directives and environmental- and safety 
concerns. In 2009 a new producer responsibility for battery producers was set in place 
which demands all producers to collect, treat, recycle and dispose all batteries on the 
market (Swedish waste management, 2009). Furthermore, the EU directive 
2006/66/EC demand that 50 percent of the battery weight is recycled (European 
parliament, 2006). Recycling lithium-ion batteries cannot be done without causing any 
environmental impact; however recycling brings many benefits when avoiding the 
extraction of virgin metals (Boyden et al., 2016). For example, as Dunn et al. (2016) 
claims that “recycled cathode materials are less energy and emissions intensive than virgin cathode 
materials”.   
 

2.2 European Market 

Today, there are a few large companies that recycle lithium-ion batteries in Europe. 
The location of facilities and type of processes used to treat the batteries are mapped 
in Figure 4. In general, it can be said that there are three common recycling 
technologies on the market; pyrometallurgy, mechanical treatment and 
hydrometallurgy. With pyrometallurgy, batteries are melted together as an alloy using 
high temperatures. The mechanical treatment consists of crushing cells into a powder 
to be further treated through hydrometallurgy which recover selected metals through 
precipitation and solvent extraction. The most common large-scale process is 
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pyrometallurgy. However, mechanical treatment and hydrometallurgy are present 
within the European market as well.  

 
Figure 4: Overview of lithium ion battery recycling facilities in Europe. 

 
In Table 2 the companies that recycle lithium-ion batteries are listed. Companies that 
only collects or sorts batteries are excluded. Current research projects at universities 
or planned facilities have also been excluded in this mapping.  
 
Table 2: Commercialized recycling facilities in Europe that are able to recycle lithium ion batteries 
(Kushnir, 2015; Ekberg and Petranikova, 2015).   

Company Location Process Battery Type 

AkkuSer Finland Pretreatment Li ion, Alkaline, Ni Mh, Ni Cd 
Euro Dieuze 
Industrie 

France Pretreatment, 
Hydrometallurgy 

Li ion, Ni Cd, Alkaline, Zn 
carbon 

Redux Germany Pretreatment, Sorting Li ion, Li-Mn, Alkaline, Ni Mh, 
Ni Cd, Lead 

SNAM France Pyrometallurgy Li ion, Alkaline, Ni Mh, Ni Cd 
Accurec 
recycling 

Germany Pyrometallurgy Li ion, Alkaline, Ni Mh, Ni Cd 

Umicore Belgium Pyrometallurgy, 
Hydrometallurgy 

Li ion, Ni Mh 

Recupyl Polen, 
France 

Hydrometallurgy Li ion, Alkaline 
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2.3 Battery Components and Material 

Lithium-ion batteries are either primary, non-rechargeable, or secondary meaning that 
they can be recharged for a specific number of cycles. The characteristics of the battery 
cells are affected by material choice, design parameters, geometry and housing 
(Schönemann, 2017). 
 
Components 
Battery cells consist of a negative electrode, the anode, which typically includes a thin 
copper foil coated with an active material, and a positive electrode, the cathode, usually 
consisting of an aluminium foil coated with active material. Between the electrodes, 
there is a separator which prevents the electrodes from creating a short circuit. These 
three components are in the cylindrical cell wound into a jelly roll. A metal can enclose 
and protects the foil which is filled with an electrolyte that allows the ions to move 
within the cell (Warner, 2015; Schönemann, 2017). For an overview of the battery 
components, see Figure 5.   

 
Figure 5: Components and battery shapes (Choi and Aurbach, 2016). 

 
Geometry 
There are various different forms and housing for batteries. Common types are 
cylindrical, prismatic hard-case or prismatic pouch cells. Pouch cells consist of 
prismatic stacks which are surrounded by laminated aluminium foil. Pouch cells are 
not as rigid as hard-case prismatic or cylindrical cells. The prismatic cells have a 
prismatic winding and can be packed closer than pouch since they do not tend to 
expand during usage. The cylindrical ones are directly fitted into the casing and can be 
stored close to each other due to the rigid casing and no expansion. The aim is to reach 
a high energy density, which is why the cells should be placed close to each other. The 
cells are coupled in parallel or serial to obtain either high voltage or capacity 
(Schönemann, 2017).  
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Battery System 
The complete battery system in larger applications consists of cells and modules that 
are integrated with electronics in a battery pack as shown in Figure 6. The modules are 
designed according to cell characteristics, capacity, voltage, and current. Other than 
the cells, the modules consist of cell holders and current collectors as well as thermal 
components, such as cooling tubes, cold plates and connections. Sensors, electrical 
terminals and enclosure are also assembled in a module. The modules are then 
integrated in a battery pack creating a system with the features of power charging and  

temperature management (Schönemann, 2017).

 
Figure 6: The complete battery system from cell components to pack (Schönemann, 2017). 

 
Battery Chemistry 
The material composition in a battery varies with size, cathode material and application 
area (Boyden et al., 2016).  Common types of active cathode material are lithium cobalt 
oxide (LCO), lithium iron phosphate (LFP), lithium ion manganese oxide (LMO), 
lithium nickel cobalt aluminum oxide (NCA) and lithium nickel manganese cobalt 
oxide (NMC). In Table 3, the application area and characteristics of each chemistry are 
summarized. 
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Table 3: The characteristics and application areas of common lithium technologies. (Petranikova, 
2017; Incellint, 2016) 

Abbrevation Cathode 
material 

Application area Characteristics  

LCO LiCoO2 Small scale 
electronics, Mobile 
phones, tablets, 
laptops, cameras. 

Very high specific 
energy, limited 
specific power. 
Serves as energy 
cell. 

 

LFP LiFePO4 Portable and 
stationary needing 
high load currents 
and endurance, 
potential choice for 
EVs. 

Very flat voltage 
discharge curve but 
low capacity. One 
of the safest 
lithium-ions. 
Elevated self-
discharge 

 

NMC LiNiMnCoO2 Common in EVs, 
E-bikes, medical 
devices, industrial 
applications. 

Provides high 
capacity and high 
power. Serves as 
Hybrid Cell. This 
chemistry is often 
used to enhance Li-
manganese. 

 

NCA LiNiCoAlO2 EVs, E-bikes High capacity and 
voltage, high power. 

 

LMO LiMn2O, 
Li2MnO3 

Historically used in 
EVs, now less 
common. 

Cheap and 
abundant, high 
power, low capacity 
low energy density. 
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Critical Material 
Considering economic importance and supply risk, cobalt and natural graphite are 
today classified as critical raw material (European Commission, 2017). Other lithium-
ion battery materials can be found circled in Figure 7 and are not classified as critical 
today. However, with increased demand and planned large-scale battery plants the 
materials mentioned above might be pushed into the red zone, becoming critical. Some 
metals are extracted in countries that might use the raw material as diplomatic leverage, 
which in turn results in a supply risk (Nansai et al., 2014). For example, the leading 
country of cobalt resources, the D.R. of Congo, was ranked poorly when it came to 
political stability, working conditions, human rights and country governance resulting 
in an overall negative sustainability impact (Carlsson and Pirttiemi, 2017).  
 

 
Figure 7: Assessment of economic importance and supply risk for raw material (European 

Commission, 2017) 
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Chapter Summary: Lithium Ion Battery Outlook 

Lithium-ion batteries are used in portable electronic devices, grid storage and for electric vehicles. The 
predicted growth of electric vehicle sales will contribute to massive amount of lithium-ion batteries on 
the market which in turn will generate significant amount of waste stream from a long-term perspective. 
The increased battery production will furthermore put pressure on limited raw materials. Today, there 
are several different types of lithium-ion batteries on the market, designed to optimise specific 
characteristics depending on the application area. The NMC (nickel, manganese, and cobalt) chemistry 
is however believed to be the dominant contributor considering the amount of produced battery cells. 
  
In Europe, there are today a few actors recycling lithium-ion batteries. The current recycling technologies 
are mainly pyrometallurgy, mechanical treatment, and hydrometallurgy. With pyrometallurgy, batteries 
are melted together as an alloy using high temperatures. This method produces a by-product containing 
the lithium and can only be used as a concrete additive. The mechanical pre-treatment consists of 
crushing cells into a powder to be further treated through hydrometallurgy which recover selected metals 
through precipitation and solvent extraction. 
  
Battery design varies with size, shape, and chemistry depending on its application area. The main 
components within a battery cell are the anode, cathode, separator, electrolyte and an enclosing can. 
For larger applications cells are packed together in modules, allowing the batteries to be assembled in 
series or parallel depending on desired performance. The modules are then assembled and integrated 
into larger battery packs including cooling system and electronics that enables the system to perform 
within a larger application. 
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MANUFACTURING STRATEGY 

This chapter presents the theoretical framework of manufacturing strategy. The framework is later applied on 
the investigated case study considering structural decision categories and competitive priorities. Furthermore, the 

product-process matrix is presented. 

 

3 
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3.1 Strategic Dimensions 

A manufacturing strategy constitutes several strategic dimensions and decision 
categories to consider for a production unit. Many researchers have intended to give 
their view of manufacturing strategy. Hence, this chapter aims to provide an overview 
of the strategic dimensions with a focus on competitive priorities and structural 
decision categories. Competitive priorities are chosen due to their importance when it 
comes to creating a strategy, and the structural decisions since they are difficult to 
change once determined.   Manufacturing strategy is defined as by Marucheck et al. 
(1990) as “a collective pattern of coordinated decisions that act upon the formulation, reformulation 
and deployment of manufacturing resources and provide a competitive advantage in support of the 
overall strategic initiative of the firm.” Which is interpreted as the correlation of the different 
decision categories that in turn are affected by a firm's competitive priorities. An 
overview of the manufacturing strategy dimensions can be visualized in Figure 8. 
 

 
Figure 8: Dimensions for manufacturing strategy (Adapted from Mirzaei, 2015). 

 
Manufacturing strategy can be divided into process and content. The content, i.e., 
strategic decisions, are made in relation to the company's competitive priorities and 
decision categories (Mirzaei, 2015; Dangayach and Deshmukh, 2001). The competitive 
priorities are further divided into delivery, flexibility, quality and cost. However, 
according to Spring and Boaden (1997) innovativeness should be added as an 
additional competitive priority. Decision categories are further divided by structural 
and infrastructural dimensions. Compared to the infrastructural decision categories, 
the structural decision categories have long-term impacts. Decisions concerning 
infrastructural categories rather determine how the structural once should be managed, 
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having short-term impacts (Espino-Rodriguez and Gil-Padilla, 2015). The structural 
decision categories are the physical attributes and are difficult to alter or reverse 
because of their capital intense character (Olhager and Feldmann, 2017). These are 
divided into facility, process technology, capacity and vertical integration (Mirzaei, 
2015).  
 

3.2 Competitive Priorities   

Competitive priorities have become an increasingly important consideration and affect 
the decision making regarding structural categories (Boyer and Lewin, 2002). The 
better the decisions within the structural and infrastructural categories matches and 
supports the company’s competitive priorities, the more effective the manufacturing 
strategy is (Olhager and Feldmann, 2017). In addition, Boyer and Lewis (2002) found 
that plants that consider all competitive priorities to a certain extent are successful. It 
is also important that competitive priorities are communicated throughout the 
organisation to ensure that decision making is aligned with the company's overall 
strategy. This chapter aims at describing the competitive priorities and its influencing 
factors. See Table 4 for an overview. 
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Table 4: Competitive priorities for a manufacturing strategy. 

Manufacturing Strategy 

Competitive  
priorities 

Influencing factors  Literature references 

Cost Procurement and overhead costs 
Production cost  
Distribution cost 
Inventory 
Capacity utilization 
Labour productivity 

Acur et al., 2003 
Boyer and Lewis, 2002 
Spring and Boaden, 1997. 

Quality Specification quality 
Conformance quality 
Customer service 

Slack and Lewis, 2011 
Acur et al., 2003 
Boyer and Lewis, 2002 
 

Delivery Dependability 
Speed 
Production and  
procurement lead time 
Ability to meet delivery promises  

Spring and Boaden, 1997 
Slack and Lewis, 2011 
Acur et al., 2003 
Boyer and Lewis, 2002 

Flexibility Degree of product variety  
Product changes 
Process changes  
Routing of manufacturing 
Adjustable capacity 

Slack and Lewis, 2011 
Acur et al., 2003 
Boyer and Lewis, 2002 
Spring and Boaden, 1997 
Vokurka and Davis, 2004 

Innovativeness  Introduction of new products and 
processes 

Spring and Boaden, 1997 
Dangayach and Deshmukh, 
2001 
Schroeder et al., 1989 

 
Cost  
The cost parameter is dependent on the other competitive priorities consisting of 
quality, delivery, and flexibility. Procurement and overhead costs are general costs to 
consider together with production and distribution costs (Acur et al., 2003; Boyer and 
Lewis, 2002; Spring and Boaden, 1997). Another factor influencing the overall cost 
strategy is the capacity utilization. A higher capacity utilization allows for fixed costs 
and depreciation to be spread over a larger amount of products, meaning lowering the 
cost per unit (Miltenburg, 2005). This can also be related to economies of scale, which 
is the calculation of the break-even point of the operation. The analysis relates the 
capacity of a process, the actual volume of output, and its profitability (Slack and Lewis, 
2011). The inventory also has to be considered since the capital bound to inventory is 
affecting a firm’s liquidity. To summarize, the key cost improvement factors are to 
reduce inventory and production costs, as well as to increase the capacity utilization 
(Boyer and Lewis, 2002).   
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Quality  
Specification quality is one factor to consider for the overall quality strategy, it includes 
the product quality standards and the reliability of product (Acur et al., 2003; Slack and 
Lewis, 2011). Conformance quality is another aspect which means that reliable and 
consistent manufacturing improves quality (Boyer and Lewis, 2002). Quality is also 
related to the delivery reliability and customer service (Acur et al., 2003). Hence, the 
competitive advantages that can be linked to quality are the abilities to provide high-
performance products together with consistent, reliable quality (Boyer and Lewis, 
2002).  
            
Delivery  
The ability to meet delivery schedules determines a company's delivery dependability. 
Moreover, the delivery speed is the ability to react quickly to orders, or to sudden order 
changes (Slack and Lewis, 2011; Spring and Boaden, 1997). The delivery speed is in 
turn dependant on the production lead time and the procurement lead time (Acur et 
al., 2003; Boyer and Lewis, 2002). Hence, a reduction of the lead time is advantageous. 
The lead time could be from inquiry to quotation, order to delivery or lead time for 
technical advice (Slack and Lewis, 2011). A company’s competitive advantage could, 
therefore, be to provide fast deliveries and to meet delivery promises. The challenge is 
to find a balance between inventory capacity and the ability to meet delivery promises, 
since too much inventory results costly (slack and Lewis, 2011). 
         
Flexibility  
A firm's flexibility relates to the product variety, modifications to designs, fluctuations 
in materials and changes in sequence (Boyer and Lewis, 2002; Spring and Boaden, 
1997). Other parameters that affects the flexibility are capacity adjustments (Acur et 
al., 2003; Spring and Boaden, 1997), a large number of product features (Boyer and 
Lewis, 2002) and variations in customer demands (Mirzaei, 2015; Boyer and Lewis, 
2002). The process flexibility refers to the ability to produce multiple products and 
changes in the process due to uncertain demands. The ability to introduce new 
products and offer customized solutions are also determined by the process flexibility. 
The main challenge is to determine the cost-effective flexibility that can meet the 
uncertain demand (Graves and Tomlin, 2003). If a plant has sufficient capacity to cover 
the maximum demand, then it might not be cost-effective when the capacity utilisation 
is low (Graves and Tomlin, 2003). Designing the process so that resources can be 
allocated according to the changing demand means that higher flexibility can be 
reached, which in turn improves quality and reduces costs.  
  
Innovativeness  
Spring and Boaden (1997) state that innovativeness is another competitive priority 
while introducing the term “innovativeness” as the number of new products and 
processes. Schroeder et al. (1989) define innovation in manufacturing as “the 
implementation of new ideas or changes, big or small, that have the potential to contribute to 
organizational (business) objectives.” The degree of innovation affects a firm’s 
manufacturing results and is also becoming more critical due to global competitiveness 
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(Schroeder et al., 1989). The degree of innovation is both affected internally and 
externally. The elements of manufacturing that can be managed by the firm are the 
goals, structure and process, culture and resources. The external influencing factors are 
competition, economics, suppliers, and government (Schroeder et al., 1989). It can be 
rather difficult to measure a firm’s innovativeness compared to other competitive 
priorities. However, it could be the number of new management approaches, control 
systems, products and new processes (Schroeder et al., 1989).  
 

3.3 Structural Decision Categories  

The structural decision categories relate to decisions made for facilities, process 
technology, capacity and vertical integration for the production. Each category is 
influenced by different factors and include a number of decisions to be considered 
when creating a manufacturing strategy, see Table 5. The main characteristics of the 
structural decisions made are that they require high investments and have a long-term 
impact (Espino-Rodriguez and Gil-Padilla, 2015). Once the decisions have been 
implemented, they cannot easily be changed on a short-term basis which makes them 
critical to consider at an early stage.  
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Table 5: Structural decision categories for a manufacturing strategy. 

Manufacturing Strategy 

Structural decision 
categories  

Influencing factors  Literature references 

Capacity Future demand  
Sales plan 
Timing and availability of raw 
material 
Type of labour 
Capacity utilization 
Economies of scale 

Ohlhager et.al. 2001  
Slack and Lewis, 2011 
Miltenburg, 2005 
Dombrowski et al., 2016 
 

Sourcing and 
Vertical Integration 

Purchasing and supply decisions 
Position in value chain  
Direction and extent: 
Upstream/downstream  
Outsourcing/in house 
Supply chain risk 
Globalization level 
Corporate social responsibility 

Slack and Lewis, 2011 
Miltenburg, 2005 
Dombrowski et al., 2016 

Information and 
Process Technology 

Scalability 
Connectivity 
Degree of automatization 
Flexibility  
Capital and operational cost  
Vulnerability 
Novelty of product and 
technology 

Slack and Lewis, 2011 
Dombrowski et al., 2016 

Facility Size  
Location  
Specialization 
Process complexity  
Organizational scope 

Dombrowski et al., 2016 
Richardson et al., 1985 
Kotha and Orne, 1989 
Vokurka and Davis, 2004 

      
Capacity 
A capacity strategy includes the amount, timing, type of labour and type of process 
equipment (Slack and Lewis, 2011) where capacity planning and control also is a part 
of a capacity strategy (Miltenburg, 2005; Olhager et al., 2001). Several factors influence 
the capacity-related decisions that have to be made making the capacity decision 
process complex (Slack and Lewis, 2011). Managing the capacity of a process line is 
typically done in various stages, from long-term capacity planning to short-term 
capacity control (Ohlhager et al., 2001). Intermediate capacity planning relates to rough 
cut capacity planning and capacity requirements planning, linked to material 
requirements plan (Ohlhager et al., 2001). A sales plan is based on the forecasted 
demand and must cover the time frame for acquiring new or reducing current capacity. 
Therefore, the sales plan is a vital part when determining the capacity (Ohlhager et al., 
2001).  



3 MANUFACTURING STRATEGY 

 23 (73) 

The challenge with long-term capacity planning is mainly to determine when and by 
how much the capacity should change (Olhager et al., 2001). This, in turn, affects the 
provision of process choice and facilities (Slack and Lewis, 2011). Meaning that to 
create an overall level of capacity the market requirements has to meet the operations 
resources. The uncertainty of future demand also influences the overall capacity 
strategy (Slack and Lewis, 2011), meaning that the capacity flexibility is to be 
considered. There are consequences of both over- and undersupply that can affect the 
profitability negatively if the capacity utilization is not optimized. Hence, there is a 
trade-off of reaching economies of scale while at the same time matching the demand. 
Economies of scale are one of the most basic, and yet most important steps in the 
determination of capacity. 
 
Sourcing and Vertical Integration 
To form a manufacturing strategy, decisions on sourcing and vertical integration has 
to be made. The supply network, including decisions on direction and extent of vertical 
integration, is a key aspect. Lately, it has been argued that purchasing and supply 
decisions are the most critical ones when forming a strategy due to a globalized and 
technology-enabled economy (Slack and Lewis, 2011). What influences the overall 
sourcing and vertical integration strategy are “make or buy”-decisions, meaning if the 
products should be made in-house or not. This decision category also includes (Slack 
and Lewis, 2011; Dombrowski et al., 2016); supplier relationships i.e., how the 
products should be purchased, management of supply dynamics, suppliers and supply 
chain risks. Globalization and sustainability become even more important for a 
company to stay competitive. Global sourcing brings the issue of ethics into focus, and 
managing corporate social responsibility is a significant factor. It is relatively easy to 
monitor local suppliers but managing suppliers around the world that has different 
cultures and perspectives on ethical standards make the supply network strategy a real 
challenge (Slack and Lewis, 2011).  
            
Information and Process Technology  
Slack and Lewis (2011) defines process technology strategy as “the set of decisions that 
defines the strategic role that direct and indirect process technology can play in the overall operations 
strategy of the organisation and sets out the general characteristics that help to evaluate alternative 
technologies.” In general, the process technology depends on the volume and variety of 
produced units and therefore different technologies should be selected depending on 
the desired flexibility and scale of the production. There are three main underlying 
characteristics to consider when deciding on process technologies. The first 
characteristic is the capability of making own decisions which reflects the degree of 
automatisation. Secondly, the scalability of the technology which includes the capacity 
of machines. Lastly, the degree of connectivity, meaning how integrated the 
technologies are. Different implementation strategies of process technology have to 
be considered in relation to the novelty of the product and process (Dombrowski et 
al., 2016). 
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When considering large-scale opportunities with different technologies it is important 
to investigate capital cost, operational cost, vulnerability, and the possibility to exploit 
new technologies (Slack and Lewis, 2011). Large units will increase capital cost but at 
the same time decrease the cost per unit. There is also a vulnerability aspect with large 
machines since it will stop the majority of production if it fails to operate. The fact that 
new technologies are entering the market at a rapid pace, there is also a risk of missing 
out on new technology when investing heavily in a specific technology. When 
evaluating a process technology, the feasibility, acceptability, and vulnerability should 
be considered. Furthermore, the acceptability dimension includes assessing the market 
requirements, operations capabilities, and financial evaluation.  
 
Facility 
Factors that need to be determined considering the production facility is the size, 
location, number of facilities and the specialization, i.e., technological focus 
(Dombrowski et al., 2016; Mirzaei, 2015). The size and location of the facility vary with 
strategy. One large facility or many small units could be advantageous depending on 
the scope of the business (Slack and Lewis, 2011). The decision depends on the market 
requirements concerning service level and geographical distribution of demand. If the 
customer demands immediate service or if products are widely distributed, then several 
small units may be preferable. However, fewer larger units can be less costly when 
taking advantage of economies of scale (Slack and Lewis, 2011). The operational 
resources, including supply network and process complexity, also affect the facility 
structure together with the specialization, which is directly related to the product 
volume and variety. Furthermore, the facility structure needs to be aligned with the 
company’s overall competitive priorities (Vokurka and Davis, 2004). 

3.4 The Product-Process Matrix 

The product process matrix by Hayes and Wheelwright (1979) is the conceptualization 
of two building blocks; (a) the product structure and (b) the process structure (Heim 
and Sinha, 2001) and can be visualized in Figure 9. According to Slack and Lewis (2011) 
the product-process matrix demonstrates how the process technology needs to be 
adapted when the market requirement changes. 
 
The process technology and design for manufacturing operations are strongly 
connected to the market requirement of product variety and volume. Where the 
product variety describes the kind of product mix that the manufacturing facility can 
produce and is classified according to similarities of design and complexity of 
manufactured products (Kemppainen et al., 2007). Products from a manufacturer can 
be classified as “one of a kind” to highly standardized products with continuous flow 
(Kemppainen et al., 2007). Where customised products is produced with a jumbled 
flow in a job shop facility can be placed on the top of the diagonal while automated 
production lines producing standardized commodities moves down the diagonal 
(Kemppainen et al., 2007).  In turn, the characteristics of the process technology affect 
costs and flexibility of the operation.  
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Figure 9: The product-process matrix and the technology dimensions (Slack and Lewis, 2011). 

The matrix can directly be connected to the three characteristics of scale, automation, 
and coupling.  The scale, or scalability, of a technology is closely linked to its capacity 
and imply the possibility of rapidly adapting capacity to match current demand. In 
general, large units have high investment costs but will allow a lower capital cost per 
produced unit, taking advantage of economies of scale. However, if demand is 
uncertain or dynamic, small units of technology might better match the current 
capacity, making them more flexible. The risk of failure will also increase if the process 
is dependent on a single large unit. Investments in few large technologies might also 
hinder the ability to try new technology.  Today, technology develops at a fast speed, 
making it essential to have the flexibility of trying out and integrating new equipment 
in an existing system. The degree of automation refers to what each technology is 
capable of doing and is directly connected to the complexity of the task and the balance 
between people and machines. Coupling, on the other hand, is the integration of 
separate processes. It is more likely that few large technologies are capital rather than 
labour intense and therefore also easier to integrate and connect with each other.  
 
As Figure 9 shows, it is suggested that there is a diagonal fit for different types of 
processes. Deviation from the diagonal to the right indicates that the process has 
insufficient flexibility to cope with a high product variety. Deviations to the left of the 
diagonal instead have redundant capability in relation to the market requirements. 
Furthermore, the process technology can be evaluated by its feasibility, acceptability, 
and vulnerability. The feasibility refers to the difficulty of adopting the process; the 
acceptability depends on how it contributes to reaching the company’s competitive 
priorities while the vulnerability pinpoints the risk the technology could bring (Slack 
and Lewis, 2011).  
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Chapter Summary: Manufacturing Strategy 

This chapter provides an overview of the strategic dimensions of manufacturing strategy with a focus on 
competitive priorities and structural decision factors. The competitive priorities consist of cost, quality, 
delivery, flexibility and innovativeness and need to be aligned with the company strategy. The structural 
decision categories, on the other hand, are the physical attributes, which are difficult to alter or reverse. 
They constitute of decisions regarding capacity, sourcing and vertical integration, information and 
process technology and lastly, facility. The main characteristics of the structural decisions made are that 
they require high investments and have a long-term impact. This chapter thoroughly describes the 
strategic dimensions and highlights factors that influence each of them.  
 
The product-process matrix shows how process technology has to be adapted on a conceptual level when 
market requirement change. The model is structured as a trade-off between cost and process flexibility. 
Process technology and design for manufacturing operations are strongly connected to the market 
requirement of product variety and volume, which in turn affects the cost. Flexibility, on the other 
hand, relates to the three characteristics of scale, automation, and coupling. Furthermore, the process 
can be evaluated by its feasibility, acceptability, and vulnerability. 
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METHOD 

In this chapter the methodology for the study is described. It consists of the working process for the research 
and data gathering methods applied to reach the study’s objectives. Lastly, the quality of the study and ethics 

are discussed. 

 

4 
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4.1 Research Design 

The research process was designed to fulfill the purpose of the study which was to 
investigate if and how the unique characteristics of battery recycling affect the 
structural decision categories in a manufacturing strategy. The purpose implies that the 
result partly is theory building by making suggestions on how literature could be 
complemented to better fit a recycling environment. Voss et al. (2012) argue that an 
in-depth field study is suitable for theory building purposes which is why a single case 
study was chosen to better understand the phenomenon. Furthermore, the benefits 
with a case study are its ability to capture the complexity of reality. Even though there 
are a few ongoing pilot projects within recycling of lithium-ion batteries around the 
world a single case study was chosen since it allows a greater depth to be analysed, 
compared to multiple case studies. The drawback of single case studies is the limit on 
the generalizability of the research and needs to be considered when concluding the 
case (Voss et al., 2012). Empirical material was gathered to better understand the 
investigated phenomenon and to make the problematization researchable. Because of 
the current immature state of the investigated case data was somewhat limited. This is 
the reason that a qualitative approach was chosen to collect relevant and trustworthy 
material for the study. The characteristics of the gathered material came from 
experienced employees in the recycling business as well as internally within the 
commissioning company. The uncertainties regarding the case study were inevitable 
since it included investigating a recently developed project, touching upon processes 
and technologies that currently are under research at lab scale.  

 

4.2 Research Process 

The research process consisted of five stages. Firstly, the research topic was selected 
and initial research questions posed after discussions with the commissioning company 
concerning current challenges. Secondly, a literature study was conducted to obtain a 
greater understanding of the topic of lithium-ion batteries, recycling processes and 
current actors within battery recycling. In parallel, a theoretical framework was selected 
for manufacturing strategy to identify strategic considerations within recycling. In the 
third stage, the case was investigated and empirical material collected through external 
and internal interviews and observations. By gathering information about the specific 
case while also examining the overall market, different recycling processes could be 
evaluated and understood. The research questions were several times scrutinized and 
adapted to the findings from literature and insights from the case study during the 
research, to better match the problematization. Since the research questions were of 
explorative nature, they allowed the research process to be iterative. The theoretical 
framework was then applied to the case study making it possible to analyse unique 
characteristics for recycling and categorise them according to the framework. For the 
case study, ongoing challenging decision-making topics was investigated, which 
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resulted in insights on how the unique characteristics affected the structural decision 
categories and competitive priorities. In the last step, the findings from the case study 
were discussed and the research questions answered. An overview of the research 
process can be seen in Figure 10. 

 

Figure 10: The research process. 

4.2 Data Gathering 

Relevant data was gathered through a literature study, qualitative interviews and 
observations from selected study visits.  

4.2.1 Literature 

Data from secondary sources for the research are summarized in the literature section 
and was mainly collected through peer-reviewed articles. Information concerning 
products, production process, and future visions was obtained internally from the 
commissioner. The majority of the literature review was conducted at the beginning of 
the study. However, relevant information was added during the work to complement 
new findings. 

4.2.2 Interviews 

The primary sources consisted of eleven interviews both semi-structured and 
unstructured. Three of the interviews were classified as informal discussions since 
empirical material was gathered from several unstructured meetings throughout the 
study. The candidates where chosen because of their high level of expertise within their 
area of knowledge. The researchers obtained deep knowledge within specific technical 
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areas while managers obtained more general knowledge within recycling and deep 
understanding of strategic decisions. More specific information about the candidates 
and the interviews can be seen in Table 6. 
 
Table 6: Conducted interviews.  

Candidate Title Department Scope of the 
interview 

Information about 
the interview 

A Researcher 
and Manager 

Metallurgical 
and 
environmental 

Recycling process 
and strategic 
decision 

Semi-structured 
phone interview 
1h 

B Manager Operations Recycling process 
and strategic 
decision 

Semi-structured 
interview performed 
in person 2h 
 

C Researcher Industrial 
Materials 
Recycling 

Recycling process Continuously phone 
meetings 
throughout the 
study 

D Researcher Industrial 
Materials 
Recycling 

Recycling process Continuous phone 
meetings 
throughout the 
study 

E  Senior 
Consultant 

Battery 
Recycling and 
Circular 
economy 

Secondary market 
and strategic 
decision 

Semi-structured 
phone interview  
1h 

F Manager  Environment n/a Informal 
discussions 

G Manager Environment n/a Informal 
discussions 

H Chief 
Executive 
Officer 

n/a Strategic decision Informal 
discussions 

I Supply Chain Procurement Raw material Semi-structured 
interview performed 
in person 30 min 

J Manager  Procurement Secondary market  Semi-structured 
interview performed 
in person 1h 

K Engineer Battery 
Systems  

Battery design  Semi-structured 
interview performed 
in person 30 min  
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4.2.3 Study Visit 

The process technology is a central part of a manufacturing strategy. To better 
understand the process of battery recycling, two study visits were conducted. The 
scope of the first study visit was the pre-treatment of batteries. Sorting and mechanical 
separation of batteries were also a target of the visit. The second study visit was carried 
out to obtain knowledge about the hydrometallurgical process and to understand how 
research within the area is carried out on lab scale respectively pilot scale. The aim was 
to make observations to better analyse challenges, limitations and possible 
improvements within the recycling processes. 
 

4.3 Research Quality 

The research is based on qualitative findings gathered throughout the case study. 
Compared to rigid questionnaires and models, qualitative data allows a more freely 
interpretation of the empirical material. To ensure high-quality research, the validity, 
reliability, and generalisability of the study must, therefore, be evaluated and justified. 
 

4.3.1 Validity 

The validity reflects if the research is studying the right thing (Blomkvist and Hallin, 
2015). To increase validity, several sources of evidence can be used (Voss et al., 2012). 
In this study, multiple data gathering techniques such as interviews, study visits, 
observations and literature review were used to increase validity. The validity of the 
literature study can be considered high since peer-reviewed articles were used. 
However, forecasts made for the battery industry have lower validity since the future 
market carries a lot of uncertainties. For primary sources, the candidates were selected 
because of their expertise within their area of knowledge.  
 

4.3.2 Reliability 

The reliability of a study reflects to which extent the study can be repeated with the 
same results (Voss et al., 2012). Therefore, it is important that reliable sources are used 
throughout the study. Since the study is based on qualitative data, it is exposed to 
interpretations made by interviewers as well as interviewees. Both questions and 
answers might be interpreted differently, making it difficult to guarantee same results 
if repeated with other interview candidates. The conducted interviews were either 
semi-structured or unstructured, making them hard to replicate. The interview 
questions were also adapted to match the interviewee's area of expertise. When 
conducting interviews, both authors were present to avoid misinterpretations. 
Recordings were also used to make sure that the right information was gathered. 
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4.3.3 Generalisability 

A challenge with case study methodology is the ability to draw general conclusions 
from a limited context (Voss et al., 2012). The study is lacking the various context that 
multiple case studies bring. However, a more profound knowledge of the battery 
recycling context is obtained through this study. The conclusions drawn from the case 
study is to some extent limited to battery recycling while some of them are more 
general and could be applied to other recycling environments. While statistical 
generalizability, meaning that the findings can be applied to all case studies, cannot be 
reached through a case study (Blomkvist and Hallin, 2015). This research is aiming at 
achieving analytical generalizability by discussing how the findings can be applied to 
similar cases. This is further discussed in 8.3 Managerial Implications. 

4.4 Ethics 

Ethics is very important when conducting research since research has a long-term 
impact on society (Swedish Research Council, 2017). To ensure that the study was 
carried out through an ethical process, the Swedish Research Council’s principles of 
ethical research for the humanities and social science was followed. The guideline 
includes the information, the consent, the confidentiality and the good use 
requirements that need to be fulfilled to comply with the praxis (Blomkvist and Hallin, 
2015). 
  
The information requirement means that all interview candidates in the study are 
informed about the purpose of the research. Before each conducted interview the 
purpose was described as the investigation of manufacturing strategies from a battery 
recycling perspective. Considering the interviews with a more technical focus the 
candidates were also informed that the purpose was to gain knowledge about recycling 
technologies and market.  Furthermore, to be transparent, it has been stated that we 
are Master students from Industrial Management at The Royal Institute of Technology 
and that the thesis is conducted at a Swedish battery company. 
  
The consent requirement entails that the candidates being studied have agreed to be 
studied. When reaching out to people and contacting them, we always made sure to 
ask if they wanted to be interviewed for our thesis to obtain their consent before the 
interview was started.   
  
The confidentiality requirement implies that all collected material during the study is 
handled with confidentiality. All interviewees are kept anonymous throughout the 
study, as well as the company they work at. Any approved recordings were deleted 
after they had been used, to ensure that the candidates stayed anonymous. All handle 
and collected material have been treated with confidentiality and not freely shared.  
  
The last principle, the good use requirement entails that the collected material only is 
used for the stated purpose which also have been fulfilled in this research.  
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Chapter Summary: Method 

The methodology of the study was designed to fulfilll the stated purpose and answer the explorative 
research questions. The research was based on a single case study to enable an in-depth investigation 
of a complex real-life context.  
 
The research process was mainly divided into five stages, starting off with the selection of research topic 
and the creation of the initial research questions. Moving on to the second phase with the aim of 
obtaining knowledge about lithium-ion batteries and recycling possibilities, resulting in a literature 
review based on secondary sources. A framework for manufacturing strategy was adapted from 
academic articles and books and later applied on the case study. Thirdly, a qualitative approach was 
taken when gathering empirical material. Two study visits were conducted to observe and learn more 
about recycling processes. Semi-structured and unstructured interviews were also carried out both 
internally within the commissioning company as well as with external experts. In the fourth step the 
framework within manufacturing strategy was applied to the case study and finding from gathered 
material was presented and analysed. The approach of the research process was iterative since findings 
from empirical material led us in to investigating additional literature, resulting in smaller 
modifications in earlier work.  Lastly, the research questions were answered, and main conclusions 
highlighted.   
 
During the research process, the validity, reliability, and generalizability of the study were evaluated. 
The study aimed at reaching analytical generalizability by discussing how the findings can be applied 
to similar cases. To ensure a high level of research ethics, the four principles stated by the Swedish 
Research Council was fulfilled. 
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CASE STUDY 

This chapter introduces the reader to the conducted case study, which is the foundation of the research. The life 
cycle of a lithium ion battery together with different recycling processes are described in detail. One process, in 
particular, is described in depth, since it enables an analysis of how the process choice affects the dimensions 

within a manufacturing strategy. Lastly, risks related to recycling processes are mentioned. 

 
 

5 
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5.1 Case Background 

The vision of the case company is to enable the production of a green battery, where 
battery recycling is one enabler towards the sustainable battery production. The case 
company’s goal is to be able to feed an upcoming battery production line with partly 
recycled material. To transform this vision into action, the recycled material requires a 
significant high quality. The first upcoming production line will produce NMC 
batteries, a chemistry rich in nickel, manganese, cobalt and lithium. Therefore, the 
primary target is to develop a process that can handle this chemistry.  
 
The most important part of the recycling unit is to have a sustainable process with low 
carbon emissions, to align it with the company mission of enabling a carbon-neutral 
society (Candidate H and Candidate G). One part of staying sustainable is to develop 
a process with the ability to extract as much as possible from the batteries and to reuse 
potential processing fluids and chemicals. Focus is to create a sustainable process that 
at the same time is profitable. To develop a cost-effective operation, there is a drive to 
enable economies of scale by building a large-scale facility. Hence, designing a scalable 
process.  
 

5.2 Life Cycle  

It is important to understand the life cycle of a lithium-ion battery, on a high level, in 
order to grasp how underlying factors affects the manufacturing strategy. The life cycle 
of a battery can be divided into five main blocks: production, integration, 
consumption, collection, and recycling, see Figure 11. The battery production starts 
with material preparation of the incoming material. This step includes preparation of 
the cathode and anode material, as well as preparing the electrolyte, casing, and 
separator before the battery cell can be assembled (Candidate I).  After the cell 
assembly, the cells are tested, and if the application requires several batteries, they are 
assembled into modules, which in turn are formed into larger packs. The pack is then 
installed for its purpose e.g., in an electric vehicle which the consumer uses until the 
end of life. The battery could potentially be used in the second market for other 
applications but are most commonly disposed as waste. Today, lithium-ion batteries 
are treated differently depending on where they end up they could be reused, entirely 
or partly recycled or landfilled (Candidate E). The batteries are collected at recycling 
stations by companies specialised in handling the logistics. Most commonly, a first 
sorting step is added after collection as a pre-sorting. The sorting could be done 
according to battery chemistry. Discharging is also a vital part to avoid specific risk 
factors when dismantling the modules and packs. The cells that reach the recycling 
facility can once again be discharged as an extra safety step before an eventual 
disassembly (Candidate F). The batteries must be pre-treated before it is possible to 
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recovery the metals. Lastly, the recovered materials are refined before being reused in 
production or sold to another market. 

 
Figure 11: Life cycle of a lithium-ion battery. 

5.3 Recycling Processes 

A central part of the manufacturing strategy is to decide on a recycling process. Battery 
recycling can be done through various ways, using different technologies. However, a 
combination of different processes is required to create an efficient recycling chain. 
The mapping of different recycling processes resulted in five different routes and each 
of the routes were identified throughout the processing from pre-treatment, enabling 
material separation, to the final recovery step. The recycling technologies and possible 
pathways are visualised in Figure 12. 

 
Figure 12: Alternative routes for battery recycling. 
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The identified pre-treatment alternatives are to crush the cells, disassemble cells with 
automated robotics or to use shockwave technology. The thermal processes are 
pyrolysis and smelting. Pyrolysis, which is the treatment of batteries in low 
temperatures in combination with a shredding pre-treatment. Smelting the cells in 
high-temperature furnaces creating metal alloys is the fifth route. The pre-treatment of 
crushing, robotics or shock waves to open the cells, demands an additional step that 
separates the material. Through mechanical separation, the specific properties of 
materials, such as conductivity and density, are utilised to separate elements with 
magnets, sieves and air separation among other technologies (Candidate F). A 
thorough separation is desirable since it will allow a better efficiency in the 
hydrometallurgical step (Candidate C and Candidate D). 
 
The hydrometallurgical process is required to recover metals of high purity, which is 
why it is placed after any other process. The process consists of acid baths that dissolve 
the material in combination with methods to precipitate and extract metals. To add the 
batteries to the process, they first need to be pre-treated.  
 
Mechanical Process 
The first route, consisting of crushing and separating material, can only manage a low 
variety of batteries to reach a high accuracy of the separation. The type and technical 
specification, of the crusher, e.g., rotational speed, need to be adjusted depending on 
size and shape of input batteries to obtain the desired grain size of the crushed material.  
The various separation techniques such as air separation, sieving, magnetic-, 
electrostatic- and electrodynamic separation, can be seen as separate steps, 
independent of each other, making it easy to optimize and scale the different stages 
depending on input material.    
 
With today’s knowledge and expertise in robotics in many industries, it might be 
possible to disassemble cells in an automated line, as suggested by the second route. If 
possible, with good precision, it would be desirable to construct machines that could 
reverse the battery production process. The aim with a more exact separation is to be 
able to extract the cathode alone when disassembling the battery. If the cathode were 
to be crushed instead of the whole cell, a higher purity of recycled material could be 
reached. Such a robotic system would demand a low variety of products to keep up a 
high speed of inflow material. However, it would probably be able to process high 
volumes. It is considered to be a complex process and is not used within the battery 
sector today even though it exists industries today that are carrying out advanced tasks 
with the help of automated robotic systems.  
 
The third route is using shock waves to generate an electric arc within a fluid that 
causes interfaces between the different material to break up and separate (Impulstec, 
2017). However, the technology is today used to a limited extent and need further 
development. 
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Thermal Process 
The thermal processes, route five, does not need any pre-treatment since high-
temperature change properties of the material, creating alloys. This allows a high 
variety of both chemistries, size, and shapes of batteries that are fed into the process.  
 
Chemical Process 
For the hydrometallurgical process, the battery chemistry must be known to design the 
process of recovering certain metals. It requires a low variety of battery chemistries to 
optimise the process and reach a high purity of the recycled end product. Furthermore, 
a certain recipe of chemicals is needed for different battery chemistries. The process 
consists of several process steps depending on a number of material in the composition 
and the desired purity of end product. The process could be automated to a great 
extent and is scalable since it consists of many small units of technologies rather than 
one large unit.   

5.4 Process Choice 

Based on the context of the investigated case study we have identified that process 
route one, which can be seen in Figure 12, is the most suitable process choice. This 
process consists of crushing with mechanical separation as pre-treatment combined 
with hydrometallurgy. The ideal scenario is to recover as many metals as possible with 
sufficient purity to be reused in battery production. High flexibility and a low-cost 
production are of interest to be profitable and take advantages of economies of scale 
benefits. To investigate how the process choice is related to the underlying factors of 
a manufacturing strategy, we have deep dived into one specific process.  
 
The process was evaluated according to product variety and volume and placed in the 
product process matrix. As seen in the product process matrix, Figure 13, crushing in 
combination with hydrometallurgy could be suitable for a low cost, high volume 
process with a semi-high flexibility to manage some product varieties. However, it is 
clear that there are limits to the flexibility of the process, hence constraints within 
product variety needs to be made. 

 
Figure 13: Recycling process mapped in the product- process matrix. 
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Even though pyrometallurgy is an “off the shelf” option, it was excluded as a process 
option since a pre-study showed that lithium only could be recovered as a by-product 
after the smelting process, which means that it could not be recovered as raw material 
(Candidate A). The slag from the process is instead used for concrete in the 
construction industry (Candidate C). Pyrometallurgy also has the drawback of 
demanding a high energy consumption while also emitting high levels of carbon 
dioxide (Candidate C and Candidate D), hence it is not the most sustainable alternative. 
Shockwave technology has been proved to be suitable for portable electronic devices 
such as computers and mobile phones (Impulstec, 2017). However, it was excluded 
because of its immature development within battery recycling and the fact that it would 
require a crushing and separation step as well to separate the components good enough 
for the chemical recovery.  
 
Opening up the cells with robotics enables cathode to cathode recycling which is 
desirable to keep the material intact and reduce the contamination risk (Candidate E). 
If it could be done commercially it would make the hydrometallurgy treatment more 
efficient, and less material would have to pass the process. Fewer steps would be 
needed for the chemical recovery, and a higher purity would be reached (Candidate C 
and Candidate D). Disassembling the cell implies eliminating the contamination of 
undesired material, compared to crushing the entire cell (Candidate A and Candidate 
E). This alternative requires a further investigation, and due to the lack of commercial 
plants available to benchmark against, the process of disassembling the cell with 
robotics was therefore excluded.  
 

5.4.2 Mechanical Pretreatment 

To understand how the competitive priorities and structural decision categories are 
affected by and relate to the process choice, the process steps are apprehended more 
in detail. The process flow of crushing battery cells in combination with a mechanical 
separation is mapped in Figure 14.  

 
Figure 14: Process map of crushing and separating material. 



5 CASE STUDY 

 40 (73) 

After sorting and discharging the batteries are crushed into a desired grain size. The 
crushed material is fed through a magnet to separate ferrous material, such as iron 
from the battery casing. It is fed along a conveyor belt with electromagnetic drums at 
one end or a magnet above the belt, sorting the content into one bin with ferrous and 
one with the non-ferrous material. The ferrous particles will stick to the 
electromagnetic drum or magnet, dragging the particles into a separate container. 
 
The sieving sorts the material based on particle size. Most common is to divide the 
crushed particles in various fractions in one sieve, and then treat the fractions 
differently depending on the main content in each fraction. The content in each 
portion needs to be analysed to optimize the process by selecting suitable technologies 
to separate material based on properties. The smallest particles will contain mostly 
active cathode material. Hence a waste stream from the sieving process will end up as 
black mass (Candidate B). 
 
The purpose of the air separator is to remove dust and plastic from the crushed mix, 
and it separates material based on weight (Petranikova, 2017). Through air separation 
heavier pieces, for example, steel casing, can be separated from plastic and other low-
density materials (Chagnes and Swiatowska, 2015).  
 
The electrodynamic separation, also known as the eddy current conveyor belt, is based 
on the different conductivity of materials. A magnetic field causes a current to flow in 
the conductive particles. In turn, this current creates a second magnetic field which 
flips the conductive particles, making it possible to sort conductors such as copper and 
aluminium from non-conductors such as plastic.   
 

5.4.3 Chemical Recovery 

Hydrometallurgy is the chemical process where the metals are recovered, and it starts 
with leaching which is a widely established process. However, depending on specific 
requirements of the process the steps that follow leaching could vary. These are 
filtration, precipitation and solvent extraction. See Figure 15 for an overview of the 
hydrometallurgy for this case.  
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Figure 15: Flow chart of hydrometallurgical process. 

Leaching  
The black mass contains the active material together with other, so-called, “impurities” 
from the pre-treatment process. Depending on the accuracy of the mechanical 
separation the black mass will contain a higher or lower concentration of valuable 
metals. In the leaching step, metals are dissolved in an acid bath by using conventional 
(nitric, sulfuric, hydrochloric) or organic acids (citric, oxalic acid). There are many 
parameters to consider for efficient leaching, such as acids, temperature, pH, leachate 
concentration, reaction time, stirring, particle size and solid to liquid ratio. The metal 
with least solubility requires low pH and high concentration of the acid (Rao, 2006). 
Therefore, the metal with the lowest solubility, i.e., cobalt, is the one determining the 
acid concentration (Candidate C and Candidate D).  

 
Filtration  
This filtration step is added to remove graphite and other impurities that have not been 
completely dissolved during leaching (Candidate C and Candidate D). The output will 
be a solid mass that can be sold to a second market or be further treated.   
 
Precipitation of Al and Fe 
Precipitation by using sodium hydroxide is common to remove the impurities (Cu, Al, 
and Fe) from the leaching solvent. The precipitation works in a way that the metal ions 
reacts when the pH level increases and later forms a slag. The needed amount of 
sodium hydroxide is dependent on the amount of aluminum and iron ions in the 
solution and the starting pH level (Granada et al., 2012; Candidate C). Afterward, the 
slag is collected and filtered following the same procedure as for filtration of the 
unsolvable graphite.   
 
Solvent Extraction 
The system for solvent extraction consists of an organic and an aqueous solution which 
is immiscible. The metal ions shift from one phase to another depending on pH level 
since the metals prefer to stay in one of the phases at a specific pH level. The first 
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solvent extraction is targeted to remove copper. If the copper is not removed from the 
leachate before the extraction of nickel, cobalt, and manganese, the extraction of these 
metals will be affected negatively, since copper will be extracted together with these 
metals. Which in turn leads to a lower purity of the loaded organic. 
 
Solvent extraction consists of four steps: extraction, scrubbing, stripping and 
regeneration, see Figure 16. In the first step the selected metal(s) is extracted from the 
aqueous phase to the organic phase. This step produces a loaded organic containing 
the selected metal and a raffinate, which is the aqueous solution depleted of the metal. 
In the scrubbing step, the impurities are removed from the loaded organic phase by 
treatment of scrub solution. During stripping, the metal is removed from the loaded 
organic into the aqueous phase, creating a stripping liquid with a high concentration 
of the valuable metal. The process produces a regenerated organic that can be 
regenerated during the regeneration step and fed into the extraction step.   

 
Figure 16: The four steps of solvent extraction: extraction, scrubbing, stripping and regeneration. 

Precipitation Li  
Lastly, after removing nickel, cobalt, and manganese, lithium can be precipitated by 
different agents depending on the desired output. The precipitated material can then 
be recovered through filtration or centrifugation. The purity of lithium depends on 
how well the process has been able to remove other metals in previous stages.  
 

5.5 Risks 

There are several hazards associated with lithium-ion batteries, which are divided into 
three main categories: a) electrical, b) fire and explosion, and c) chemical (Kwade and 
Diekmann, 2018). The batteries can provide electric shocks and short-circuit, and if 
the cells are damaged extra precautions have to be considered. However, it is difficult 
to determine whether the cells are damaged or not when they reach the recycling unit. 
A summary of potential risks are presented in Table 8. 
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Table 7: Hazards and risks within process operations of lithium ion batteries (Candidate A, C and D; 
Kwade and Diekmann, 2018). 

Category Risks and Hazards 

Electrical 

 

Electric shocks 
Short-circuit 

Fire and Explosion 

 

Flammable components 
Flammable reaction products 
Leakage 
Contamination 

Chemical 

 

Carcinogenic coating materials 
Toxic gases 

 
When designing a recycling process, several risks need to be evaluated. A risk factor is 
that the lithium-ion batteries contain flammable components, in this case, 
hydrocarbon-based electrolyte, which may cause a fire (Candidate A). This means that 
the lithium-ion batteries have to be treated carefully. Therefore, one challenge is to 
safely get rid of the electrolyte and to find a solution of how to reuse it. Another risk 
is battery leakage during treatment, consisting of toxic gases released from venting and 
hazardous metals contaminating the air. This can cause severe environmental and 
health issues. Ignitions can also occur when crushing cells in the pre-treatment since 
the process generates heat meanwhile flammable components evaporates (Candidate 
B). Contamination of undesired materials is also a challenge since separation processes 
are designed based on input material and its components (Candidate A). Processes are 
in general designed to handle a certain waste stream which is why undesired material 
needs to be avoided (Candidate J) Avoiding contamination between process steps are 
also desirable from a quality perspective. For example, dust or small particles that are 
released during crushing can be challenging to isolate from the rest of the operation 
steps (Candidate A).    
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Chapter Summary: Case Study 

In this chapter, the reader is provided with information about the case study. The commissioner of the 
study is aiming at enabling the production of the world's greenest battery, where battery recycling is one 
enabler towards a sustainable battery production. The case study aims to investigate the possibilities of 
a closed looped system for battery production, hence reintroducing recycled material back into 
production. The vision is divided into necessary and advantages criteria for a potential recycling unit, 
where the main focus is the scalability, quality, and sustainability of the process.  
 

The lifecycle of a lithium-ion battery is divided into five main blocks: production, product integration, 
consumption, collection and recycling. Recycling can be done through various ways by using different 
technologies. The mapping of different recycling processes resulted in five different routes: crushing, 
robotics/automation, shockwave, pyrolysis, and smelting. The first three routes include pre-treatment 
process steps, either to crush the cells, disassemble the cells with automated robotics or to use shockwave 
technology. The last two routes, pyrolysis and smelting, are thermal processes. The first route is further 
described in depth since it is motivated to be suitable for the case study. The process consists of crushing, 
mechanical separation and a chemical recovery step. Lastly, risks related to the processes are described.  
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FINDINGS & ANALYSIS 

The findings from the case study are presented in this chapter. The unique characteristics 
for battery recycling are classified according to the theoretical framework and the 

empirical material is analysed. 
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6.1 Characteristics for Recycling 

After conducting the case study and interviewing experts within recycling, factors that 
influence the manufacturing strategy within a battery recycling context could be 
evaluated. Critical factors and unique characteristics was identified and classified 
according to decision categories and competitive priorities consistent with the 
literature framework of manufacturing strategy. The assessment of a mechanical pre-
treatment and chemical process for battery recycling allowed an in-depth analysis of 
how process choice in particular is affected by the decision categories. During the study 
it was found that sustainability is seen as an important aspect regarding a company’s 
competitive advantage, hence it is added as a dimension within competitive priority in 
the framework.  
 

6.1.1 Product Variation  

One of the key findings was the importance of classifying the variety in input and 
output of the battery recycling process. Decisions regarding the product input variation 
and output variation needs to be made in order to design a suitable process. Parameters 
that affects the process design specifically for battery recycling is mapped in Figure 17.  
 

 
 

Figure 17: Input and output parameters affecting the process design. 

The variation of battery chemistries affects a number of other parameters, especially 
the output fractions and its quality. Three main approaches should be considered. 
Either taking in all different types of batteries, demanding an efficient sorting process, 
or focusing on similar chemistries, making the input stream more homogenous. 
Feeding the process with one specific battery chemistry would increase output quality 
since it minimizes contamination. The size and geometry i.e. shape of batteries should 
also be considered to optimize the process. An operation manager describes that they 
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have to process button cells separately since they are too small for the crusher 
(Candidate B). If the batteries are recieved as a pack, they have to be dismantled and 
electronics and cooling systems removed. A mechanical engineer pinpoints that 
modules are often assembled with adhesives making it hard and time consuming to 
separate cells from modules (Candidate K). Battery packs on the other hand is more 
likely to be assembled with bolts and clamps (Candidate K). However, it will require 
an additional process step to obtain battery cells. It could, therefore, be discussed 
whether to outsource sorting and dismantling of cells to external actors. 
 
The variety in output parameters consists of quality, the phase of material and material 
fractions. Different quality of output fractions is desirable depending on whether the 
purpose is to reuse material in production or sell it to the market. Waste streams from 
by products also needs to be considered when deciding on a process technology. This 
relates to the different fractions of output, the mechanical pre-treatment for example, 
can produce cobalt-, iron- and copper-rich fractions. The process for chemical 
recovery will produce fractions with specific metal or non-metal content. Depending 
on process method the final product will occur in different phases, from aqueous 
solutions to solid metals.   
 

6.1.2 Competitive Priorities  

When investigating the competitive priorities for a potential recycling unit many 
characteristics concerning cost, quality, flexibility, delivery, and innovativeness was 
identified. Some of the findings could be pinpointed as unique for a recycle 
environment while others are considered critical for any manufacturing environment. 
The identified characteristics are summarised in Table 9 and further analysed in this 
section.  
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Table 8: Identified characteristics for battery recycling affecting the competitive priorities. 

Competitive Priority Influencing factors Unique for 
recycling 

Cost Uncertainty in revenue streams 
-Gate fee 
-Volatile price of raw material 
 
Cost drivers 
-Logistics to collect discarded batteries 
-Disassembly of battery packs 
 

 
 
 
 

 

Quality High purity of output material  
 
Input uncertainty 
 
Designing process technologies 
depending on recoverability 
 

 
 

 
 

 

Flexibility Changes in regulations 
 
Market development  
 
Variety in input stream 
- Battery shape/size/chemistry 
- Timing  
- Amount 
 

 
 

 
 

 
 

Delivery Dependability of suppliers collecting 
discarded batteries 
 
Meet delivery promises 
 

 
 
 

 
 

Innovativeness 
 

Cutting edge technology in process 
 
New revenue streams 

 
 

 
 

Sustainability Carbon emissions  
-Process 
-Logistics 
 
Availability of green electricity  
 
Demand of scarce resources 

 
 
 
 

 
 

 
 

  unique for recycling 
 critical for manufacturing but not considered unique 
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Cost 
During the case study it was noticed that there are unique aspects for revenue streams 
within recycling. The revenue streams reflect the material mix and quality in 
combination with current prices of raw material. A manager highlights that one main 
challenge is getting everyone to understand the value of recycling (Candidate J). A 
senior consultant argues that China and the rest of Asia see the potential in spent 
batteries while Europe does not. Lithium-ion batteries are, unlike other disposal 
products, not waste due to their high composition of valuable materials (Candidate E). 
 
Today, battery manufacturers are going towards producing battery compositions 
consisting of lower amounts of cobalt. This will result in a decreased value for the end 
of life batteries since cobalt is the most expensive material in batteries today. According 
to a manager, one of the major concerns for recycling companies are the changed ratio 
of material composition in electronic devices (Candidate B). At the same time, another 
manager argues that while the waste gradually contains less valuable material, amount 
of waste is still likely to escalate due to increased consumption in combination with a 
shorter lifespan of consumables (Candidate J).  
 
The gate fee is another factor influencing revenue streams since it could be positive or 
negative depending on whether the market is willing to pay for battery waste or not 
(Candidate B and Candidate J). Today, recycling companies have to pay for end of life 
batteries that contain high-value content while at the same time they get paid to take 
care of other batteries such as alkaline for example (Candidate A, Candidate B and 
Candidate E). Hence, the current supply and demand of discarded batteries determine 
the scrap price and eventual costs (Candidate J). Some managers argued that in the 
future companies will probably have to pay for all kinds of batteries, while others said 
that the huge waste streams will result in recyclers getting paid to handle batteries.  
Another manager said “the WEEE value was the double only ten years ago” 
(Candidate J). This shows how fast the recycling sector has to adjust to new generations 
of products which entails new product design and material compositions. 
Furthermore, gate fees and classification of waste are country-specific, hence can differ 
for same products depending on which country it is collected from (Candidate J).  
 
The volatile price of cobalt is also a critical factor to consider for recyclers since the 
point of time when the scrap is purchased or sold can have a significant impact on the 
business profitability (Candidate B). The risk that the volatile price of raw material 
brings can be avoided or minimized through legal contracts enabling both seller and 
buyer to share the risks when price decrease while sharing profits when price increase. 
Scrap price is determined through material measurements, analysing material content 
and quality of a sample to ensure that price matches quality requirements (Candidate 
J).  A treatment charge per ton can also be agreed with suppliers on beforehand to take 
into consideration that waste material needs to be further treated, increasing costs for 
recyclers (Candidate J). When estimating future profitability for battery recycling, it is 
also important to consider that a rapid growth of the lithium-ion battery market will 
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put pressure on the supply of scarce raw material, potentially increasing prices, making 
the recycled material even more attracting. 
 
Another cost driving factor to consider is the disassembly of EV battery packs 
(Candidate E). It can be difficult, and therefore also costly, to remove the casing while 
at the same time keeping the batteries intact (Candidate K).  

 
Quality 
A significantly high quality of raw material is crucial for battery manufacturing to 
ensure high performing properties of the end product. At lab scale, it is possible to 
reach the sufficient purity of the material that is demanded to reuse recycled material 
in battery production (Candidate C and Candidate D). However, additional process 
steps need to be added to reduce impurities and thereby increase the quality, making 
cost and floor space critical factors when designing a large-scale process. When it 
comes to hydrometallurgy, it is fairly easy to reach high purity of extracted metals. 
Specifically, in production of active cathode material the purity requirements are very 
demanding (Candidate I). Researchers explains that to further improve the purity of 
metals, additional steps are added. It is explained that the higher purity the material 
obtains, the more time consuming it is to purify it further (Candidate C and Candidate 
D). This entails that the production cost is exponentially increasing with the recovery 
rate, which is one of the main reasons that lithium is not recovered today (Candidate 
C and Candidate D).  
 
Unique for recycling environments is that the chemistry and components of input 
material today often are unknown (Candidate J). This is due to lack of standardisation 
and traceability of electronic devices, which is a prevailing issue for other recycling 
industries as well (Candidate J). Batteries today do not have standardized labelling and 
unfortunately it does not seem that the industry is pushing the development of such a 
system (Candidate E).  Unknown input can also lead to process safety risks since the 
process might not be optimized to handle the specific type of material (Candidate J). 
Obtaining knowledge about the material component of discarded batteries is vital to 
separate and recover material in an efficient way. Diekmann et al (2018) emphasis that 
knowledge concerning the input material is vital to design a safe process for lithium-
ion batteries recycling. To ensure a high quality of the final product the chemistry and 
ratio of the collected batteries, therefore, needs to be controlled before entering the 
recycling process. The quality requirements may differ depending on the aim of the 
recycling. If the aim is to reuse material and feed it back into production, quality 
requirements are demanding. However, the aim for some of the current actors today 
is not cathode to cathode recycling, metal-rich fractions are rather sold to refineries 
for further treatment. In the steel industry, recycled material is mixed with pure 
material to meet the quality requirements. This allows the recycling process to have a 
lower purity level (Candidate J).  
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Flexibility 
A senior consultant within battery recycling highlights that the battery industry is 
developing, and new chemistries are emerging (Candidate E). Hence, the market 
requires that recyclers can handle many different types of batteries. Therefore, it 
becomes increasingly important obtaining the ability to adjust to changing demands. 
Today, there is no uniform battery standard and several chemistries, shapes and sizes 
are available on the market. However, a recycling facility might not want to lock in 
investments for one battery chemistry but rather have the possibility to manage a range 
of product variety. On the other hand, a senior consultant argues that focus can still 
be on recycling one chemistry type at a time and rather obtain a process that can be 
adjusted if the market requires that different chemistries are recycled (Candidate E). 
Implying that it is important to have a flexible production line that can be adjusted and 
optimized depending on the future market.  
 
A manager explains that there are uncertainties in both timing and amount of when 
discarded products reach a recycling facility, it would, therefore, be beneficial with a 
production line with adjustable capacity possibilities (Candidate J). To avoid that a 
shortage in returned products will affect profitability to a significant extent, the 
treatment charge could be received even if the supplier does not provide the 
predetermined amount of scrap during an agreed period (Candidate J).  
 
In Europe, there is a requirement that battery producers recycle 50 percent of battery 
weight. If governmental regulations get stricter, then the recycling process might have 
to be adjusted to recover a bigger part of the battery recovery (Candidate J).   

 
Delivery  
There is a delivery dependability between recyclers and external actors collecting scrap. 
As mentioned earlier, uncertainties regarding when and how much of discarded 
products that reach the recycling facility affects the continuity of the production line. 
Hence, it is important to design a system that ensures delivery of targeted scrap 
products (Candidate G).  
 
Innovativeness 
One manager pinpoints that innovative solutions regarding efficient ways of bringing 
back batteries are needed to manage the future waste streams of lithium-ion batteries 
(Candidate G). To compete with existing recycling companies, it will also be critical to 
be innovative in process technology and revenue model for the recycling unit. 
Challenging the existing “off the shelf” solution of smelting batteries in high 
temperatures will be needed to increase competitiveness and sustainability. This will 
require a process that can provide sufficient quality at a manageable cost (Candidate 
G). 
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6.1.3 Structural Decision Categories 

The structural decisions categories for a recycling unit were also investigated and are 
summarized in Table 10. This section provides the findings of the critical factors that 
affect these decisions. Furthermore, considerations concerning the decisions 
categories are also included. 

 
Table 9: Identified factors affecting the decisions categories for battery recycling. 

Decision category Influencing factor Unique for 
recycling 

 

Capacity Future demand  
 

Battery end of life time 

 

Return rate of batteries 
 

 
 

 
 
 

 

  
   

Sourcing and Vertical 
Integration 

Partners and suppliers  
 
Customers 

 
 

 
 

 

Information and Process 
Technology 

Process efficiency 
 
Development of cutting edge 
technology 
 
Low carbon emissions 
 
Scalability of process technology 
 

 
 

 
 
 

 
 

 

 

Facility Closeness to cluster of supply 
network  
 
Availability of green electricity 
 
Availability of logistic routes  
 
Space 
-Large scale facility 
 
Surroundings  
-Social and environmental impact 
 

 
 
 

 
 

 
 

 
 
 

 

 
 
 
 
 
 
 
 
 
-  

 unique for recycling 
 critical for manufacturing but not considered unique 
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Capacity 
Several factors has to be analysed to determine capacity, both for long-term and short-
term planning. The influencing parameters are future demand, end-of-life time and 
return rate related to collection possibilities (Candidate A and Candidate J). Even 
though forecasts show an increasing demand for lithium-ion battery recycling, both 
for low and high estimated scenarios, it is still difficult to determine when and how 
many batteries that will need to be recycled. A senior researcher claims that “From 2030 
the battery market will have to use recycled raw material” (Candidate A).  
 
A flexible process has better chance of succeeding, where capacity can be adjusted 
(Candidate E and Candidate J). Considering battery storage, lithium-ion batteries are 
classified as hazardous waste and has to be stored accoridng to specific regulations 
(Candidate B). A steady inflow of discarded batteries is desirable since it increases the 
capacity utilisation and lowers the cost per unit (Candidate G and Candidate J). 
Therefore, both timing and amount of input material are to be considered for recycling. 
 
The return rate of batteries also effects the capacity planning. To ensure a high return 
rate, collaboration with customers and collectors are necessary. Furthermore, allowing 
batteries to be remanufactured and used as a second life product will delay the return 
and potentially make it harder to keep track of where the products end up until end of 
life (Candidate G). 
 
Sourcing and Vertical Integration 
The senior consultant claims that the second life of batteries will be a promising 
business in the future (Candidate E). When batteries from electric vehicles are worn-
out they could potentially be useful in other applications such as home storage. 
Allowing a second life of a battery is however affecting the timeline for when they 
reach the recycling. A cluster of collectors, refineries and customers can enable an 
effective recycling business.  To collect batteries recyclers are today collaborating with 
organisations such as Elkretsen, Stena and Kuusakoski (Candidate J). Considering vertical 
integration, it is a critical factor to make sure that collaborations are established and 
that regulations considering transportation of the hazardous batteries are fulfilled.  
 
Information and Process Technology 
Two important factors when deciding on process technology is to evaluate the 
sustainability and scalability of the process (Candidate G). A large-scale recycling unit 
can benefit from economies of scale which in turn relates to the cost. The importance 
of a flexible process is mainly due to uncertainties of the future market, which affects 
the overall capacity strategy 
 
To match the competitive priorities of a sustainable process with high quality output, 
cutting-edge technologies are inevitable (Candidate G). However, designing a new 
process in lab scale requires thorough optimization together with pilot plant test before 
the process can be evaluated in industrial scale (Candidate C and Candidate D). Scaling 
up a process on industrial scale constitutes a risk since a process might be feasible in 
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theory and at lab scale but fail in large scale (Candidate C and Candidate A). It is 
therefore important to test the process in a pilot plant and not only in laboratory scale. 
The process design is strongly connected to the input variety. Depending on material 
composition, the chemical recovery process will vary in design and technology 
(Candidate C).  
 
Another critical factor when determining the process is knowing the composition of 
the input material (Candidate A) since the output quality will be affected if the 
impurities are not removed during the process (Candidate C and Candidate D). There 
are ways of removing various metals and components, but it entails extra process steps 
which are costly (Candidate C and Candidate D).  

 
Facility  
When deciding on a location for the facility several aspects needs to be considered. 
Firstly, the closeness of suppliers, customers and partners. Since the main purpose of 
the recycling is to reuse the recycled material in battery production, the facility is 
preferably located close to the production site. Considering sustainability, it is also of 
interest to have green electricity supply to the production and minimizing 
transportation through close by collaborations.  Considering delivery, the facility 
should be located close to communications to facilitate delivery of goods e.g. close to 
harbours or railway connections. For a large-scale facility, a spacious location is 
required, and environmental permits needs to be approved by the municipally.   A large 
storage area is required due to the fact that a continuous flow is desirable from a 
process perspective (Candidate G). For example, the batteries can be placed within 
containers filled with sand or vermiculite to prevent short circuit (Candidate B).  
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Chapter Summary: Findings & Analysis 

The findings from the qualitative data gathering are mapped and classified according to the categories 
for competitive priorities and structural decision categories from the literature framework of 
manufacturing strategy. Some of the identified findings are classified as unique while others are implied 
to be similar when comparing to the framework. Sustainability was added to the framework since it 
was identified as an important aspect for this case.  
 
The unique characteristics for recycling are mainly identified within the competitive priorities; cost, 
quality, flexibility, delivery and sustainability. For the structural decision categories, it was only two 
underlying factors of capacity that could be identified as unique for recycling. The importance of product 
variation in input and output is highlighted as a key finding when designing a recycle process.  
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DISCUSSION 

In this chapter, the research questions are answered. Furthermore, it includes a discussion of the findings in 
relation to the theoretical framework. 

7 
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7.1 Relating to the Research Questions 

To identify the unique characteristics for recycling, requested in RQ1, it was necessary 
to investigate a complex real-life example, which was done through a case study within 
battery recycling.  The findings were compared to a literature framework within generic 
manufacturing strategy to classify them as unique. Together with empirical material 
gathered through qualitative methods, it was then analysed how the unique 
characteristics are affected by structural decision categories, answering RQ2.  
 

7.1.1 Answering RQ1 

RQ1: What are the unique characteristics of battery recycling within manufacturing strategy? 
 
During our research, we identified various characteristics that can be considered 
unique for a recycling environment compared to generic production. Some of the 
characteristics are considered specific for battery recycling and others more general for 
any recycling environment.  
 
First of all, the uncertainty in future revenue streams can be considered unique because of 
the fast material and technology development on the market, where new product 
generations can vary substantially in size and material composition. For example, some 
discarded batteries have a negative scrap value while others are classified with a positive 
value, depending on material composition.  
 
Further, recyclers are highly dependent on the collection of discarded products in a way that 
generic manufacturers are not. Recyclers need to adjust their operation towards the 
end of life products on the current and future market. The cost of logistics for the 
collection was discovered to be a heavy influencing cost driver, due to its complexity 
of many involved parties. However, distribution cost is included as a cost dimension 
in literature, showing that it is not in particularly unique for recycling. It is rather certain 
aspects of the logistics that could be related to recycling in this context. 
 
The return rate of discarded products set the bar for the timing and amount of products 
entering the recycling process. While manufacturing companies in general need to 
ensure raw material supply, recyclers have to ensure the collection of discarded 
products. The delivery dependability from collectors is vital to obtain a continuous 
flow and be able to plan future capacity need.  
 
For battery recycling the input variety depends on chemistry, size, shape and how 
integrated the system is i.e., cell, module or pack. The variety of discarded products on 
the market controls the requirements for recyclers, where they have to decide on what 
input to take into the process and how to design the process to cope with this variety.  
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Furthermore, there are unique challenges with input uncertainties in enclosed products, 
since producers have not yet progressed in labelling products with exact compositions. 
Battery manufacturers create their cell design, often without documenting composition 
on the battery pack. Making it difficult for recyclers to gain knowledge of the exact 
material composition.  
 
Stricter recycling regulations are also affecting the manufacturing strategy since the recycler 
will have to fulfill these changes. This could have a significant impact on the process 
design itself and the decision of input material as well as storage and treatment of 
batteries. Since lithium-ion batteries are classified as miscellaneous dangerous waste, 
there are regulations of how the batteries should be stored and transported (IATA, 
2017; European parliament, 2006). 
 
In traditional manufacturing, products are assembled in comparison to recycling where 
the disassembly of products has to be considered. Disassembly is required to access the 
material elements. Hence, the challenge is how to dismantle the batteries since they are 
put together differently depending on the manufacturer. This is mainly required for 
battery packs and modules, but also single cells have specific features. 
 
Unique for battery recycling, in particular, is the high purity of output material that is 
required to reuse cathode material in battery production. The possibility of producing 
sufficient quality for battery production will close the loop and therefore be unique as 
such. However, this depends on the goal of the recycling, if the outcome is to use the 
raw material for other application areas other than batteries, then the high quality is 
not explicitly unique for recycling.  
 

7.1.2 Answering RQ2 

RQ2: How are the operationalization of structural decision categories affected by the unique 
characteristics? 
 
On a high level, the main categories in the generic framework of manufacturing 
strategy are applicable for recycling. However, considering the operationalisation of 
the strategic decision categories and competitive priorities, the characteristics and 
underlying factors differentiate to some extent. The more practical characteristics that 
were considered, a greater difference was noticed in relation to the framework. It can, 
therefore, be concluded that the decision categories of capacity, vertical integration, 
process technology and facility is affected by the unique characteristics of recycling to 
different degrees.  
 
Capacity  
As Slack and Lewis (2011) describe, capacity planning is complex, and the uncertainty 
of future demand influence the overall capacity strategy. Uncertainty of future demand 
itself is not a unique challenge for recycling since the battery end of lifetime reveal an 
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implication of capacity needed on a 3-10 years perspective. Even if recyclers do not 
know where the market is heading, they have the leverage of knowing what type of 
products that currently are on the market, hence will be recycled from a long-term 
perspective. However, the return rate of products affects the capacity planning. 
Furthermore, the capacity is affected by the timing and amount of discarded batteries 
that reaches the facility. This, in turn, is affected by the flexibility of the recycling 
process. A flexible process can handle a large variety of input products, i.e. types of 
batteries, hence decreasing the sensitivity for market changes.  
 
Process  
As the problematization and earlier research implies, there is today no sustainable and 
profitable way of recycling all valuable metals in lithium-ion batteries. Researchers are 
investigating possible processes at lab scale to recover metals such as lithium. This 
shows that the process technology of battery recycling is of high importance, and also, 
one of the main decision drivers in a manufacturing strategy. Diekmann et al. (2018) 
highlights the importance of knowing the input composition fed into a recycling 
process since hazardous material poses a safety risk in production. Furthermore, Slack 
and Lewis (2011) pinpoint that process technology should be selected based on desired 
flexibility and scale of production. The process technology is mainly affected by the 
input variety of discarded products and the required quality of output material. It is 
important for recyclers to determine the purpose of the recycling business since the 
process technology is affected by this decision. If the purpose is to reuse material in 
battery production, achieving high recovery rate and high quality, then the process cost 
increases exponentially with the recovery rate. If the purpose, on the other hand, is to 
sell material fractions to the market without a specific quality requirement, the process 
design may be simplified and less costly. 
 
The lack of standards on the battery market concerning labelling and documentation 
regarding the exact composition, force recyclers to develop intelligent systems that can 
sort chemistries and safely disassemble them. Concerning the disassembly of cells, if 
done in-house, it is a great advantage in obtaining knowledge of how the batteries are 
manufactured and assembled. Looking at the investigated mechanical pretreatment in 
combination with a chemical process, the quality and appearance of discarded products 
on the market decide how many steps that need to be added to the process. A higher 
product variety in input makes the process more complex since a greater amount of 
impurities demand additional cleaning and extraction steps. As an example, for the 
design of hydrometallurgical process, different chemicals are needed depending on 
which metals to extract.  
 
When creating a process, both sustainability and innovativeness are two competitive 
factors that will affect process design. Concerning technology innovation, the 
availability of cutting-edge technology to create a sustainable and efficient process with 
high recovery rate is desired to sort and open up cells. Lastly, the process choice is 
directly affected by the capacity planning of the production. With the aim of a large-
scale facility, it is essential that the process is scalable when input material increase. 
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Scalability is, therefore, an important factor to consider when deciding on process 
technology.   
 
Facility  
Decision making concerning the facility of a production line is affected by the capacity 
need and process choice. When building a large-scale production, it is important to 
consider the surroundings since it might have an environmental impact. Sustainability 
can also affect the location of a production plant since the availability of green 
electricity might be preferable as well as closeness to suppliers, customers and partners.  
 
Sourcing and Vertical Integration 
Due to globalization, vertical integration and supply networks are in literature 
considered to be one of the most critical factors in a manufacturing strategy (Slack and 
Lewis, 2011). This can also be considered accurate for recycling since a cluster of the 
network is needed to ensure an effective collection of discarded batteries, refinery of 
material and treatment of waste. Unique for batteries is the potential of a second life when 
discarded from certain applications, such as EVs. This makes it harder for recyclers to 
keep track of products, hence increasing the risk of not getting them back.  
 
Vertical integration seems to be equally important to a recycling environment as other 
production sites. However, the critical factor affecting the collaboration with supply 
and customer network is the dependability on external actors to reclaim discarded batteries. 
There is a trade-off between benefits from collaborating both upstream and 
downstream with suppliers and the ability to decrease the dependability. At the same 
time, building reliable partnerships is of great importance to close the loop, since the 
value chain of a lithium-ion battery consist of several actors. Especially if targeting a 
global market, logistics of discarded products will be a main part of the recycling 
strategy. Furthermore, due to volatile prices on raw material it is necessary to negotiate on 
price aspects within supplier contracts to minimize risks if market prices change 
rapidly. Treatment charges can be added by recyclers and cost of discarded batteries is 
based on material composition and quality.  
 
A requirement of being sustainable will also affect the network of suppliers since their 
environmental footprint also needs to be considered from a life cycle perspective. 
Potential processing of material before entering the recycling facility needs to be 
understood since it might affect material properties and behavior.  Lastly, it is of 
importance to understand the whole value chain of a battery, from manufacturing, 
material handling to recycling to optimize the recovery of discarded batteries in an 
efficient, profitable and sustainable way.   
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7.2 Sustainability Gap  

From empirics, sustainability repeatedly showed to be an important aspect to consider 
when determining a strategy for recycling. When conducting the case study and 
comparing the empirical material with generic manufacturing strategy we found the 
lack of sustainability as a competitive priority, creating a gap in existing literature. The 
competitive priorities affect the structural decision categories. Hence, prioritising 
sustainability will also affect the structural decisions. However, since this is a single 
case study this cannot be concluded. A more extensive study therefore needs to be 
made in order to validate this. The environmental footprint from manufacturing 
products can be seen as a critical factor influencing the structural decision categories. 
Today, customer demands that products are manufactured with minimum 
environmental impact making it an important factor when building a strategy. The 
process choice and logistics seems to be the main contributing factors to the 
sustainability impact.  

7.3 Adapting the Product-Process Matrix 

It was challenging to place the investigated recycling process into the product-process 
matrix due to its lack of fit for a recycling context. As Kemppainen et al. (2007) 
describe in literature, the product variety refers to the mix of produced products from 
the manufacturing process, implying that it is the output rather than the input in the 
process that matters. For recycling, on the other hand, the input variety is of great 
importance since it affects the structural decision categories such as the process 
technology. While the traditional framework of the matrix considers product variety in 
output and volume, it is suggested that operations for recycling require a third 
dimension, which is product variety in process input. The input fed into a recycling 
unit might vary depending on market changes such as generation shifts of technology, 
new products, compositions and shapes to recycle. There is today mainly five 
dominating types of lithium-ion batteries on the market. At the same time, the number 
of battery types is not sufficient when classifying product variety since different battery 
types potentially could be classified as the same product due to the fact that they are 
processed in the same way. However, battery chemistry is not the only factor to 
consider when analysing product variety. Shape, size and application area will also have 
an impact on product classification since those factors might alter the way of 
processing the products in a recycling facility.  
 
Another interesting point to consider is to what extent the output from recycling 
processes varies. As seen in the mapping of the selected recycling process in 5.3 
Recycling Processes, the outcome of the processes are different metal-rich fractions. 
Depending on the process, these fractions can consist of different material mixes. For 
the mechanical separation, for example, to extract a specific material, a new technology 
must be added to the process. Implying that the process design will also differ 
depending on the desired product variety in output.  



7 DISCUSSION 

 62 (73) 

Chapter Summary: Discussion 

This chapter provides the reader with a discussion on the findings from the case study in relation to 
literature to answer the research questions posed in the introduction of the study. The first research 
question is answered by stating the unique characteristics for recycling in a manufacturing context. 
Furthermore, specific characteristics for battery recycling is highlighted. The second research question is 
answered by discussing how the characteristics affect the decision making on an operational level.  
 
A discussion is also presented on the importance of sustainability and how it could be integrated as a 
competitive priority in the manufacturing strategy. Lastly, the challenge of mapping a recycling process 
into the product process matrix is presented follow a discussion of how it could be adapted to fit a 
recycling context.  
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CONCLUSION 

Based on the research questions and purpose posed in the introduction, this chapter summarize the key 
findings from the study. Lastly, the contribution of the research and managerial implications are discussed 

together with suggestions on further research. 
 
 

8 
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8.1 Key Outcomes  

The study aimed at investigating if and how the unique characteristics of battery 
recycling affect its manufacturing strategy. The research indicates that the main 
categories within the framework can be considered to be valid within a recycling 
environment. The categories for competitive priorities and structural decision 
categories was applicable for the case study. Although, on an operational level it was 
implied that the specific characteristics of recycling need to be considered when 
formulating a strategy. For a recycling environment, there are underlying factors that 
will have a great impact on both the structural decision categories as well as the 
competitive priorities. Some of these can be considered applicable for recycling in 
general while others are more specific for a battery recycling context.  
 
Several unique characteristics for recycling was identified throughout the study. Hence, 
the characteristics should be taken into consideration when creating a strategy battery 
recycling. The research also implies how to adjust the manufacturing strategy to better 
fit a recycling environment. It is suggested that the product-process matrix originally 
developed for generic production, is adapted when applied within a recycling context. 
This is due to the product variety in input stream which is not taken into account in 
the matrix. The input variety affects the process flexibility, therefore, is it proposed 
that an additional dimension is added to the matrix that complements the product 
output variety and volume with product input variety. It is furthermore suggested that 
sustainability is integrated as a competitive priority in a manufacturing strategy since is 
requested by customers and therefore can be seen as a strategic advantage.  
 
Lastly, a combination of mechanical pre-treatment and chemical recovery was 
evaluated to be a suitable recycling process for lithium-ion batteries according to 
current market requirements and available technology. It was evaluated to be the most 
sustainable when considering carbon emission and meeting high quality requirements. 
However, the study implies that from a long-term perspective it is necessary to develop 
an intelligent system to open up cells to efficiently deal with a high volume of discarded 
batteries. 
 

8.2 Contribution to Research 

Previous research within manufacturing strategy touch upon critical decision factors 
for generic production. Remanufacturing is also covered in research to a certain extent. 
However, there is a gap in literature regarding strategies for recycling operations. This 
thesis contributes to research by identifying unique characteristics for battery recycling 
and show how they affect the manufacturing strategy. Furthermore, the thesis 
contributes to the mapping and comparison of different recycling processes.  
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8.3 Managerial Implications 

The research has practical relevance for battery manufacturers and recycler since it 
examine critical aspects to consider when developing a manufacturing strategy.  Some 
of the findings could be valuable to other recycling contexts, apart from battery 
recycling, as well. To cope with the unique operational characteristics, identified for 
recycling, there are several implications in a practical context to consider. To handle 
uncertainties in inflow, of both timing and amount, it is necessary to secure 
partnerships that can assure a continuous delivery. When it comes to uncertainties in 
future demand for battery chemistry, it is important to carefully consider decisions 
regarding product input as well as designing a flexible process, to be prepared for 
future disruption. In general, for recycling, the quality of final products is highly 
affected by the variety of product input. By establishing quality requirements on input 
material from suppliers, the quality will, to some extent, be secured.  
 
The development of a sustainable and competitive battery recycling sector, requires an 
improved communication between battery manufacturers and recyclers. During the 
research, three distinct factors were identified of which battery manufacturers can 
contribute with to facilitate recycling in the future.  
 
● Firstly, to consider the recyclability when designing the battery modules and 

packs. This simplifies the disassembly of battery systems.   
 
● Secondly, foster collaboration between battery manufacturers to standardize 

battery chemistry and shape to minimize product variety for recyclers. 
 
● Lastly, labeling the batteries in a smart way making it possible to track the batteries 

and obtaining knowledge of material content as well as its environmental 
footprint throughout its life cycle. 
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8.4 Suggestions for Further Research 

There is a need for further research within the area of how generic production 
frameworks can be applied within recycling contexts. Hence, a more comprehensive 
study on manufacturing strategy of how the strategic dimensions are to be applied in 
a recycling environment should be elaborated.  
 
● Further research is suggested to cover a more general approach on recycling 

environments since this study is concentrated to studying the lithium-ion 
battery recycling.  

 
● This study was limited to investigating competitive priorities and structural 

decision categories. Hence, other strategic dimensions, that were excluded, are 
appropriate for further research. 

 
● The product-process matrix could be further developed to match the recycling 

environment; this demands a more thorough research on the dimensions and 
how these are affected by input and output varieties.  

 
● Future work is also suggested to cover how battery recycling can move from 

conceptual models into more practical actions to accelerate the ability to handle 
future waste streams.  

 
 

  



8 CONCLUSION 

 67 (73) 

Chapter Summary: Conclusion 

The study aimed at investigating if and how the unique characteristics of battery recycling affect its 
manufacturing strategy. The research indicates that the main categories within the manufacturing 
strategy is valid within a recycling environment. Furthermore, the study implies that on an operational 
level there are underlying factors within a recycling environment that will have a great impact on both 
the structural decision categories as well as the company’s competitive priorities. It is suggested that the 
identified unique characteristics are taken into consideration when building a unit for battery recycling. 
  
The research also implies how to adjust the manufacturing strategy to better fit a recycling environment. 
Firstly, it is concluded that the product-process matrix could add dimension considering product variety 
in input since the design of recycling process is dependent on discarded products on the market. Secondly, 
the study highlights the need for integrating a sustainability perspective within the manufacturing 
strategy since it is becoming an important competitive advantage and could, therefore, be classified as a 
competitive priority. Furthermore, the research indicates that a combination of processes is needed to 
recycle lithium-ion batteries. According to current market requirements, a mechanical pre-treatment in 
combination with chemical recovery is preferable when avoiding carbon emissions. However, it is 
concluded that a more efficient process is required to handle future waste streams. 
 
The managerial implications include aspects that battery producers can consider to facilitate battery 
recycling. The implications highlight the need for labelling, easy disassembling and industry standard 
which could be enabled by political incentives and collaborations between producers. Lastly, suggestions 
on further research are made pinpointing the need of moving from conceptualisation into practical 
actions.  
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