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 ABSTRACT  
 

In connection to the increasing awareness of vehicles and its impact on the environment, the 

interest in the electric vehicle market has shown a significant growth in the recent years. 

According to forecasts, it is also projected to increase further in the future. These electric vehicles 

are driven by lithium-ion batteries with an expected service life of 5-15 years depending on 

different technology generations and design concepts. After the given service life, the battery has 

lost approximately 20 percent of its capacity and is no longer permitted to be used in its original 

application area again, out of safety reasons. Although the retired battery pack is not suitable for 

vehicles, its remaining capacity can still be utilized in other applications. Hence, the term second 

life has become a common subject in the automotive industry, where companies are trying to 

find new application areas for the retired electric vehicle battery packs. Common methods 

regarding second life of electric vehicle batteries are processes such as remanufacturing, 

repurposing and re-use. These presented second life methods are from a reverse logistics 

perspective. Second life alternatives enable a better sustainability and reduces the environmental 

impact by re-using and recycling existing materials.  

 

In this thesis, the authors examined different second life concepts with the same prerequisite, an 

electric vehicle lithium-ion battery pack with an energy capacity of 20 kWh. The project has 

been conducted in a company that is one of the leading manufacturers in the heavy-duty industrial 

vehicle industry, which currently is developing their electric vehicle machines. Several different 

concepts have been generated and analysed to find the most applicable business model concepts 

from a second life perspective. The purpose has been to investigate and calculate which of these 

business model concepts are most feasible from an economic and a reverse logistics perspective. 

In order to fulfil the purpose, the following research questions have been formulated: 

 

RQ1: Which secondary use business model concepts are feasible for battery packs of 

electrified machines? 

RQ2: Out of the above identified concepts, which business model concept is economically 

feasible and how can its reverse logistic be composed? 

 

In order to answer the research questions, the authors have analysed different cost aspects and 

forecasts based on existing research and case company data. This is performed to develop the 

most profitable concepts based on the collected data, where the generated ideas concluded in 

three final concepts. For these concepts, individual business model canvases were created to 

illustrate all important parts of the concepts. The thesis resulted in an economic analysis of the 

three concepts, visualizing function diagrams and comparing them to each other, to identify the 

most applicable concept for the case company. The remanufacturing concept proved to be the 

most applicable one, where its associated reverse logistics and recycling process were 

investigated and determined. In conclusion the thesis can firstly contribute to future research by 

the created process map that companies can use and apply in their second life process, correlated 

to the managerial implications. Secondly, the remanufacturing concept can be a potential future 

investment for the case company, considering all valuable factors that have been analysed 

throughout the thesis.   

 

Keywords: Battery pack, Battery secondary use, Business model, Reverse logistic, ESS, 

Remanufacturing, Battery repurposing, re-use, Battery second life economic analysis. 
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1. INTRODUCTION 

 

The introduction chapter will present the background of the thesis along with the problem 

formulation. Both the aim and the research questions are composed to be resolved during the 

thesis and finally outlines the project limitations.  

1.1. Background  
Due to the environmental concerns regarding internal combustion engines (ICE) and the related 

emissions released, new techniques in the vehicle market has been developed. In the past years 

there has been a great market expansion specifically for Electric Vehicles (EV), where the sales 

forecasts are predicted to increase by thousands of sold EV’s per year (Casals et al., 2014; Lih et 

al., 2012; Rohr et al., 2017). The EV’s are powered by lithium ion (li-ion) batteries with an 

expected service life of 5 to 15 years. A concern regarding these EV li-ion batteries has emerged 

since the batteries degrade over time and loses up to 20 percent of their capacity after the expected 

service life. The remaining capacity of the EV battery is still 80 percent however, out of safety 

reasons the battery is no longer permitted in a vehicle application and will be sent for recycling. 

This is a topic commonly discussed in regards of retired EV batteries, where new techniques and 

terms such as second life of EV batteries have been developed.  

 

The second life concept could involve a remanufacturing or repurposing process of the batteries 

after their End of Life (EOL) in their first application. By providing second life opportunities, 

the batteries can become economically valuable again with a prolonged service life, since the 

cells in the battery still has a high amount of capacity left. Other beneficial factors with second 

life opportunities is that it supports the sustainability and circular economy (Casals et al., 2014; 

Lih et al., 2012). At a current stage, there is a huge gap between the economical differences 

regarding the EV prices in correlation to the non-electric vehicles. These cost differences are 

directly related to the high price of li-ion batteries. A possibility of providing second life 

opportunities for used EV batteries is that it might result in a price decrease of EV’s since the 

batteries can be re-used (Casals et al., 2014; Martinez-Laserna et al., 2018). There is a great 

potential of re-using the batteries, where several well-established automotive manufacturers have 

started to develop different secondary usage concepts especially in the area of Energy Storage 

Systems (ESS) however, other areas are also investigated from a second life point of view 

(Martinez-Laserna et al., 2018; Reinhardt et al., 2016). A commonly used method when 

investigating different concepts is by creating business models with the ingoing activities in order 

to comprehend the wholesomeness of the business (Jiao & Evans, 2016). If an EV BP will be 

applicable for a second life application it has to be initiated in a reverse logistic process, moving 

in an opposite direction from the traditional battery supply chain. The reverse logistic is a 

complicated process, and it is essential to define all steps in the reverse direction of either 

remanufacturing and repurposing including recycling (Kizilboga et al., 2013; Klör et al., 2014). 

Current research regarding the remanufacturing and repurposing processes of EV batteries and 

the related cost aspects is not an established area and requires further research (Rohr et al., 2017).  

 

A project has been initiated in a global manufacturing company in the heavy-duty vehicle 

equipment industry with a futuristic view of developing EV’s in the industrial market. As of 

today, the project is still in the development phases and will enter the market in the coming years. 

The thesis will therefore examine the possibilities of second life applications and their business 

potential for secondary used EV batteries. The different second life opportunities will be 

analysed from a business and economical perspective with calculations in total costs and profit 

aspects, involving supply chain and reverse logistic features, where these factors will be explored 

and investigated from a feasibility aspect.   
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1.2. Problem formulation  

The second life approach is one of the main developing areas consisting of the re-use and 

recycling of batteries. The li-ion battery is one of the essential components in hybrid and electric 

machines. Understanding the lifecycle of the batteries is an area in need of development due to 

their high costs, short lifetime duration, and environmental impact. It highly relates to the 

materials required when designing and manufacturing an EV BP, considering that the second life 

approach seeks to re-use the materials, reducing the impact on the global resources. Additional 

focus and advancement are required for the investigation of secondary use concepts, in terms of 

taking advantage of its full capacity, especially from the business model and reverse logistic 

perspectives. The benefits that are received from a business model will gain all the measured 

parameters that a company seeks, analysing the opportunities of the second life approach will 

help to sustain and develop a better future. Lastly, providing a better insight of the holistic aspect 

of a business model. The second life usage of li-ion batteries from EV has currently not been 

fully established in industries, although it has been identified as a potential revenue and profit 

contributor.  

1.3. Aim and Research questions  

The aim of this thesis is to propose an economically feasible secondary use business model 

concept for batteries, from a reverse logistic perspective. The requirements for each suggested 

concept are analysed thoroughly with recommended solutions that fits the research area, 

including functional diagrams that visualizes the most suitable concept in perception. An 

investigation of the remanufacturing, repurposing and re-use processes will be examined to fulfil 

the requirement of secondary use. All the presented concepts will be validated through data and 

calculations, based on research and case company data. From the second life concepts, different 

reverse logistics processes will be illustrated as process maps and compared in their activities. 

The recycling process will only be presented shallowly in terms of li-ion batteries life cycle for 

the selected concept. The guiding research questions for the study are as following: 

 

1. Which secondary use business model concepts are feasible for battery packs of 

electrified machines? 

2. Out of the above identified concepts, which business model concept is economically 

feasible and how can its reverse logistic be composed? 

1.4. Project limitations 

The thesis will only examine EV li-ion batteries. Other battery types or categories are not 

considered. The chemical aspect of the batteries will not be thoroughly described since the 

technical aspect is more in focus. Investigating the business models limited to secondary use, 

and reverse logistics of li-ion EV batteries is the main purpose of the thesis. The recycling aspect 

of the reverse logistics is not the main focus. Both of these processes will only be explained 

theoretically and will not include any economical calculations. The proposed business models 

are only intended for the case company and will only be proposed ideas and not finalized 

solutions, due to the limited timeframe of 22 weeks. If any confidential data is presented from 

the case company, it will be marked throughout the thesis. Neither will any physical 

implementations be provided since concepts are researched for a future demand. The mentioned 

costs in the theory and calculation chapter has all been converted into SEK. All the composed 

concepts, calculations and assumptions for a secondary use concept will need further validation. 

All discussed data have thoroughly been deliberated with the supervisor at the case company.  
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2. RESEARCH METHOD 

2.1. Research context  

The work of the thesis has been performed at a company in the leading industry of heavy-duty 

vehicle equipment. Second life for retired EV batteries is a future concept that has a considerable 

impact on the environment and sustainability aspects. At the case company the concept is still in 

a research stage indicating on a need for a thorough investigation of the area and its potentiality. 

The second life approach has already been initiated by other leading companies in the related 

area. Thereby, making the second life approach a significant factor to investigate in for the near 

future.  

2.2. Research structure and process 

The first step of the research process is constructing a literature review based on collected articles 

in the field of EV li-ion batteries. In order to strengthen the literature review, additional data has 

been gathered through both primary and secondary data. The primary data consists of technical 

information from the case company as well as numerical data and interviews. Whereas the 

secondary data is gathered through scientific articles, conferences and public governmental 

information. Methods such as brainstorming, mind mapping, Pugh’s matrix and calculations 

have been used to chart and clarify the data. Based on the theory of new and existing concepts, 

business models and financial calculations have been provided to enhance the possible benefits 

for the case company. Weekly meetings with the supervisors at the case company have been 

performed to obtain a good communication, exchange ideas and obtain feedback. The continuous 

contact with the supervisors at the case company has generated different ideas, where the authors 

have based their solutions from their brainstorming and meetings. Furthermore, the foundation 

is related to the research area for secondary use of li-ion batteries. Several suggestions have been 

presented for the case company and thereafter delimited to only analyse three concepts, including 

their business aspect and logistic values.  

 

To gain an insight of how the authors have structured the research, an illustration of each section 

and the associated category has been presented in Figure 1. Each section is divided into categories 

that describes the research process. The five sections are: Research objectives, Data collection, 

Results, Discussion and lastly Conclusion & Recommendations. In the research objectives a 

problem formulation was developed, following the creation of the research questions and the 

project delimitations. During the data collection, a literature study was performed and 

strengthened by the research design approaches also collecting information from interviews 

performed at the case company. The authors connected the five sections to ensure that the 

research questions are responded accordingly. Subsequently, the results of the thesis involved 

the empirical data comparing the different concepts business models, validating each proposition 

and finally the selection of the optimal concept. Further the discussion chapter involves the 

theoretical and managerial implications. The theoretical implications discuss the empirical 

findings with the existing theory which forms the foundation for the conclusion.  
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The thesis was firstly initiated with a meeting with the supervisor and the group manager at the 

case company, to gain an insight into the project with introduction to the secondary use area. 

From that, the purpose was presented with the main objective of studying EV li-ion battery 

specifications, including their related supply chain, reverse logistics and facility placement. After 

the introduction, the supervisor started to schedule and plan the steps that needed to be performed 

along the thesis, since it would facilitate the process and make it easier from a planning 

perspective. Thereafter a beginning of the collection of the data was performed, specifically data 

from the case company by utilizing methods such as semi-structured and unstructured interviews, 

accessing reports and information about batteries, cost and price data, expected forecast data, 

volume percentages of EV, remanufacturing and repurposing cost information including process 

steps and times. After the information were gathered from the case company, the scientific point 

of view was considered creating the theoretical framework of the thesis. Brainstorming was 

implemented into the process and resulted in a number of ideas. These ideas were narrowed down 

to five determined concepts and later inserted into a Pugh’s matrix with the purpose of 

concluding in three suitable concepts. This was accomplished in collaboration with the with the 

supervisor at the case company.  

 

The three appropriate concepts from the Pugh’s matrix were presented in separate business model 

canvases. By creating separate business models for the three concepts a holistic view of the 

concepts was gained. When presenting the concepts for the case company the business model 

allowed the authors to summarize all factors in nine blocks, including value proposition, key 

partners, key activities, key resources, cost structure, customer relationship, channels, customer 

segments and revenue streams, resulting in a broader understanding for what each block involves. 

After presenting all blocks in the business model the authors began to gather data in order to 

calculate the total cost, profit, investment and Return Rate (RR) of the three concepts. To 

calculate these different factors, specific mathematical functions and formulas were created for 

Figure 1 - Illustration of the research process 
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each concept, since they all differ from each other. The formulas were entered into Excel to 

create a collective line diagram that visualizes the calculations and the results for all concepts. 

By visualizing these calculations in the line diagram, the authors could essentially distinguish 

the concepts from each other and determine which of the three concepts would be ideal for a 

future investment.  

 

The result indicated in a concept that is the most appropriate for a secondary use, taking into 

deliberation that it presents a function with figures in terms of total costs and how much the 

concept could generate, which ultimately presents the most beneficial concept for the case 

company. Together with the case company one of the three concepts was chosen based on its 

potential on the future market. This concept was evaluated from a logistic point of view, where 

the authors have examined the reverse logistics and recycling process for the EV BP and how it 

will be redistributed into its second life. It also involves the placement of the processing facility, 

in consideration of the transportation possibilities. In the end, the study led to identify the most 

ideal concept based on the business model and the logistic perspective that must be functional 

for the concept to be feasible. Figure 2 summarizes the key steps of the research process for the 

thesis. 

 

 

2.3. Research approach 

Bryman & Bell (2015) and Saunders et al. (2016) define three main research approaches, which 

are the inductive, deductive and the abductive approach. The inductive research approach is 

characterized by the aim and research questions and the collected empirical data. After analysing 

the empirical data, a new theory can be proposed, and the theory emerges from both empirical 

data and analysis. In the deductive approach, the gathered theory is tested starting with a 

formulated hypothesis and the data is conducted thereafter (Bryman & Bell, 2015; Saunders et 

al., 2016). The collected data is tested and correlated with the assumptions concluding in a 

revision of theory (Bryman & Bell, 2015). The abductive approach can be described as a 

combination of both the inductive and deductive approach, where it seeks to examine, identify 

and define the connections with the goal of establishing an altered theory. Using an abductive 

approach will allow researchers to have a perceptive view and form an own interpretation 

towards the research, not only limited to the previous findings (Bryman & Bell, 2015; Saunders 

et al., 2016).  

 

Since the subject of the thesis is new and considering the future of batteries, it is not possible to 

collect all the necessary empirical data from the field or from a real-life context. Hence, the 

inductive approach was not an appropriate research approach. In this case the data was not 

collected through practical situations since it is a concept for the future and has not been applied 

in real life yet. None of the research approaches were entirely covered, some parts were however 

still used by the authors and not only delimited to the existing research. The research approach 

of the thesis is therefore an abductive approach since it is combining the inductive and deductive 

approaches.  

 

Figure 2 - An outline of the research process for the thesis 

Initial 
exploration

Concept 
generation and 

comparison 
(Pugh’s matrix)

Selection of 3 
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Analyzing 3 
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business models 
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Selection of
final concept

Reverse logistic
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The type of research design depends on the research area and the required data. Three different 

research approaches can be generally applied, namely quantitative, qualitative and mixed 

research approach. Quantitative approach seeks to collect numerical data through surveys and 

interviews where the author seeks to analyse the gathered data in the analysis. Applying this 

approach will generally combine the deductive research approach, as it is a method that evaluates 

theory and interprets the relation among theory and practice. Bryman & Bell (2015) and Saunders 

et al. (2016) state that the quantitative approach further can be combined with the inductive 

research approach, in the matter of utilizing quantified data when constructing the theory. On the 

contrary, the qualitative approach is based on non-numerical data including structured interviews 

where the focus is leaning towards the details and distinctiveness of the data. An abductive 

approach is commonly associated with the qualitative approach. It includes inductive 

assumptions where deductive assumptions are analysed in the research. An additional research 

method that includes both the quantitative and qualitative approach is the mixed research 

approach.  

2.4.  Data collection   

As mentioned in the previous section, an abductive approach has been adopted considering that 

it is aligned with the qualitative approach. Primary sources, in terms of numerical data have been 

gathered from the case company, followed by a numerical analysis being the foundation for the 

financial calculations. Considering that the research is still in its early phases for the company, 

the authors have also collected secondary data through scientific articles, conferences and 

reports. This indicates that a qualitative method is utilized, the authors therefore consider that the 

thesis is a combination of both qualitative and quantitative methods concluding in a mixed 

research approach.  

 

The table below explains how different methods have been used to collect the primary data at 

the case company. It demonstrates which type of operational method has primarily been used in 

the form of semi-structured or unstructured interviews as well as meetings. The interviews and 

meetings that have occurred throughout the thesis have been structured along with a description. 

The segment consists of the Purpose segment describing the main focus during the meeting, 

Mentioned topics are the subject matters during the meeting and lastly defining the Attendees in 

the meetings. Even the time durations for the different meetings and interviews are presented in 

the table to give a rough estimation of time. Note that the interviews have been executed 

separately with continuous discussions regarding the related subject. Table 1 illustrates the type 

of method that was applied during the thesis in form of collecting data and guidance. 

 

 

Type of method, time 

duration and number of 

meetings 

Description  

Group meetings, discussions 

& unstructured interviews 

 

Duration: 60-120 min  

 

Number of meetings: >20 

Purpose: Discussing: structure of thesis, innovate and discuss 

potential concepts, deliberate challenges and occurred 

problems, numerical data, calculation presentation, selling 

prices, forecast of EV batteries, function diagrams, guidance 

regarding formulas etc. 

 

Mentioned topics: 

• Problem formulation 
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• Discussing secondary usage areas 

• Finalizing suitable concepts 

• Cost aspects for each area 

• Calculation formulas with diagram structure 

• Reverse logistic aspects 

 

 

Attendees: Global Product Manager Electro Mobility, 

Manager Global Repair Parts 

 

Semi-structured interview 

 

Duration: 60 min 

 

Number of meetings: 1 

Purpose: Presentation of the generated concepts along the 

defined criterions, discussion of potential ideas 

 

Mentioned topics:  

 

• Discuss potential secondary use concepts 

• Feedback and suggestions 

 

Attendees: Parts Marketing Manager 

 
Semi-structured interview 

 

Duration: 30 min 

 

Number of meetings: 1 

Purpose: Collecting battery related data and sales information 

 

Mentioned topics: 

• Discuss potential secondary use concepts 

• Purchasing data 

• Current battery information 

 

Attendees: Senior purchaser (battery area) 

 

Table 1 – Type of methods used during the study when gathering data and guidance 
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Collection of documents from the case company 

All the gathered information from the case company have been formulated in a table, in order to 

visualize all the collected documents (see Table 2). The presented documents have mainly been 

gathered as a need-basis, from the supervisor while some are from other departments at the case 

company.    

 

 

2.4.1 Literature review 

In order to gain a broader understanding of the EV li-ion batteries, their function along with its 

usage area both primary and secondary data has been investigated and applied in the thesis. With 

the literature review, the research problem could be identified using the theory and gathered data 

where the findings could also contribute to further research. Saunders et al. (2016) define a 

literature review as a critical analysis of preceding research in the selected topic. The literature 

review should likewise be aligned with the formulated research questions, where the aim is to 

strengthen and construct a theoretical framework that supports the discussion and conclusion 

chapter. The review was performed using Mälardalen University database Primo, involving 

credible search engines and additionally providing the authors with applicable books. Relevant 

literature in the research area has been found using keywords as presented in Table 3. A limitation 

has been set with the scientific articles from year 2010 to 2018, due to the newly developed 

battery technology, specifically suitable for battery secondary usage. Exceptions regarding the 

publication year have occurred for books and two scientific articles concerning calculations and 

specific battery information due to its relevance. Another constraint when finding relevant 

information was the requirement of articles being in full text and peer-reviewed, this was 

performed to confirm that the information has been examined by an expert in the related area.  

 

In Table 3, a summarization of the used keywords during the literature review was outlined, 

involving the search engine and constraints used for the search process. Both the constraints and 

search engines have been used throughout the collection of data, therefore the list of the keywords 

is not displayed in a chronological order. Hence, the large amount of search hits was deliberated, 

the authors selected the most relevant articles by firstly determining if the title was in line with 

Document type Description 

Battery & purchasing related data 

 

Remanufacturing/Repurposing  

Documents   

 

EV forecast data 

All information regarding the numbers and batteries 

have been provided from the case company.  

 

Illustrations of collected documents: 

• Battery training material 

• EV Battery Pack 

• Technical data 

• Numerical data 

• Calculation formulas  

• EV forecast data 

• Remanufacturing data 

• Repurposing data 

• Cost of EV BP and starter batteries 

• Transport regulations 

 

Table 2 - Collected documents from the case company 
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the desired scope, secondly the authors evaluated parts of the abstract, introduction and 

conclusion. If the content was considered applicable for the thesis, the complete article was 

thoroughly studied.  

 

 

Data collection of articles, reports and conferences (Keywords) 
Constraints - Year 2010-2018, Peer reviewed & Full-text 

Search engine - MDH library database Primo 

All the listed keywords 

EV li-ion batteries Li-ion battery risks 

Li-ion battery technology EV battery supply chain 

Battery second use EV battery value chain 

Battery re-use Battery reverse logistic  

Battery recycling process ESS 

Li-ion battery recycling Battery Energy Storage Systems 

Forecast EV battery Repurposing li-ion batteries 

Battery safety Remanufacturing li-ion batteries 

Remanufacturing facility location Location battery remanufacturing  

Business model remanufacturing Battery ownership 

Table 3 – List of keywords used during the literature review 

 

2.4.2 Interviews (Semi-structured and Unstructured) interviews 

Semi-structured interviews can often be used in various situations and enables variations 

(Bryman & Bell, 2015; Saunders et al., 2016), for instance in context that relates to an interviewer 

that has multiple questions. An important factor is to remember the sequence of the questions 

since they often are referred and formulated in general terms, in difference to a typical structured 

interview. Occasionally the interviewer asks supplementary questions until an appropriate reply 

is given (Bryman & Bell, 2015). Another interview method defined as unstructured interview, is 

according to Bryman & Bell (2015) a guide consisting of a given topic where questions are 

formed yet questioned in an informal approach. It is important to acknowledge that each 

interview varies, along with the significant order the questions are sequenced in (Bryman & Bell, 

2015). The interviewer generally questions the respondent in a flexible manner, in order to be 

able to guide the direction of the interview (Kothari, 2004).   

 

Throughout the thesis, both structured and unstructured interviews have been performed 

continuously. All of the structured interview questions have been formulated prior to the 

meetings in order to resolve unclear parts which are needed to proceed the work. The intention 

of the semi-structured interviews was mainly to collect the necessary data to perform calculations 

as well as other related information for the secondary use area. This is where most of the data are 

presented in form of numbers and detailed description of the variables. The semi-structured 

interviews are also associated with the qualitative approach since it enhances the reliability and 
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gathers the participants knowledge. The semi-structured interviews have been performed in both 

physical meetings as well as by e-mail contact. Meanwhile, unstructured interviews have 

primarily been performed during meetings with the supervisors at the case company, since both 

of their expertise are decisive in the field area. Hence, both methods have been applied and is 

presented as formulated text from all interviews and meetings specifically in the empirical 

findings. It is thereby different to the usual case since the authors have not performed a case 

study and will therefore only present calculation suggestions for the case company.  

 

In empirical findings section, the authors presented answers obtained from the semi-structured 

questions. As the thesis does not provide any practical work, the layout differs to an extent. In 

that way, much of the constructed information in the empirical findings are based on the 

information received from the informants. This applies primarily to the construction of the 

various concepts, remanufacturing and repurposing calculation and lastly the recycling aspect. 

The semi-structured interview questions are presented in Appendix 1.  

2.5. Data analysis  

The gathered data have been collected through interviews, discussions, meetings, company 

documents and theory texts. All these actions have been accomplished in parallel with the project 

and is used as a foundation for the data analysis, when comparing and making conclusions. Based 

on the literature the authors could argue for or opposed to whether the identified concepts would 

be suitable as a second life application. During the data analysis all data have been delimited in 

correspondence to the information required to answer the research questions. An adaption 

towards the formulation of the research questions has been performed to simplify the 

understanding of the content.   

2.6. Validity and Reliability 

The validity and reliability are both essential parts of the qualitative research. According to 

Bryman & Bell (2015) the terms validity and reliability are complex to define. Meanwhile, 

Creswell (2009) describes the validity as an important factor when reviewing scientific 

references. This results in a strengthened validity aspect of a qualitative research (Creswell, 

2009). As stated by Saunders et al. (2016), the essential points of providing a research validity is 

to assure that the methods used are proper and that the analysis of the results is accurate. The 

research findings must likewise be generalized in order to strengthen the validity (Saunders et 

al., 2016). Yin (2014) describes a validity method called construct validity, where the purpose is 

to define both the problem and its source, in order to connect them to the research objectives. 

Furthermore, it includes the step of categorizing the operational measures and finding published 

data that relates to the results found. Another approach for constructing validity is performed 

during the collection of data, where it is essential to find research with similar statements and 

results, ensuring that the collected data is valid (Yin, 2014). The reliability is an additional 

method of strengthening the quality of a study, it is dependable on the research and conducted 

through a reliable method (Creswell, 2009). The goal of the reliability is to construct the research 

in a way that will allow future researchers to identify identical results by repeating the same 

procedures (Yin, 2014).  

 

It is important to be critical regarding sources and their validity and to obtain credible information 

comparable to the empirics. Scientific peer-reviewed articles and full-text, from year 2010 were 

set to be the earliest publication year, to strengthen the validity of the thesis and to only receive 

the latest battery technology information. Furthermore, to find applicable information that 

several researchers have presented showing the same results. Both the validity and reliability 
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aspects correlates to this, since the researchers have performed studies in the chosen area. The 

authors validity approach has been strengthened by different sources such as books, scientific 

articles, reports, conferences, interviews, meetings and data from the case company. Continuous 

meetings with the case company have been achieved to discuss the gathered data and the structure 

of the thesis. All ideas and proposals have been discussed with the case company to present a 

solution that will be beneficial in the battery secondary usage area. These ideas and proposals 

are based on the qualitative and quantitative data and in this case all quantitative data from the 

company is numerical information from real situations. This strengthens the calculation part with 

a higher quality since it is related to a real case scenario. In that way a reliable conclusion was 

made based on carefully selected information. 

 

 

3. THEORETIC FRAMEWORK 

3.1. Li-ion Electric Vehicle Battery Pack 

Li-ion batteries are classified as rechargeable secondary batteries, with a high energy density and 

efficiency features along with a long-life span (Denisov et al., 2018; Song et al., 2016;), reaching 

from 5 to 15 years. These features make the li-ion the battery of choice in the EV industry 

(Groenewald et al., 2016). It has also made its appearance as an essential component for products 

ranging from mobile phones to hybrid electric vehicles (HEV) and EV, since the contribution of 

high cell voltages and energy densities are valuable (Baba et al., 2014; Kumar et al., 2016; 

Denisov et al., 2018). A high-density power along with a long life are features that separates li-

ion batteries from other traditional battery types (Denisov et al., 2018; Lu et al., 2013). The 

technical appearances, weight and dimensions of the li-ion batteries is the reason behind the 

extensive use (Reif et al., 2010). These attributes have made a remarkable impact on the 

consumer market, where the production has risen with over a billion units per year (Scrosati & 

Garche., 2010). According to Rohr et al. (2017) and a market forecast, the EV battery market is 

expected to rise from 1,4 million to 6,8 million units at the end of year 2035. The price of li-ion 

BP is decreasing due to the increased market, resulting in an expected cost reduction from 4000 

SEK to 1000 SEK per kWh in 2025 (Groenewald et al., 2016).   

 

Although all the factors the li-ion battery provides, the ageing process is one of the disadvantages 

where the voltage is negatively affected, and the battery is not suitable for further utilization 

(Ciccioni et al., 2012). When a li-ion battery has reached a SOH of 80 percent, meaning the 

remaining capacity of the battery, it can no longer be used in vehicles regardless if there still is a 

large amount of capacity left. This is mainly due to safety precautions (Rohr et al., 2017; 

Groenewald et al., 2016), however the batteries can still be utilized in other application areas 

specifically after a repurposing process or a remanufacturing process. A repurposing and 

remanufacturing process will extend the service life of the batteries (Casals et al., 2014). 

Extending the service life will benefit in a better environment, since the material production will 

decrease and thereby reduce the pollution rate of CO2 emissions (Groenewald et al., 2016). A 

cost benefit analysis visualized the remanufacturing process as economically feasible. Whereas, 

the battery secondary use concept will be eligible for the future and involve further research 

(Catton et al., 2017; Faria et al., 2014; Song et al., 2016). 

 

Batteries can be divided into categories depending on their composition and chemical structure. 

The evolving battery technology has impacted the future of lead-acid batteries in correlation to 

the increasing use of li-ion batteries. From a cost perspective the li-ion has decreased 

significantly and is now challenging the lead-acid market. During the recent years lead-acid has 
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been the dominating battery type on the market due to their low price (Itri, 2017; Diouf & Pode, 

2014). According to Diouf & Pode (2014) the price of li-ion batteries is up to four to eight times 

the price of lead-acid batteries. Meanwhile, Weinert et al. (2007) pronounces that li-ion batteries 

price are assumed to be seven times more than lead-acid batteries after comparison with several 

battery manufacturers. Ever since companies such as Tesla has increased their development 

process, li-ion batteries have become more frequently utilized resulting in a lower market price 

(Itri, 2017). The composition of the EV BP can be described from a Tesla Model-S version as 

seen in Figure 3. This model utilizes a BP with a capacity of 60 kWh consisting of 18-650 li-ion 

batteries, a circular battery with similar dimensions as a regular AA-battery. These batteries are 

composed into a battery module where the Tesla Model-S consists of 16 battery modules, with a 

total of 7104 batteries in the BP. This brings a total weight of 1,200 pounds equivalent to 

approximately 600 kilograms (Shankleman et al., 2017).  

 

There are as of today many different forms of li-ion batteries, specifically when it comes to their 

shapes and dimensions but also their capacity with similar structure and content. Three examples 

of li-ion BPs are illustrated in Figure 3, 4 and 5.  

 

 
Figure 4 - Composition of a li-ion battery pack (Kampker et al., 2016). 

 

Figure 3 - Illustration of Tesla Model S EV Battery Pack (Shankleman et al., 2017)  
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Figure 4 visualizes the composition of a li-ion battery pack, where the cells are first placed in 

modules and the modules are then assembled into the battery pack, along with a battery 

management system (BMS) and other electronics (Kampker et al., 2016). Figure 5 illustrates the 

EV li-ion BP components more in detail. Thus, here the components are presented more in detail 

in comparison to Figure 4. From the clarified definitions, each one of the definitions have a 

purpose to fulfil. These are for instance the connection between components, the charging, 

packaging, the cooling system, safety and fitting. Meanwhile, some of the used materials that the 

BP consist of are metals, electronic components, polymers and graphite (Laraqui, 2016). A 

typical BP used in ICE are for example starter batteries and is one of the essential components 

when activating the vehicle engine (A123, 2017). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As previously mentioned, the BP can no longer be used in the vehicle after it has lost a specific 

percentage of its capacity, while the batteries are still in a good condition to be used in other 

applications. This concept has been commonly researched ever since the breakthrough of EV 

batteries allowing a second life utilization of the batteries. In research by Casals et al. (2014) a 

second life might enable lower EV and battery prices resulting in customers preferring EV’s 

instead of ICEs. From an environmental aspect the second life will reduce the total amount of 

manufactured batteries since a large amount can be remanufactured and used in its original 

application or for other purposes (Casals et al., 2014).    

 

 

 

 

 

 

 

 

 

Figure 5 – EV Battery Pack components, reconstructed from Laraqui (2016) 
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3.2. EV Li-ion Battery Supply and Value chain 

In the following chapter two fundamental categories within the EV batteries manufacturing and 

logistics will be presented. First the supply chain of the EV li-on batteries will be described, 

followed by its related value chain activities. The EV batteries supply chain and its initial steps 

are demonstrated in Figure 6, including a detailed description of each step.  

 

With the present demand of EV li-ion batteries the interest is increasing where the existing li-ion 

global supply chain has a wide offering market (Egbue & Long, 2012). Whereas, the majority of 

the cell manufacturing is located in Asia covering 85 percent of the global production, which are 

correspondingly responsible for the material supply of electrodes, separators and electrolytes that 

establishes a supply chain for EV li-ion batteries (Chung et al., 2015). It is commonly mentioned 

in the EV market that rearrangements are applied in the supply chains, as a result of the 

fluctuating market and since cost effective savings are implied (Ward, 2017). In order to present 

and illustrate a related supply chain that covers the different steps from lithium material to a 

finished li-ion battery, Figure 6 has been constructed to visualize the order. Firstly, the lithium 

material is extracted from either seawater or hard rock (Step 1). This is where companies process 

the gathered materials to LCO (lithium hydroxide), where the material is mainly utilized in the 

manufacturing and assembly stage of a li-ion battery (Sarkar et al., 2018). Olivetti et al. (2017) 

and Dinger et al. (2010) clarify the essential components that are required, where the elements 

are presented as an anode, a cathode separated by the electrolyte, cells including binders and 

materials of the battery (Step 2). Olivetti et al. (2017) and Sarkar et al. (2018) define that all 

these components are necessary in order for a battery to function. When all components are 

collected, they are transitioned into an assembly station where the components are arranged and 

the manufacturing of the battery cells is initiated (Step 3) (Sarkar et al., 2018; Dinger et al., 

2010). Subsequently, these battery cells are inserted into battery modules containing of electronic 

managements (Step 4). After the installation of the battery modules the next step in the supply 

chain is to connect the modules into the BP. It is likewise connected to a BMS that manages 

charging, power and temperatures (Step 5). After the installation of the BMS the BP will be 

implemented and connected into its intended EV (Step 6) and ready for operation in its first life 

(Step 7). Eventually the BP will reach its EOL and implicates on that the EV cannot be used in 

its vehicle purpose any further out of safety reasons, since it has lost 20 percent of its capacity. 

There are different options at this stage of the supply chain either applying a remanufacturing, 

repurposing and/or recycling process of the BP (Step 8) (Dinger et al., 2010; Lebedeva et al., 

2016; Huth et al., 2013).    

 

The battery industry and its related supply chain can be divided into value adding activities, also 

known as the battery value chain. The value chain describes all activities within an organization 

that are adding value to a product, involving successive and co-dependent events. Companies 

continuously seek to create competitive advantages through value adding activities that 

distinguishes them from similar businesses (Golembiewski et al., 2014). In order to create an 

Figure 6 – Description of the EV battery supply chain, a reconstruction from Dinger et al., (2010) & Golembiewski 

et al., (2014) 
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understanding of how the value adding processes can be measured, Huth et al. (2013) have 

created a model where the value adding activities has been broken down into percentages, a 

reconstruction of the model can be seen below in Figure 7.   

 

 
Figure 7 – The value adding activities of the battery manufacturing, a reconstruction from Huth et al., (2013) 

 

3.2.1 Li-ion Battery and EV Safety  

Li-ion batteries is the preferred battery type when it comes to EV and other vehicle applications 

due to their technical abilities. Using li-ion batteries in EV is becoming more frequent as the EV 

market is on its way to expand, thus there is some safety issues that must be considered when 

using the li-ion technology. There are some safety precautions that can be managed where the 

battery health, performance and life is important to comprehend to ensure the reliability of the 

batteries, their efficiency and capability of delivering the power and energy that is needed 

(Rezvanizaniani et al., 2014).   

 

In a research by Roth & Orendorff. (2012) the safety risks with the li-ion batteries are thoroughly 

described. The electrolytes in the batteries are essential for enabling high-power and energy 

properties. Meanwhile, from a safety aspect these electrolytes can be hazardous both for the 

consumer and during transportation, due to their flammability and instability properties. If the 

batteries are not managed correctly or exposed to extreme conditions, such as a high voltage or 

ranging temperature, a reaction between the electrolytes and the electrode material could 

generate a high amount of both heat and gas. The flammable properties in the li-ion batteries is 

one of the major safety issues of the batteries (Roth & Orendorff, 2012). Many brands such as 

Apple, Dell, Sony etcetera have had recalls regarding batteries that has overheated, which 

potentially might cause fires or even explosions. It is the designers and engineers that have the 

responsibility to perform regular analysis of potential risks, with the intention of identifying if 

there are any failures or errors (Reif, et al., 2010). Safety aspects needs to be taken into 

consideration when batteries are implemented into EV’s. Subsequently, a battery management 

system (BMS) has been installed for safety purposes, where it ensures the safety of the battery 

function by applying numerous approaches to limit the battery from degrading. The BMS 

controls the temperatures to avoid overheating and overcharge or over discharge by regulating 

the charging rate (Rezvanizaniani et al., 2014). It further measures the battery cells SOH to 

maintain the safety constraints and balances the cells to maximize their capacity (A123, 2017; 

Catton et al., 2017). If performed incorrectly the risk of cell degradation is high and can progress 

into safety complications (Catton et al., 2017). Using li-ion technologies has uncovered some 

noticeable risks that might occur with the specific battery type (AIG, 2018). These risks are 
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mainly connected to that the users do not have the experiences needed in the area and their 

understanding of the possible dangers. AIG (2018) has listed the most common risks with using 

li-ion batteries as following: 

 

Control system failures - It is important to have a functioning BMS as it controls the batteries. 

If there is a failure of the BMS it can lead to overcharging the battery and losing the ability to 

monitor the environment, including temperature and cell voltage.  

 

Battery fires – It can be difficult to control battery fires and it can take up to weeks in order to 

extinguish them.  

 

Thermal runaway – Thermal runaway is when extreme heat continues to build more heat and 

can occur when a li-ion battery has cell defects, mechanical damages or a too high voltage. 

Resulting in very high temperatures, gas build-up and risk of explosive bursts of the cell.  

 

Li-ion battery sensitivity – Li-ion batteries are sensitive to both electrical transients and 

mechanical damage. If the li-ion battery is damaged, short circuits can occur and might cause the 

heating, fires and explosions of the battery.  

 

3.2.2 Transportation Management and Cost 

Since the EV BP consists of li-ion batteries there are currently strict regulations regarding the 

transportation. The following chapter will discuss the risks of transportation for li-ion batteries 

in general. 

 

According to United Parcel Service (UPS) li-ion batteries regulatory often change both 

internationally and domestically. A contract with necessary information regarding the battery 

and its substances must be declared, since li-ion batteries are hazardous and classified as 

dangerous goods (UPS, 2017). During the transportation of li-ion batteries training requirement 

is mandatory due to the potential risks that are involved. If a situation occurs, the person 

managing the transportation needs to have the knowledge required to solve the problem in the 

safest way. In line with International Air Transport Association (IATA), all packaged li-ion 

batteries are obligated to have labels visualizing potential risks and safety precautions. All 

dangerous goods must therefore be declared and marked with a label, indicating on 

miscellaneous goods. When arranging the transport, the forwarder is obligated to be informed 

about the transport of dangerous goods (King et al., 2018). If li-ion batteries are not handled and 

packaged correctly, it could cause crucial damages to the environment and be fatal for humans 

if poisonous substances enter the blood system (Xu et al., 2017). Depending on the battery type 

and the materials it contains, certain battery types are both dangerous to transport and hazardous 

during the recycling process while some are neither. As for li-ion batteries, they are not classified 

as hazardous to waste but are dangerous during transport (Green, 2017). The International 

Carriage of Dangerous Goods by Road (ADR) have high requirements for battery packaging, in 

order to ensure a safe transport. Correlated to these requirements, every second year a new 

legislation is implemented, in contrast to the emerging battery technology. The slow process of 

developing legislations globally might affect and limit the emerging technology. This might 

prevent technological innovations to evolve (Green, 2017; Reinhardt et al., 2016). The European 

Union (EU) have developed strict legislation towards the recycling process of products including 

the recycling of used batteries. These legislations are mainly affecting the manufacturers where 

the EU demands actions regarding the dispose of used batteries and other electrical components. 

The actions require a developed responsibility where the manufacturer reclaims the products 
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from the customer when they can no longer be used and are responsible for their remanufacturing, 

recycling and disposal (Jayant et al., 2014).  

 

In order to visualize the cost aspect of transporting EV batteries, Rohr et al. (2017) presented the 

calculated transportation cost for year 2016 as 30 SEK/kWh and the predicted cost in year 2030 

illustrating a decrease to 16 SEK/kWh. It is valuable to mention that the cost assumption is based 

on a 500 km distance in Germany. Both costs are measured from the EV car workshop to a 

recovery facility, where a remanufacturing, repurposing or a recycling process will be performed 

(Rohr et al., 2017). 

 

3.2.3 EV Market and Li-ion Battery cost Forecasts  

Today the EV market is in a developing stage, where for example the manufacturing costs are 

predicted to decrease since manufacturers will improve their learning factors and technology 

improvements. It is likewise estimated that the demand for EV’s are projected to rise. Both 

industries and governments are acknowledging the potential market for EV, where leading 

companies such as Nissan and Renault set as goal to produce half a million units back in 2015. 

This volume is only a small portion of the overall forecast, since the EU has predicted a growth 

of 5 million EV’s and HEV in year 2020 (Weiss et al., 2012). However, in the most recent 

forecast made by Morsy (2018), it illustrated that 1.1 million EV were sold globally for 2017 and 

predicted to reach 11 million cars at 2025. In a study by Brown (2013) a prediction of the growth 

rate illustrated that HEV will be the leading market by 2023, while announcing that the EV 

market will compose in a larger segment of what it presents today. EV’s are characterized as 

clean emission vehicles in comparison to vehicles utilizing ICE (Brown, 2013). Yu & Stuart, 

(2017) present a future development analysis for 2050. They demonstrated the potential savings 

that can be made for the environment, considering that the predicted pollution rate is going to 

decrease if more EV’s are implemented in the market (Yu & Stuart, 2017). 

 

As the EV market is predicted to expand, it will result in a decrease of the li-ion BP price as 

visualized in Figure 8. The reason behind the price decrease is due to the price competition 

between manufactures, that forces them to develop new technologies and processes to reduce the 

cost of production. The figure below is based on a manufacturing facility in Korea, where costs 

from 2017 presented a price of 1620 SEK/kWh with an expected reduction of 740 SEK/kWh by 

2030 (Curry, 2017). 
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Figure 8 - Li-ion battery pack price reduction, Curry (2017)  

 

3.3. EV Battery Second Life  

Industries are constantly searching for second use alternatives for EV li-ion batteries, since the 

use is expected to increase in the upcoming years. Second life or the secondary usage of batteries 

is a method used to reduce cost, increase its value and develop sustainability especially for 

automotive applications (Timmermans et al., 2013). The secondary use concept provides another 

opportunity for li-ion batteries to have a second life (Keeli et al., 2012; Gladwin et al., 2013; 

Foster et al., 2014), since the lifespan is estimated to 10 years after its first life (Catton et al., 

2017). EV batteries are functional in vehicles until they reach a state of health (SOH) of 80% 

(Keeli et al., 2012; Gladwin et al., 2013; Foster et al., 2014). Subsequently, the SOH defines the 

percentage of a battery cell and is a unitless parameter (Catton et al., 2017). According to several 

researchers 85 percent of all EV batteries are applicable for a secondary use, while the remaining 

15 percent are not suited for a second life (Gladwin et al., 2013; Foster et al., 2014). Finding an 

applicable usage area will predictably result in cost reductions. The suggested methods for 

secondary usage are remanufacturing and repurposing processes (Foster et al., 2014).  

 

Since there is still a high amount of capacity left in the EV BP after they have reached a SOH of 

80 percent, vehicle companies are searching for potential second life opportunities. Well 

established car manufacturers such as Daimler, General Motors, BMW and Nissan are currently 

becoming more involved in either remanufacturing or repurposing of EV batteries to extend their 

service life (Curry, 2017). A potential market for the repurposed EV second life batteries is to 

apply them in ESS (Casals et al., 2017; Hesse et al., 2017). Jiao & Evans (2017) evaluate possible 

second life markets for retired EV BPs, stating the difficulty of repurposing used EV BPs into 

ESS.  
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3.3.1 Defining Secondary use in Business models 

In the second life of repurposing EV batteries, a presentation of business models indicates that 

the costs from the processes could be recovered based on its initial costs and further EV costs 

(Jiao & Evans, 2016). Jiao & Evans (2016; 2017) evaluate the second life possibilities for a 

retired EV li-on BP, creating business models to illustrate all the relevant parts of their concept. 

Case studies where the methodology used for their research by gathering empirical data through 

semi-structured interviews with different actors in the EV industry (Jiao & Evans, 2017). The 

case studies have been performed in four different companies based in China, the US and Japan. 

By evaluating four different companies’ common factors was identified, making it obvious which 

parameters that are essential in order for the business model to work. Their study found that three 

important factors that were common for all the four examined companies were the battery 

ownership, partnerships and support from the government. The constant evolvement of the EV’s 

have resulted in an increase in the transportation and energy industry, thereby resulting in new 

business models. The most efficient and important factors that are in common for the studies, is 

that they all require support and development for the battery secondary usage. Most importantly 

governments should offer financial support and provide encouragement in regard to the second 

life benefits (Jiao & Evans, 2016). 

3.3.2 Battery Reverse logistics  

Reverse logistics is defined as the planning, implementing and controlling of processes counting 

the efficiency of cost factors of raw material and products waste (Neto et al., 2018; Shi et al., 

2012). The definition incorporates all the listed variables for logistics and is a crucial segment 

for companies supply chain, however in a reverse order (Baenas et al., 2011; Klör et al., 2014). 

Reverse logistics systems are dependent on different process stages where a returned product is 

processed to either be re-used or recycled. A known challenge of the reverse logistics system is 

determining a location that is most suited for processing the returned products. Unlike traditional 

supply chains the reverse logistic is more complicated since there are challenges regarding for 

example both quality and cost parameters (Kizilboga et al., 2013). The reverse logistics for used 

batteries enhances their economic value and provides a sustainable manufacturing alternative 

(Shi et al., 2012). Indrianti & Rustikasari (2010) describe the reverse logistic as a method used 

for sustainable manufacturing, where the environmental aspects are essential in the product life 

cycle. The recycling of products is one of the main procedures in the reverse logistics from an 

environmental point of view. Specifically, for batteries where it is essential to recycle in order to 

secure a healthy and natural environment (Shi et al., 2012). In order for the EV batteries to be 

maintained in a second use application, it primarily needs to be collected and transported in the 

reverse logistics. The definition can be divided into four process operations presented as a 

collection point, collective inspection area with selection and sorting processes, recovery and 

lastly redistribution (Klör et al., 2014). Here, Klör et al. (2014) clarify the importance of having 

a disposition location equivalent to remanufacturing, repurposing and recycling methods, thus 

all of these are involved in the reverse logistics. Since li-ion substances are classified as 

dangerous goods it could implicate in damages for both humans and the environment. Hence, the 

reverse logistic system needs to take this into consideration when developing the transportation 

of EV batteries (Klör et al., 2014). 

 

As studied by Jayant et al. (2014) a recognized challenge of the reverse logistics is that customers 

often dispose the products at their EOL, instead of recycling it. Additional complexity within the 

reverse logistics is the cost aspect due to lack of commitment in the reverse planning. This is 

since it requires a more economical process involving material from used products. Moreover, if 
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a thorough planning is executed, a cost-effective method would secure in an environmentally 

friendly reverse logistics (Baenas et al., 2011). Xie & Breen (2014) indicate the frequent 

awareness of the environmental impacts of batteries, where an increased return of products would 

be beneficial from a sustainability aspect. The mentioned factors could thereby result in better 

reverse logistics systems counting developed economy and sustainability (Xie & Breen, 2014). 

Both the battery and vehicle manufacturers are obligated to focus on the logistics and its related 

costs, to return the EOL batteries from the customer and forward them to the recycling facility 

(Ward, 2017). When transporting the batteries through the reverse logistic flow, the batteries 

must have an individual collection area since it is considered as dangerous goods. An individual 

gathering location will also ease the process since many parts of the battery could either be reused 

or recycled. A relevant example regarding this were mentioned by Xie & Breen. (2014), where 

a battery company from Germany has established a collection point managing returned batteries 

in the UK by providing a disposing fee in return of a battery. Another valuable concept is also to 

establish a reliable model when determining which company that is responsible for the battery 

reverse logistics. If an insufficient model is provided it would consequently result in poor 

performance factors, for example production capacity and policies (Xie & Breen, 2014). Jayant 

et al. (2014) emphasize the importance of having well placed production facilities to convincing 

strategies in the transportation of batteries. 

3.3.3 Battery ownership  

A common management of batteries are often related to a battery ownership and supports the 

possibility towards a second life. Although, the battery ownership strategy is important Jiao & 

Evans (2017) state that there are as of today unclear approaches regarding both regulations and 

ownership of EOL batteries. In some cases, there is an uncertainty of who is responsible for the 

battery, especially within different countries and regions. There is a potential market for second 

life batteries, since the batteries are considered as a profit factor. Before second life strategies 

EOL products were seen as problematic for companies, due to its low margins. Hence, the battery 

ownership provides a clearer insight and liability of what it presents (Jiao & Evans, 2017). 

3.3.4 Remanufacturing processes and cost 

The process of re-using resources and materials are under development in the battery area (Foster 

et al., 2014). According to Foster et al. (2014), a possibility of extending the EV battery life is 

emerging through a new technology known as battery remanufacturing. Currently there is a lack 

of data regarding the remanufacturing process of EV li-ion batteries and its costs perspective 

(Rohr et al., 2017). Thus, the present li-ion market is limited and the economic forecast in the 

area is expected to expand (Sanders, 2017). 

 

The remanufacturing method will potentially imply in cost savings for EV li-ion batteries. These 

savings implicate that it is not necessary to manufacture new batteries and to instead 

remanufacture existing batteries from its first life. What the remanufacturing process initially 

indicates is a replacement of the battery cells, involving those who are no longer appropriate for 

use in its related area. All remaining components excluding the cells are reused, where it is 

prerequisite that the components are not damaged (Foster et al., 2014). Moreover, the 

remanufacturing process contains of various steps such as: disassembling, removal and 

replacement of cells, and finally reassembly of the battery. The configurations of the batteries 

are dependent on the battery type, resulting in a particular remanufacturing process (Foster et al., 

2014; Catton et al., 2017). The remanufacturing activities are often performed by the original 
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equipment manufacturer (OEM) since they already have the technical knowledge required in 

such procedures (Lu & Bostel, 2007). Subsequently, the OEM is responsible for the batteries 

during unexpected damages and are therefore obligated to finance the caused damages. 

Furthermore, since the OEM are responsible for the batteries in their first life the automotive 

manufacturer is then assigned the responsibility for its second life usage. Nevertheless, currently 

no determined regulations or standards involving the liability of second use batteries have been 

declared. This will result in an uncertainty from the OEM regarding the secondary use of the 

batteries since no regulation has been implemented in this area. Supposedly, if no secondary 

implementation is acquired the batteries will be recycled (Catton et al., 2017).  

 

In a research by Foster et al. (2014) the battery remanufacturing process and its associated costs 

including material, labour and overhead costs were evaluated. The examined battery was a new 

Chevrolet Volt EV battery estimated to cost 100 000 SEK where the cost of a remanufactured 

battery was calculated at 25 000 SEK, saving a total of 75 000 SEK (Foster et al., 2014). Rohr et 

al. (2017) structure the different process steps involved in the remanufacturing of a BMW i3 EV 

li-ion BP with an energy capacity of 19 kWh. The process steps that are included are a 

disassembly and inspection of the BP, it is later tested using different equipment and by 

operators. Further tests are performed by operators including test of electronics and the BMS. 

The housing of the BP will be remanufactured and the initial components in the BP will be 

cleaned before the BP is finished. All remanufacturing steps are visualized in Figure 9 including 

the times for each process. During the testing time of the BP it is assumed that the operator will 

have other BP to manage at the same time, meaning that the testing time of 4,8 hours is not only 

for one BP. The three testing phases are essential in the remanufacturing process, since it 

measures and identifies the SOH of the BP (Rohr et al., 2017). 

 

A complication regarding the remanufacturing process has been identified by Casals et al. (2017) 

and indicate that there is a significant effort of work to dismantle the battery, resulting in a higher 

cost and causing difficulties. Additional problems are also the process of assembling, where 

glued cells could cause damages (Casals et al., 2017). 

 

 
Figure 9 - Remanufacturing process steps including times (Rohr et al., 2017) 
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3.3.5 Repurposing process 

A repurposing process should not be confused with a remanufacturing process.  Repurposing can 

be defined as the process of transforming a used EV BP to fit another application, unlike 

remanufacturing where it is reused in the same application (Standridge & Corneal, 2014). When 

repurposing a battery, the service life can be extended as well as lowering the total cost of a 

battery (Jiao & Evans, 2017; Foster et al., 2014). By extending the service life, there will be a 

reduction in waste and resources (Jiao & Evans, 2017). The repurposing process requires a 

disassembly of the batteries into a cell level, including testing the SOH of the cells and a 

reassembling of the cells to fit its new application. Another step is the control system where both 

the hardware and the software must be suited for the new application (Foster et al., 2014; Catton 

et al., 2017; Rohr et al., 2017). The final step includes the cleaning of components before the 

battery is ready to be redistributed for its new application (Rohr et al., 2017). All the mentioned 

steps are illustrated in Figure 10.  

 

 

 

 
Figure 10 - Repurposing process of EV batteries based on Foster et al., (2014), Catton et al., (2017) and Rohr 

et al., (2017) 

 

The application areas for repurposed EV batteries are not as commonly defined as for 

remanufacturing (Foster et al., 2014). As mentioned by Standridge & Corneal. (2014) and Foster 

et al. (2014), a suitable application area for repurposed EV batteries is for example ESS. Since 

the ESS market is growing at the same time as the EV industry, many car manufacturers are 

looking at the possibility of repurposing the EV batteries that has reached a SOH of 80 percent 

and to reuse them in ESS purposes (Casals et al., 2017; Hesse et al., 2017). This concept would 

provide a more economical solution, where the repurposed EV batteries cost less than new 

battery modules for stationary use in ESS (Hesse et al., 2017). It is expected that the repurposed 

batteries will be at a lower selling price compared to brand new batteries for the specific 

application (Standridge & Corneal, 2014). The reliability is important when using second life 

batteries in any application, it must be ensured that no performance issues will occur during the 

usage. This is due to the potential risks of performance and failure issues when repurposed, where 
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it is recommended that the batteries are accessible at a lower price. Furthermore, the condition 

of the batteries will vary depending on their previous application area and handling, that impacts 

the SOH at different levels. Using battery aging models for measuring the impacts on the SOH 

can generate information regarding the ageing of the cell. However, it is not measurable if the 

battery is damaged from its first life application. Consequently, it complicates the recycling 

process due to the uncertain risks, since it increases the probability of damages occurring 

(Strickland et al., 2014). 

 

3.3.6 Recycling process of li-ion batteries 

As the use of EV has increased it has resulted in a larger global demand and manufacturing of 

new li-ion BPs. However, the problem with the extensive use of batteries is the disposal after 

they have reached their EOL (Green, 2017; King et al, 2018; Zeng et al, 2013). Currently, there 

are no firm regulations concerning the recycling of li-ion batteries (Gaines, 2014; King et al., 

2018), and countries have their own ways of dealing with the battery wastes. Considering the 

increasing amount of batteries produced, it is essential to develop recycling regulations for all 

battery types and not only li-ion batteries. Disposing batteries into the landfill is not sustainable 

from an environmental point of view, since the increasing usage of batteries and their hazardous 

materials (King et al., 2018). Recycling of batteries can be profitable dependent on the extracted 

material or if the material can be re-used (Recharge, 2014). Depending on the different li-ion 

battery types, both the volume and the materials that could be extracted from the battery may 

vary (Hoyer et al., 2014). Specifically, for li-ion batteries the material used is inexpensive and 

the recycling process of the batteries is not considered to be profitable (Recharge, 2014). Due to 

lacking frameworks regarding the recycling of EV batteries it is currently not seen as an 

economically profitable solution (Reinhardt et al., 2016). However, the recycling can still be 

beneficial where materials can be reused for new batteries, since it also supports the sustainability 

of the environment (Recharge, 2014; Wang et al., 2013). The recycling process of li-ion batteries 

is complicated out of numerous factors. One of the factors is the variety of materials used in the 

battery cells and the ability to separate the materials for them to be recycled (Gaines, 2014). By 

recycling li-ion batteries and reuse the recovered materials in new battery production, the impact 

of the battery life cycle can be reduced (Dewulf et al., 2010).  

 

Countries that produce the highest amount of lithium batteries are China, the US, South Korea 

and Poland. Out of all the lithium batteries that are produced globally barely 3 percent are 

recycled, proving that there are severe gaps in the technology of battery recycling (King et al., 

2018). In China most of the battery types are disposed as regular household waste, where the 

batteries are either disposed in the landfills or incinerated. The amount of recycled batteries is 

not enough for a recycling industry at the moment (Song et al., 2016). In Shanghai, China, actions 

specifically regarding the recycling of EV batteries have been taken into measures where the 

municipality encourages EV manufacturers to recycle their EOL li-ion batteries. By submitting 

the batteries, the manufacturers will receive 1000 yuan corresponding to approximately 1300 

SEK, a method that seeks to increase the amount of recycled EV batteries (Xu et al., 2017).    

 

To illustrate the different stages of the recycling process Figure 11 has been created based on 

studies by Hoyer et al. (2014), Chagnes (2016) and Rosina (2016). The initial step in the 

recycling process is the collection of the EOL batteries (Hoyer et al., 2014; Rosina, 2016). An 

inspection will be made by authorized personnel to analyse the batteries condition, where some 

will be sorted for treatment while others will be disposed depending on their damages (Hoyer et 

al., 2014). All batteries must be discharged before they are disassembled to a cell level, this is to 
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minimize the dangers with the high voltages (Wegener et al., 2014). After the dismantling to cell 

level, the electronic components and electronic conductors consisting of anode and cathode 

materials can be either reused or recycled (Hoyer et al, 2014; Chagnes, 2016). The next step is 

grinding or shredding of the batteries to recover valuable metals in the batteries and later perform 

a chemical and physical separation of the materials (Hoyer et al, 2014; Chagnes, 2016; Rosina 

2016). After the chemical and physical separation, the raw materials recovered are recycled and 

can be used in new material production (Hoyer et al., 2014; Wegener et al., 2014). 

 

 
Figure 11 - Recycling process of li-ion batteries based on (1) Hoyer et al., (2014), (2) Chagnes (2016) and (3) 

Rosina (2016). 

3.4. Energy Storage System (ESS) 

The interest of renewable energy has driven the ESS market to expand. Renewable energy 

sources such as wind and solar power need an ESS to store the incoming energy for a later use. 

There are different types of ESS to apply either thermal, mechanical or electro-chemical 

solutions. The storage technology that utilizes different types of batteries are the electro-chemical 

solutions which is also defined as battery energy storage systems. Using li-ion batteries in the 

ESS is currently the most popular solution, due to their power quality improvements as well as 

their ability to provide backup power during a longer time. This does however differ since other 

battery technologies are also being developed and deployed (Eller & Gauntlett, 2017; AIG, 

2018). Over the recent years the costs of li-ion technology for energy storage has decreased by 

nearly 50 percent which is the main reason for their increased use in ESS applications (AIG, 

2018). Despite the decreased costs for energy storage the price still remains high as of today 

(Eller & Gauntlett, 2017; AIG, 2018). Some of the advantages with the ESS is the high efficiency, 

low self-discharge rate along with a fast response time (Hesse et al., 2017). Using storage systems 

has proved to be a promising solution with a displayed result of financial savings and emission 

reductions (AIG, 2018). 

 

In order to describe the composition of an ESS, Figure 12 has been constructed to show the 

battery storage components. The container of the ESS stores the battery packs containing of cells, 

modules and racks. Battery cells are placed inside the module with electronics and the modules 
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are placed in a rack that can store up to 13 modules. A BMS is connected to the racks and the 

number of racks is dependent on the dimensions of the container (Samsung SDI, 2016).  

 

 
Figure 12 - ESS Composition from cell to container (Samsung SDI, 2016) 

 

3.4.1 Prices for ESS system  

According to Frankel et al. (2018) there has been a significant decrease regarding the price of 

ESS, and a further depreciation is expected in the future. Figure 13 illustrates a diagram of the 

price decrease of every cost aspect that are included in the creation of an ESS. Engineering, 

procurement and construction costs are involved in the EPC price in the diagram where it is 

expected to decrease from $70 to $40 per kWh from year 2017 to 2025. The soft costs include 

the taxes, overhead, duties, interconnection and customer development and acquisitions which is 

expected to decrease down to $35 per kWh in year 2025. Balance of system hardware includes 

the installation of climate control, inverter, ECU, transport of the container and will show a 

significant decrease from year 2017 to 2025 according to the diagram where the cost will drop 

from $193 to $85. The last cost of the ESS is the battery pack which involves the cells and 

modules showing a total decrease of $126 from year 2017 to 2025. The depreciation of the entire 

ESS from a time span of eight years is according to the diagram from $587 to $270 resulting in 

a total reduction of $317 (Frankel et al., 2018). ESS systems sell for nearly $512/kWh which 

equals to approximately 4633 SEK/kWh (Kane, 2018). One ESS container has the ability to store 

energy at 4 MWh equalling to 4 000 kWh with a length of 12 meters, width of 2,3 meters and a 

height of 2,38 meters (Samsung SDI, 2016). 
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Figure 13 - Cost of entire ESS divided into sections, numbers illustrated in $/kWh, Frankel et al., (2018)  

3.5 . Concept generating tools  

3.5.1 Brainstorming 

Brainstorming means the utilization of personal knowledge, where a group of people generates 

various theoretical solutions to an identified problem, using the groups creativity. Brainstorming 

is generally defined as the most prerogative and creative task during the development phases. 

Ulrisch & Eppinger. (2014) clarify four applicable guidelines when brainstorming is used:  

 

1. Postpone decisions 

2. Generate many ideas 

3. Welcome ideas that seem impossible 

4. Use graphic and physical media  

 

3.5.2 Pugh’s Matrix 

Pugh’s matrix is an essential tool to use when concepts quickly needs to be sifted or improved. 

This method indicates that the process is carried out in six different steps in order to fulfil the 

matrix purpose and are as following according to Ulrisch & Eppinger. (2014): 

 

1. Prepare the concept selection matrix  

2. Grade the concepts 

3. Rank the concepts  

4. Combine and improve the concepts  

5. Select one or more concepts  

6. Reflect on the results and the process  

 

All generated concepts and criterions are in the first place inserted into the matrix, it does not 

matter if the concepts have been constructed by different individuals due to the same level of 

detail. The main point of the matrix is to obtain the concept with the most points, since it will be 

selected for further reasoning. One of the concepts should be a reference object and will be 

compared to the other concepts when grading them. Definition of the rating is included in levels, 
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better than (+), equivalent to (0) and worse than (-). Once the rating has been completed, a 

summarization can be made that sums the number “better than”, “equivalent to” and “worse 

than”. When this step has been completed, the results are evaluated to see if they are reasonable. 

In this way a review can determine whether these concepts can be improved. From this, a 

selection of one or more concepts can be achieved to further make analysis and developments. 

The final step in the process of Pugh’s matrix is to reflect and evaluate on the finalized results 

(Ulrisch & Eppinger, 2014). 

3.5.3 Business Model Canvas 

In every company a utilization is made for a certain business model (Jiao & Evans, 2016). Jiao 

& Evans (2016) clarify the business model as a model that is specified for businesses and what 

the generated idea requires, in order to provide value to customers and profit. While also 

pronouncing another aspect where the business model can be united as one, to see the holistic 

point of view (Jiao & Evans, 2016). In order to inform and initiate a discussion, a business model 

allows members of the project to commonly understand and deliberate a business concept. It is 

important to have a starting point where everyone understands the concept. Business models are 

generally illustrated in simple manners, easy to comprehend and relevant for the situation, 

however not exaggerating with simplicity or complexities. This concept will allow organizations 

to easier recognize and describe their intentions, and since it is commonly performed at large 

companies it has been proven as a valuable tool. Osterwalder & Pigneur (2010) defined this as a 

common language, where strategic alternatives are created with innovative thinking. Through 

that reasoning, the business model canvas consists of nine different building blocks that 

illustrates the logic of how companies can make profit. There are four main areas in a business 

which the nine blocks are divided into, these areas are customers, offers, infrastructure and 

financial viability (Osterwalder & Pigneur, 2010). 

 
Figure 14 - Nine blocks of the business model canvas (Osterwalder & Pigneur, 2010) 
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In Figure 14, each block is represented in its own category but are however correlated to each 

other in some way. A list defined by Osterwalder & Pigneur (2010) is presented below with every 

block in the business model and its separate definition, they are presented as following:  

 

1. Customers or Customer segments – defines the different group of people that the 

organization aims to reach and serve. 

2. Value propositions – is the definition of products and services that creates value for a 

particular customer.  

3. Channels – evaluates how companies communicates and reaches its customer segments 

to deliver a value proposition. 

4. Customer relationships – describes the relationship a company has with a specific 

customer. 

5. Revenue streams – characterizes the amount of money a company generates from each 

customer segment. 

6. Key resources – clarifies the most important assets required to make a business model 

work. 

7. Key activities – explains the most essential factors companies must do in order to make 

the business model work. 

8. Key partnerships – describes the network of suppliers and partners that makes the 

model functional.   

9. Cost structures – all costs that are derived to operate the business model. 

 
 

3.5.4 Economical terms and definitions  

The following economic terms and their definition will be described based on the Dictionary of 

Economics by Collins (2006). 

 

Investment - defines the placement of money with the purpose of the them increasing in value. 

 

Annualized Rate of Return (RR) - defines the annual profit in relation to the initial 

investment. The RR is expressed as a percentage of the total investment.   

 

Payback year - is the period it takes for the investment to reach the amount that was invested 

at the beginning. This can be associated to a loan where the payback year is the time it takes to 

repay the loan.  

 

Profit - is the earned amount of money after an investment or sale where the earned money is 

greater than the spent amount.  

 

Accumulated profit - is the total earned money over a certain period of time.  
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4. EMPIRICAL FINDINGS AND RESULTS 

This chapter will present the empirical findings of the thesis including a brief description of the 

case company followed by the methodology of the generated second life concepts, their related 

calculations and the finalized results.  

4.1. Case company description  

This thesis is conducted at a company based in Sweden that manufactures components including 

axles and transmissions such as wheel loaders and dump trucks. The company has grown to be 

one of the leading manufacturing companies in the heavy-duty vehicle industry, with products 

used globally. The company has five manufacturing plants in Sweden, there are also plants in 

France, Germany, US, Brazil, India, China and Korea. One of many solutions that the company 

provides are financing and services to over 200 dealers located in 145 different countries. The 

company is a strong and a leading company with a focus on zero emissions and sustainability. A 

sustainable future not only for environmental benefits but also for a greener society is one of 

their main goals. Other visions that the company has, is to maintain a safe work environment and 

by reducing emissions using their innovative electric hybrids and autonomous vehicles. The 

growing market of sustainable businesses provides a new market for components of the hybrid 

and EV, more specifically in the area of re-use and recycling of batteries. In the upcoming years, 

the secondary usage of batteries will be an important area for the case company, based on the 

evolvement of EV’s and will therefore lead to an increment of batteries. Thus, the company 

considers the sustainability and environmental aspect as important and sees the potential in the 

area of secondary use. The potential is first and foremost under development but the EV’s will 

be implemented within the upcoming years.  

 

The thesis project is in cooperation with the Aftermarket options department. The Aftermarket 

department is defined through a description of how companies maintain their offered products to 

an extent of areas covering: maintenance, service repair of retailed products, customer support 

and assistance to fulfil customer satisfaction.   
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4.2. Identifying the potential applications ideas of a second life li-ion BP 

As the thesis purpose is to investigate the potential applications of a second life li-ion BP from 

an EV, it is thought that the BPs will be provided by the case company’s electric construction 

machines in the future. However, since none of the technical specifications of the batteries are 

available today the authors had to base their calculations on a 20 kWh BP. For the case company, 

the EV batteries are expected to be implemented in year 2020 and calculated to be available for 

a second life in 2025, five years after its been implemented. Even though the expected service 

life is 5-15 years for the li-ion BPs the company wants to prepare all initial processes in order to 

enter the market as soon as possible. To visualize the EV’s BP and an example of its first 

application Figure 15 has been illustrated. 

 

 

  
Figure 15 - Illustration of the 20kWh EV BPs obtained from an electrified wheel loader. 

 

The authors seek to find various suggestions that may be beneficial to the case company and that 

all ideas will be analysed within its own business model. It is important to acknowledge that the 

company currently is in their developing stages of their hybrid and electric construction 

machines. 

 

In the idea generating process, the authors firstly chose to brainstorm to establish as many ideas 

as possible with the only limitation of selecting applications that consists of a battery. These 

ideas were compiled into a mind map as seen in Figure 16, to easily map and categorize the ideas 

including eliminating areas that are not relevant for the company. An additional factor in the 

research process of the different ideas, has been the collection of data representing each area. 

The purpose was to create an understanding for the options before a deeper investigation was 

performed.  
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Based on the figure above, the authors could deliberate with the case company of what ideas 

should be proceeded with. After deliberation with the company, a delimitation of the ideas was 

performed from a secondary usage aspect resulting in nine different suggestions consisting of 

Remanufacturing of li-ion BP, Forklift, Aftermarket, Lawnmower, Solar park (Battery to grid), 

ESS container, Off grid (Home use), Micro hydro power and housing backup. Furthermore, these 

nine suggestions were inserted into a technical criteria table. Initiating a comparison between the 

different battery types, its properties, dimensions etcetera, as illustrated in Appendix 2. From the 

technical criteria table, the authors could discuss and determine five concluding ideas for a 

secondary use application from a case company perspective, consisting of: 

 

• Remanufacturing of li-ion BP 

• Lawn mower 

• Forklift 

• ESS  

• Aftermarket 

4.3. Final concept selection using Pugh’s matrix 

From the technical criteria table, five ideas were concluded presented in a Pugh’s matrix. All 

relevant functions of the value chain such as market, logistic, manufacturing and sales 

perspectives have also been taken into consideration. Further, a comparison of the battery of each 

application area was made against the reference object, in this case a remanufactured li-ion BP.  

 

Figure 16 - Mind map illustrating the generated ideas 
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As the project is provided from a secondary usage perspective, the remanufactured EV li-ion BP 

is set as the reference object. The reason is since all concepts are assumed from a li-ion BP and 

a secondary usage perspective which simplifies the process of why it is compared with the others.  

Moreover, a significant factor is that li-ion batteries have not been implemented in the case 

company’s current industrial machines and is only in R&D phases. In order to find an applicable 

second life area for the li-ion BPs, it must undergo some sort of second life process. The authors 

therefore need to investigate the application areas and see whether its profitable from a business 

point of view.  

 

From the Pugh’s matrix in Appendix 3 three potential concepts were concluded from the five 

ideas based on their weighted total and criterions in the matrix, namely ESS, Remanufacturing 

of li-ion BP and the Aftermarket. The ESS and the Remanufacturing concept both had a weighted 

total of 0 points, while the Aftermarket received the highest with 7 points. Since the li-ion BP 

can be used in a second life application after it has retired from its first application area, the 

authors seek to prove that the three identified concepts may be potential alternatives. By 

investigating and calculating the different concepts, the authors can identify if it is a valuable 

investment for the company. The three concepts will be presented in separate business model 

canvases, where calculations for each concept will be included to illustrate the wholesomeness 

for the separate concepts. The business model canvases involve financial aspects, key and 

customer variables and lastly marketing strategies. To conclude in the most profitable concept 

the authors will create mathematical functions and diagrams, to compare the economic aspects 

to see which concept is most suited for the case company’s requirements.  

 

4.4. Business model canvases for the identified concepts 

In this chapter, the three selected concepts will be presented in separate business model canvases,  

along with detailed information of what the concept will present. The concepts are listed with 

various parameters that are crucial in the business models. In this way, it is easier to clarify the 

differences in its purpose and identify each model from its key partners to customer segment, 

including cost perspective to which profitability aspects are valuable. The process orientation for 

each concept will also be explained, in order to comprehend the starting point and the end 

product. Many of the set variables are similar for the different concepts but has been 

reformulated, in sake of not being repetetive. The mentioned EV BP will be the same for all three 

concepts with an energy capacity of 20 kWh, a prerequisite for all three concepts throughout the 

thesis. Since the EV BPs are provided from the case company’s customers the price of the 

batteries will be free of charge, saving purchasing expenses. All three concepts are presented as 

individual, meaning that each concept will have its own re-use, repurposing or remanufacturing 

process. Each of these processes will demand a facility performing the activities, the authors will 

only select the facility location for the finalized concept. Every concept will as well have an 

individual investment plan, including the equipments that are required. In Figure 17 the process 

map illustrates the three different concepts that will be analysed and evaluated. 
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Figure 17 - Process map of the three selected concepts 

4.4.1 Concept 1 – Repurposed Starter batteries for the Aftermarket concept  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Aftermarket concept was one the chosen concepts after the Pugh’s matrix and is the first 

business model that will be evaluated. As referred to Figure 18 above, the EV li-ion BP is 

obtained from the case company, where the purpose of the concept is to utilize a repurposing 

process. The Aftermarket concept defines the repurposing process of transforming an EV BP to 

11 starter batteries, to be used in the company’s current industrial machines with an ICE. One 

starter battery will have a capacity of 1,68 kWh. Before the BP is sent to the repurposing facility, 

the company will firstly perform a testing and inspection of the BP to ensure that the cells are 

Figure 18 – Process map for concept 1 
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functioning. The BP will firstly be transported to a repurposing facility and then back to the 

company, resulting in a transportation cost of 1 920 SEK per BP including all the transportation 

fees. Once the BP has arrived at the facility the repurposing activities are introduced and will be 

commenced in various steps. These activities contain of data from Rohr et al. (2017) and the case 

company, that has been modified to suit the starter battery repurposing process. The included 

steps are presented as following:  

 

• Disassembly of the BP 

• Inspection of components  

• Testing of equipment and electronics 

If all of the following steps are acknowledged accordingly, the BP is accessible to be repurposed 

and when finalized the BP is cleaned, tested one final time and ready for its second life. All the 

different steps will also be counted in the total repurposing hours. The replacement from current 

lead-acid starter batteries to li-ion is still under research and development. According to the 

company data, li-ion batteries are planned to be implemented in the company’s industrial 

machines during year 2020. Thus, the second life concept for starter batteries will be applied at 

the end of the batteries first life, a minimum of five years later whereas the li-ion life span has 

an average of 5-15 years.  

 

Quantitative data was collected from the case company such as repurposing cost involving 

assumptions that needs to be applied, in order for the calculation to be relevant. In the process of 

repurposing a BP into starter batteries different costs are included. The material cost is set to be 

at 1500 SEK involving all the required materials for repurposing an EV BP to starter batteries. 

These costs will include valuable parts as the BMS, housing, terminals, wires and other 

electronics. Since it is prerequisite that the BP is obtained from the case company, no added cost 

is involved in the gathering of the EV BP, while this has been set for all three concepts. Since 

the repurposing process has not been applied in practise as of today, an assumption of 1000 SEK/ 

hour is set. This price is based on data from the company’s remanufacturing facility for engines 

located in Sweden. Thus, the authors have been in contact with remanufacturing related 

departments at the facility to investigate and get the gathered information. Since there currently 

is a lack of data of repurposing costs and their activities, the authors have concluded that the 

remanufacturing and repurposing will be similar regarding costs and process steps. These 

assumption costs will be examined thoroughly in the calculation chapter 4.5, to see if this price 

can be lowered or increased depending on the circumstances. From an original EV BP, an amount 

of 11 starter batteries could be received. The unit price for one starter battery is determined at 5 

000 SEK, an appropriate selling price for the second life future market. The set price for a 

repurposed starter battery is lower in correlation to a new one.  

 

Before illustrating the calculations and function diagrams of the concept, an illustration of the 

Aftermarkets business model canvas is presented in Figure 19, where the nine different blocks 

are clarified. Each block description will be described in detail under the business model.  
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Figure 19 – Business model canvas for the Aftermarket concept  

 

Customer Segments 

The customer segments are defined as the user of the product, where it is planned that the 

company will use their repurposed starter batteries for their own ICE industrial machines. 

Additionally, the starter batteries will also be sold to the company’s dealers and customers as 

present.  

 

Value Proposition  

The value proposition describes what the Aftermarket concept can provide the customers with 

and is directly linked to the customer segments. Here 11 repurposed starter batteries are acquired 

from one EV BP. Providing a second life with the repurposed starter batteries will result in an 

extended battery service life, with the technical benefits of high power and energy density along 

with lower maintenance factors. 

 

Channels  

In the business model canvas the channels describes how the company will reach out to their 

customers. For this concept the customers can be reached through partnerships, 

recommendations, conferences, exhibitions, commercials or websites. The recommendations can 

either be from the customers themselves or the partners informing others about the repurposing 

of EV BPs. The company can also present the idea at business exhibitions or conferences to 

inform as many parties as possible about their new second life proposition. Lastly, the channel 

that can be used to reach out to the customers can be by commercials or by describing the second 

life concept at the company website.  
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Key Partners  

The key partners block defines the partners that helps to add value to the company. In this case 

the partners are expected to be the battery OEM and repurposing companies. External 

repurposing companies and the battery OEM can add value to the processes with their 

knowledge, where the company can communicate with them regarding operations or costs. 

Having a constant communication regarding operations, deliveries and costs is crucial for the 

process. Both the battery OEM and repurposing companies are included in the business model 

since the case company can ask for their knowledge and experience in the area.   

 

Customer Relationships  

To establish a good customer relationship is essential for every company, since it secures and 

creates a trust between the company and customer. It is also crucial to have a purchase contract 

between the case company and the customers and dealers, as well as offering warranties for the 

starter batteries. From that connection, an availability is created in a sense of being able to contact 

the company and offer services or quality controls. To be able to provide a dedicated personal 

assistance, with the same representatives in the customer support department is important, in that 

way customers feel more secured and a good relationship is maintained.   

 

Revenue Streams   

The revenue stream block describes how the company will gain their profit by selling the 11 li-

ion starter batteries that are repurposed from an EV BP, having an assumed unit price of 5 000 

SEK. Since the starter batteries are repurposed, the cells are re-used from its first life, which 

impacts the unit price and will result in a lower price compared to a new li-ion starter battery.   

 

Key Resources 

The key resources are the factors that are crucial for executing the concept where the retired BP, 

continuous deliveries, repurposing process and warehouse capacity are fundamental for the 

concept. It is planned that after customers have utilized the BP in its first life, it is delivered from 

the customers to the case company. The BPs will be inspected and tested at the company to 

ensure that they are functioning and are suitable for a second life. If applicable the BPs will be 

sent to the repurposing facility for further processing. Meanwhile, non-functional BPs will be 

recycled. After the repurposing process the facility will send the finished starter batteries back to 

the company, therefore a continuous transportation process is decisive. The retired EV BPs are 

essential to have in order for the concept to function, this is connected to the continuous deliveries 

since the transportation aspect is one of the main resources that are important. Since there are 

continuous deliveries of the retired EV BPs there needs to be enough warehouse capacity 

available. For the repurposing process, the case company will need to find processes and facilities 

that suits the purpose of the concept.  

 

Key Activities  

In order for the company to make the business model work, there are some key activities that has 

to be achieved. The concept will require R&D, since the area has not been performed in the case 

company as of today. The company must as well be able to verify that the repurposed batteries 

will have the same performance as a new starter battery, which also makes the marketing activity 

one of the key activities. This is since the concept has not been performed for batteries within 

the company and mainly for remanufacturing of powertrain components. The company will need 

to attain knowledge regarding the repurposing process. An alternative regarding the repurposing 

process is to manage it within the company’s current facilities to save the costs of a new facility. 

Since the company will need to be responsible for the transportation there has to be a developed 
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and functioning logistic system between them, customers and the repurposing facility, in order 

to secure that the batteries will be delivered as promised. 

 

Cost Structures 

A prerequisite is that the BPs are provided from the case company’s customers at a zero cost. 

The total transportation cost is calculated to be 1 920 SEK for a BP with the capacity of 20 kWh. 

The material cost that is involved in the repurposing process is set to cost 1 500 SEK per starter 

battery including new materials of such as BMS, housing, electronics, wires etcetera. The 

repurposing activities from when the BP is disassembled to a finished starter battery, the 

determined repurposing cost has been set to be at 1000 SEK/hour but can vary depending on the 

volume size. Fixed costs including salaries, rents and physical manufacturing facilities will not 

be included in the calculations in the thesis.  

 

After defining the nine blocks in the business model, the potential of the Aftermarket concept 

was enhanced. It will assist the authors in the calculation part, where it is easier to map which 

activities in the business model that requires further research. All presented numbers will be 

presented in the calculation chapter in a systematic order.  

 

4.4.2 Concept 2 - Remanufacturing of Li-ion Battery Packs  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After presenting the first concept of the Aftermarket business model, it follows by the second 

chosen concept, the remanufacturing of li-ion batteries in orientation towards the original 

application area within the company’s electric industrial machines. To clarify this concept, it is 

expected that the company will remanufacture EV BPs to its original purpose, thereby a 

remanufacturing aspect will be defined in the business model with its nine blocks. In the 

remanufacturing process, the authors have together with the case company modified Rohr et al. 

(2017) remanufacturing activities, illustrating that the BP will undergo various steps including 

disassembly, inspection, testing and remanufacturing of the BP, cleaning and a final testing of 

Figure 20 - Process map for concept 2 
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the remanufactured BP. In the remanufacturing process, the old li-ion battery cells are replaced 

with new ones in order for the battery to be used in its original application.  

 

A remanufacturing process of li-ion batteries has not been applied in practise before in the case 

company, therefore an assumed remanufacturing cost is set to be at 1000 SEK/hour. As the 

previous concept, this assumption cost has been set. For the Remanufacturing concept in 

comparison to the Aftermarket concept the material costs will only contemplate in the purchasing 

of new battery cells. All the other components are set to be functional therefore no other materials 

are added into the material cost. Due to that the li-ion battery cell price is still in its early stages, 

the price per kWh is expected to drop in the future. For this reason, the authors will create a 

function formula and diagram, that illustrates the predicted li-ion price between year 2010 and 

2030. The transportation cost is the same as for Concept 1, where the cost is set at 1 920 SEK. 

Furthermore, the remanufacturing cost will depend on the number of hours it will require to 

remanufacture a li-ion BP. Once the process is complete the BP is ready to be redistributed to its 

original purpose. The determined unit price for a remanufactured BP is set as 64 000 SEK, 

considering that the price will be 20 percent lower than a new BP since it has been 

remanufactured. The BP is then again utilized in its original application. All the mentioned cost 

aspects will be presented in detail in the calculation chapter.    

 

The authors would like to emphasize that assumptions will be applied in the business model 

canvas, more specifically in the cost structure and revenue stream, since none of the 

remanufacturing processes has essentially been performed in practise for the company’s li-ion 

batteries. The business model for this concept is demonstrated in Figure 21, along with the same 

approach of describing each block in detail. It is valuable to mention that many of the defined 

blocks are similar in their definition to the Aftermarket business model, the blocks that are 

identical will be referred to the Aftermarket chapter to minimize repetitive information.   

Figure 21 - Business model canvas of the Remanufacturing concept 
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Customer Segments  

The customer segments are defined as the user of the product, where it is planned that the 

company will use their remanufactured BPs for their own electric industrial machines again in a 

second life. Additionally, the BPs are sold to the company’s dealers and customers.  

 

Value Proposition  

The value proposition is defined by renewing the battery service life with replacement of new li-

ion battery cells, with the same characteristics as its first life. It will allow the company to be 

aware of the secondary life opportunities and that they could utilize a remanufactured EV BP 

instead of purchasing a new one. This is since the secondary usage concept will essentially 

provide the same service life and features as a new BP.  

 

Channels  

The authors refer to Concept 1 regarding the channels for the Remanufacturing concept, 

considering it is the same approach as for the Aftermarket concept. 

 

Key Partners 

The key partner block for the Remanufacturing concept is defined as the same as Concept 1 

regarding the battery OEM. The main key partner is the company’s remanufacturing facility in 

Sweden that already has a functioning remanufacturing process of vehicle powertrain. Thereby 

the company already has a remanufacturing footprint, the expertise in the remanufacturing area 

and the equipment needed. If the process is made internally, the existing remanufacturing facility 

would be a reasonable starting point. An additional key partner is external remanufacturing 

companies supporting with knowledge in the remanufacturing operation and cost aspects.  

 

Customer Relationships  

The BPs are redistributed into their original application area after the remanufacturing process. 

Therefore, it is important to have dedicated personnel that has knowledge in the area to be able 

to support and be available for contact and service. This customer relationship also involves 

warranties between the company and their customers for the remanufactured BPs. For example, 

if a defect is uncovered within the first years the company must repair it. After the warranty has 

passed the BP will be sent for recycling.  

 

Revenue Streams   

The revenue stream block describes how profit will be gained for the company. Here the 

company will gain profit by selling the BP at a unit price of 64 000 SEK per BP corresponding 

to a price decrease of 20 percent in comparison to a new BP. It is defined that the remanufacturing 

cost will vary depending on the volume size, thereby it could even reduce the cost structure even 

further. The same mindset has been set for the li-ion battery price, where it is predicted to 

decrease even further in the future.  

 

Key Resources  

In the key resources all the established resources need to be set, in this case mainly when it comes 

to the delivery from the first life application. Here the company will request customers to be 

responsible for the transportation back to the company. Otherwise the customers will have to 

recycle the BP, which includes a recycling fee as of today. Therefore, it is prerequisite that 

customers will send their retired BPs back to the company instead of recycling them. Continuous 

deliveries of BPs are required for the process in order to function as planned. Having a reliable 

remanufacturing process is essential in the resource activity, for the reasoning of being able to 
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perform the desired activity. The same principle as the first concept regarding the warehousing 

is the same, where the company will need to store the BPs after the remanufacturing process.  

 

Key Activities  

The key activity block is defined as the same as the Aftermarket concept, but however suitable 

for a remanufacturing process instead of a repurposing one. Therefore, this block is referred to 

the Aftermarkets Key activities.  

 

Cost Structures  

In the cost structure many of the mentioned costs are similar to the Aftermarket concept, it differs 

in the material aspect because of the purchasing of new battery cells for a 20 kWh BP and no 

other added materials, since they could be used again. A consideration towards the li-ion battery 

is calculated, since the price is expected to drop within the near future because of the developing 

market. In that way the authors will present a function of the decreasing price between year 2010 

and 2030. The repurposing and remanufacturing cost requirement are set as the same at 1000 

SEK/hour but will vary depending on the volume size. All other aspects in the cost structure are 

presented as the same as Aftermarket as for example the transportation cost of 1 920 SEK.  

4.4.3 Concept 3 – Re-using Battery packs in ESS application 

 
 

Figure 22 – Process map for concept 3 

 

The third and final concept is the re-use of li-ion BPs installed in an ESS container application. 

The term re-use has been decided by the authors instead for repurposing since there is no 

repurposing of the BP, only an installation of the BP in another application. As previous concepts 

a BP from the company will be used in this concept, and it is also prerequisite that they will test 

the function of the BP before sending it to the ESS application area. This concept differs from 

the previous concepts, since it does not require any processing before the BP is applied in its 

second life. Since no processing is done to the BP the only material cost is counted for the 

predicted li-on price decrease. The cost of installation is determined at 1 448 SEK/kWh, where 
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it consists of the soft costs, balance of system hardware and EPC - Engineering, Procurement 

and Construction costs. It is thought that the ESS container will have a capacity of 4 MWh equal 

to 4 000 kWh which will require 200 EV BPs with the energy capacity of 20 kWh. The selling 

price per kWh is determined at $512 based on Kane. (2018) and is equal to 4 633 SEK, resulting 

in a selling price of 18,5 million SEK for an entire ESS container.  

 

It is essential to present data that could be beneficial for the company, in order for the concept to 

have convincing factors that proves that the ESS concept is something to invest in. This concept 

will also be evaluated in a more detailed calculation chapter, dividing all the differences in detail 

with function diagrams and formulas strengthening the concept. 

 
Figure 23 - Business model canvas for re-using BP for ESS concept 

 

In the presentation of the final concept, the blocks that are different in comparison to the 

Aftermarket and Remanufacturing of BP will only be presented. 

 

Value proposition  

Under the value proposition the defined solution presents that cost-effective BPs that will be re-

used for an ESS container. In that way customers will comprehend the purpose and that the re-

using aspect is something to contemplate in. This concludes customers of also being aware of 

the environment considering the re-use of BP in a second life, instead of purchasing new BPs.   

 

Customer segments 

The customer segments exemplify the suggested customers, where some of the biggest global 

energy companies that could be potential customers are for example Duke Energy, Engie and 

National grid. It is important to acknowledge that the ESS industry involves high costs where it 
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is mostly large and well-established companies that have the economic benefits to invest in a 

system. Therefore, this concept is more directed towards well-established companies due to the 

high cost.   

 

Cost structure 

In this concept it is also prerequisite that the EV BP is free, meaning that no additional costs are 

included. It is essential to include the depreciation of the li-ion battery price where an example 

for year 2020 is expected to be 2000 SEK/kWh. Another important factor is the forecasted 

electrification of the company’s industrial machines in this concept, to estimate how many EV 

BPs will be available for a specific year or time period. Further costs involved in the ESS concept 

is the cost of installation which includes soft costs, new housing, cable harness, electronics, EPC 

and the balance of system that is calculated at 1 448 SEK/kWh.  

 

Revenue streams 

Under the revenue stream the gathering of the generated profit are collected. The assumed selling 

price is 4 633 SEK/kWh, resulting in the total cost for one ESS container that is sold for 18,5 

million SEK. This container will require 200 BPs from the company. 

 

Channels  

This presented block is defined as the same as the Aftermarket Channel block, therefore 

referred to Concept 1. 

 

Key partners  

The key partners of the ESS concept are companies that re-uses batteries for an ESS application, 

due to that the company has no previous knowledge and expertise in the specific area.  

 

Customer Relationships 

The customers relationships for this concept is referred to the Aftermarket concept, as it is 

presented as the same. 

 

Key activities 

In the key activity section, the activities are presented as the same as for the other concepts. 

However, the facility objective differs in this concept whereas if the company manages the re-

use process internally it will require space in an existing facility.  

 

Key resources  

The key resources are important for a business to function as planned, where the most essential 

resource of the ESS concept is the retired EV BPs from the company. It is crucial that there are 

continuous deliveries of the BPs from the customers in order for the business to function, 

considering a number of 200 BPs are required for creating only one ESS container of 4 000 kWh. 

Before the BPs are re-used in the new application they must first be tested and cleaned before 

the installation in the ESS is performed. It is also important to have a large warehouse capacity 

to be able to store the BPs that are ready for installation.  
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4.5. The calculation methodology  

In the following chapter, mathematical functions and formulas will be presented for the three 

identified concepts. These functions and formulas have been developed together with the case 

company, to conclude in as reliable data as possible. The data is created by involving all the 

different factors that will be addressed, creating definite mathematical functions illustrating the 

potential factors for each individual concept. A set prerequisite investment has been determined 

for each concept. Since the retired EV batteries are expected to be available in 2025, the 

investment should be made two years in advance, year 2023, to plan and prepare for the concept 

including all details regarding processes, transports etcetera. An examined 15-year period has 

been determined between the time span from 2023 to 2038 considering it is a relevant scope to 

determine if the concepts are worth an investment. The 15-year period is a standard time span to 

investigate in during the development of new ideas and concepts. This period has been set as a 

prerequisite for all three concepts. 

The calculated aspects are for instance all included costs for the repurposing, re-use and 

remanufacturing operations together with forecast predictions of the company’s EV machines, 

their percentage of electrifications and profit diagrams. The authors present the features of each 

concepts return rate over a set payback period of 15 years. All calculations and formulas will be 

inserted into Excel to see the development for each year. Consequently, all the three functions 

will be visualized in a collective diagram that identifies the most profitable and suitable concept. 

A clarification is that each concept calculation will be presented in similar manners but will 

however differ in some of the presented variables. The calculations for the Aftermarket concept 

cover the majority of the formulas and is the foundation for all the three concepts, this is 

explained to avoid repetitive information in the other two concepts. A table summarizing all 

variables, assumed volumes and costs and an explanation for each variable will be clarified. 

Some variables are fixed while others vary depending on the concept. The authors will base the 

calculations on a 20 kWh EV BP, since as previously mentioned no technical data is available 

for the company’s EV BPs. The technical data of the battery will therefore be the foundation of 

the calculations for all the three concepts.  

4.5.1 Concept 1: Aftermarket concept related calculations  

The following chapter will present the calculations for the Aftermarket concept, with forecasted 

data of the company’s EV industrial machines and their expected increase. Further including 

diagrams illustrating different market predictions and expected repurposing costs. To make it 

simple to follow, each step has been divided into their own category and have been finalized in 

a cost and profit summarization for the overall conclusion of the concept. All the calculations 

have together with the supervisor at the company been discussed and thoroughly examined.  

 

1.  EV Battery Pack Material Cost (CM) 

In the first activity the authors will present a scenario where it is assumed that the company 

already owns the EV BPs, since they have a leasing contract towards their customers. The 

approach will include that customers will return the EV batteries to the company after the BP 

have lost 20 percent of its capacity or if it is non-functional, resulting in a zero cost for the used 

EV BPs. Otherwise the customer will be responsible for the recycling cost. It is prerequisite that 

the BP has been dismantled from the EV before it is sent to the repurposing facility. A relevant 

acknowledgement is the required purchasing cost of the new materials of the starter batteries, 

since it needs to be counted for involving the majority materials of the housing, BMS and all 
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included electronics. The summed-up price for all these materials is predicted to cost 1 500 SEK 

for one starter battery based on assumptions.   

 

2. Transportation cost of EV Battery Pack (CT)  

The assumed transportation cost was 30 SEK/kWh in 2016 and is assumed to be at 16 SEK/kWh 

in year 2030, based on Rohr et al. (2017) statement and a transport distance of 500 km. An 

average of the transportation cost has been calculated at 23 SEK/kWh, in order to provide a 

reliable cost for the upcoming years. Since the EV BP has a capacity of 20 kWh the transportation 

cost for one route to the repurposing facility is calculated at 460 SEK and the same cost for when 

the starter batteries are sent back to the company, which gives a total transportation cost of 920 

SEK. The authors have also taken the regulations, custom fees and the transportation of 

dangerous goods in consideration, adding 1 000 SEK to the total transportation cost, resulting in 

a total of 1 920 SEK. The presented total cost has also been agreed from the company to be a 

relevant assumption cost. It is important to clarify that the cost will vary depending on each 

country’s legislation policies but will be assumed as the same price in this thesis. It is thought 

that the repurposing operation is either performed internally, where the company will manage 

the repurposing process or performed externally, where the company will not be responsible for 

any repurposing processes and only providing the BPs.  

 

The total cost of transportation is calculated as followed:  

 

2 (𝑟𝑜𝑢𝑡𝑒𝑠) × (23 𝑆𝐸𝐾/𝑘𝑊ℎ ×  20 𝑘𝑊ℎ) +  1 000 𝑆𝐸𝐾 =  1 920 𝑆𝐸𝐾 
 

3.  Repurposing time – measured in hours (H) 

After the EV BP has been sent to the repurposing facility, the different steps it requires to 

repurpose an EV BP into several li-ion starter batteries will be presented. The repurposing steps 

have been modified in comparison to the original table from Rohr et al. (2017) to suit the finalized 

starter battery better with each time durations. The authors have set a requirement that the EV 

BP have an energy capacity of 20 kWh, meanwhile one li-ion starter battery is set to have 1,68 

kWh. One starter battery has the technical specification of 140 Ah and 12 V, by utilizing both of 

these parameters the capacity in kWh could be calculated as shown below. Thereby, 11 starter 

batteries can be provided from one 20 kWh EV BP. The exact amount 11,9 was rounded down 

to 11 starter batteries, considering that the energy capacity is only enough for 11 starter batteries 

and not 12. The R-variable is dependent on the capacity of both the BP and the starter battery. 

To illustrate the amount of starter batteries that can be composed from one EV BP, the calculation 

below has been presented.  

 

𝐵𝑃 = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑝𝑎𝑐𝑘 𝑖𝑛 (𝑘𝑊ℎ) 

𝑅 =  𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑡𝑎𝑟𝑡𝑒𝑟 𝑏𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠  
 

𝑅 =
𝐵𝑃 (𝑘𝑊ℎ)

(𝐴ℎ ×  𝑉)/1000
=  

20

(140 × 12)/1000
= 11,9 ≈ 11 𝑠𝑡𝑎𝑟𝑡𝑒𝑟 𝑏𝑎𝑡𝑡𝑒𝑟𝑖𝑒𝑠 

 

Based on the calculation above it is now known how many starter batteries that can be composed 

from one EV BP. With this information a further calculation regarding the total time of the 

repurposing process along with each activity is presented in Table 4. The initial step in the 

repurposing process is the disassembly of the BP (Step 1), followed by an inspection of the BP 

and its components (Step 2) leading to the testing of the BP (Step 3) and the electronics (Step 

4). After these procedures the repurposing process can begin from repurposing the BP into 11 

starter batteries (Step 5). After the required steps are completed the cleaning procedure of the 
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components is performed (Step 6). Lastly, a final test of the starter batteries is performed to 

assure that it is functioning (Step 7). The repurposing steps from 1-4 are performed for one EV 

BP whereas step 5-7 are for the 11 starter batteries.  

 

The recycling process is also taken into consideration in the inspection and testing of the BP 

activities, in order for the operator to distinguish non and working BPs clarifying whether 

recycling is required or not. From all the explained activities a total repurposing time of 20,3 

hours were concluded for producing 11 starter batteries.  

 

 

Table 4 - Repurposing activities and process times for 11 starter batteries, modified table based on data 

from Rohr et al., (2017) and company data. 

 

4. Repurposing cost (a, b, c & CH) 

Based on the existing remanufacturing facility in Sweden, an estimate price of the 

remanufacturing process was given at 1 000 SEK/h. Therefore, an assumption for the repurposing 

cost is based on the same remanufacturing cost since no data regarding battery repurposing is 

available in neither research or company data. An important factor to acknowledge is that the 

repurposing cost will vary depending on the volume size, especially if a higher volume is 

implemented it would result in a lower cost and the opposite when the volume is low. Another 

factor that can impact the repurposing cost is the varying legislation policies for each country. 

The authors have chosen three fixed variables for both quantity and cost, in sense of limiting the 

function. The first variable implicates on a determined repurposing cost of 1 000 SEK/hour for 

a quantity of 1 000 EV BPs and since a lower repurposing cost is preferred another example 

presenting the minimum repurposing cost is set at 700 SEK/hour when a larger amount of 1 000 

is set in volume. Lastly, if a low volume of 10 EV BPs a repurposing cost of 5 000 SEK/hour is 

assumed. Even though it is not likely that the company will allow a volume of 10 EV BPs, it is 

still valuable to mention to understand the different scenarios and how the cost can be impacted 

by the different assumptions.  

 

The cost per hour for the repurposing process is defined as the following calculation: 

 

Line function definition  

In order to visualize how the repurposing cost will vary depending on the volume, a decreasing 

line function has been formulated.  

 

4.1 Line function example  

Figure 24 illustrates how the repurposing cost will be affected of the increasing volume, this line 

function can also be explained using the following function: 𝑦 =  
𝑎

𝑥𝑏 + 𝑐 where (𝑎, 𝑏, 𝑐 > 0). 

Repurposing activities for 11 Starter batteries Time (h)  

1. Disassembly 0,7 
2. Inspection 0,5 
3. Test of Battery Pack (equipment) 3,8 
4. Test of electronics (operator)  2,5 
5. Repurposing Battery Pack to starter batteries  8,8  
6. Cleaning of components 

7. Final test of starter batteries  

2,0 

2,0 

Total time of repurposing process: 20,3 h  
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4.2 Defining the repurposing variables in the function 

The function line, repurposing cost per hour (CH), has been defined as the presented function 

below, while each variable a, b and c needs to be calculated for this specific example. 

 

𝐶𝐻 = 𝑦 =  
𝑎

𝑥𝑏 + 𝑐 where (𝑎, 𝑏, 𝑐 > 0) 

 

Three different situations have been illustrated, considering the cost per hour and that the volume 

varies, thereby creating a non-linear function instead of having a fixed cost. The a, b, and c 

variables are defined by the assumed scenarios y1, y2 and y3.  

 

4.3 Assumed repurposing cost for each respective quantity level 

The three scenarios that has been taken into deliberation involves a varying repurposing cost per 

hour in relation to the volume. For scenario y1, a volume larger than 1000 repurposed EV BPs 

are assumed with a minimum repurposing cost of 700 SEK/hour. Meanwhile, for scenario y2 an 

average repurposing cost of 1000 SEK/hour has been set for a volume of 1000 EV BPs. The 

maximum repurposing cost of 5 000 SEK/hour is presented in the scenario y3 where the volume 

is 10 EV BPs.  

 

𝑦1(𝑥1 > 1000) = 700    
𝑦2(𝑥2 = 1000) = 1000  
𝑦3(𝑥3 = 10) = 5000  
 

4.4 Defining the a, b and c values by inserting the scenarios y1, y2, y3 into the function 

Here the authors present the methodology of when the x and y variables are inserted into the CH 

function, in order to define the a, b and c values. 

  

𝐶𝐻 = 𝑦 =  
𝑎

𝑥𝑏 + 𝑐 where (𝑎, 𝑏, 𝑐 > 0) 

 

𝑦1 = 𝑐 = 700   

𝑦2 =
𝑎

1000𝑏
+ 𝑐 = 1000   

Figure 24 - Example of a decreasing function curve 
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𝑦3 =
𝑎

10𝑏
+ 𝑐 = 5000   

 

The value of c has been defined as 700, therefore the a and b value can be calculated as followed: 

 

𝑐 = 700                  
𝑎

1000𝑏
= 300               

𝑎

10𝑏
= 4300   

 

After completing the necessary steps in the calculation, the three variables are defined as below: 

 

𝑎 = 4300 ×  10𝑏 → 4300 ×  100,58 = 16 348 

𝑏 = 𝑙𝑜𝑔100 14 = 0,58  
𝑐 = 700   
 

All the three variables are then inserted into the CH function. 

 

𝐶𝐻 = 𝑦 =  
16348

𝑥0,58 + 700 where (𝑎, 𝑏, 𝑐 > 0) 

 

5. Forecast percentage of electrification (PE) – Company EV machines   

The authors have collected data from the company and constructed forecasts based on the EV 

global market increase including the volume capacity for the listed machines. The reason behind 

this, is since the forecast data and volume percentages are essential to know, in order to evaluate 

the predicted company EV market. This forecast will help to estimate how many BPs will be 

available in the future fort the company EV market. Furthermore, leading to the forecast 

percentage of electrification (PE). Each step in the forecast process has been described below to 

enhance the understanding of how the authors have calculated. 

 

Table 5 illustrates the average adoption scenario for the global market for the company. The 

collected data are based on the three major regions consisting of North America, Europe and 

China since they are expected to stand for the majority portion of the sales of EV machines, other 

regions have been excluded due to their limited market. The referred percentages are constructed 

on the volume quantity for each region, depending on the type of machine it relates to. An 

example could be referring to the market increase for wheel loaders in year 2035. As presented 

in Table 5 the expected market increase for wheel loaders is 30 percent in 2035 illustrated with 

the green marked cell below.  

 

 Global – Average adaption scenario 

 

Average adaption scenario (Global) 

Machine type 2020 2025 2030 2035 2040 

EXC 1% 3% 15% 36% 74% 

WL 1% 3% 12% 30% 65% 

AH 0% 1% 7% 19% 40% 

CEXC, CWL etc 2% 5% 26% 56% 96% 

Table 5 - Global average adaption scenario. 

 

After presenting the global forecast percentages, the authors consolidated them with the volume 

percentages for each machine. All the percentages for each year were summarized in total 
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percentages, including all the different machine types. Since the percentages were not even, the 

authors decided to round them into integers. 

 

Global adaption scenario – Global with consolidated volume 

 

Average adaption scenario (Global with consolidated volume) 

Machine type 2020 2025 2030 2035 2040 

EXC   0,3% 0,7% 3,7% 9,0% 18,5% 

WL  0,3% 0,6% 3,0% 7,4% 16,3% 

AH  0% 0,1% 1,1% 2,9% 6,0% 

CEXC, CWL etc  0,5% 1,6% 9,0% 19,5% 33,5% 

Total (%) 1,1% 3% 16,8% 38,8% 74,3% 

Final total (%) 1% 3% 17% 39% 74% 

Table 6 - Global average adaption scenario with consolidated volume. 

 

From the global adaption Table 6, the values were collected for each machine type and plotted 

in a line diagram, illustrating the percentage increase for every 5 years between 2020 to 2040. 

More specifically a polynomial trendline was obtained from the diagram to demonstrate the 

percentage for each specific year.  

 

 

 

 

 

 

 

Figure 25 - Forecast of EV machines 2020-2040 
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Based on the line diagram in Figure 25, the following equation was created for the volume 

percentage:  

 

Percentage of electrification (𝑷𝑬) = 0,054𝑡2 − 0,14𝑡 + 0,0992 
 

(𝑷𝑬) = 0,054𝑡2 − 0,14𝑡 + 0,0992 

 
The authors have defined PE equation as: 

 

(𝑷𝑬) = 𝑚𝑡2 + 𝑛𝑡 + 𝑞 

 

After defining the PE equation, the t variable in the equation will be defined. The table will specify 

the t-value and the equivalent year (T) it represents. For example, if t = 1 is inserted into the 

volume equation (PE) it would result in a predicted increment of 1 percent of the global EV 

market for year 2020, and this varies depending on which t-value is inserted into the equation, 

illustrated in the table below.  

 

 

 

 

 

 

 

 

 

 

 

 
Table 7 - The t-value equals T years. 

 

Since the authors have focused on the increment of every five year, the T and t variables have 

been constructed into two separate equations.  

 

𝑻 = 5𝑡 + 2020 ,  𝒕 =  
𝑇 − 2020

5
→ 𝑇 = 𝑡   

 

An additional time variable is also illustrated in order to know the delay years comparing with 

the machine delivery year (DT), in this situation defined as 5 years. This implies in how many 

years it will take until a new EV BP will be available for a second life.  

 

6. Volume market (VM) & Volume of electrified machines (VEM) 

The market volume (VM) has been set to 40 000 industrial machines and is based on company 

data from 2017. In order to calculate the volume of electrified machines (VEM), the current market 

volume (VM) is multiplied by the percentage of electrified machines (PE). 

 

𝑉𝐸𝑀 = 𝑉𝑀  ×  𝑃𝐸  

 

 

 

 

 

 t (value)   T (year) 

1 2020 

2 2025 

3 2030 

4 2035 

5 2040 
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7. Unit price - Starter battery (UP) 

In the unit price section, a predicted li-ion starter battery is expected to sell at 5 000 SEK per 

battery, this is also connected to a relevant future market price for a starter battery. Hence, in this 

case the repurposed starter batteries are predicted to be lower in comparison to new starter 

batteries. 

 

8. Total cost of repurposing a battery pack (Csum) 

All previous definitions and calculations will in this section be gathered and summarized into a 

final calculation, illustrating the total cost of a repurposed BP that produces 11 starter batteries. 

 

8.1 Cost per battery pack 

 

𝐶𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑝𝑎𝑐𝑘 = 𝐶𝑀 +  𝐶𝑇 + 𝐶𝑅 

 

Repurposing cost: 𝐶𝑅 = 𝐻 (ℎ𝑜𝑢𝑟𝑠)  × 𝐶𝐻(Cost per hour)  

 

 𝐶𝐻 =
𝑎

𝑥𝑏
+ 𝑐 (𝑎, 𝑏, 𝑐 > 0) 

 

8.2 Forecasted volume of electrified machines  

 

𝑉𝐸𝑀 = 𝑉𝑀  ×  𝑃𝐸   

 

𝑉𝑀 = (𝑠𝑜𝑙𝑑 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟) 

𝑃𝐸 = 𝑚𝑡2 + 𝑛𝑡 + 𝑞 

 

8.3 All cost summed up 

 

1 EV Battery pack = 11 starter batteries 

 

𝐶𝑆𝑢𝑚 = 𝐶𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑝𝑎𝑐𝑘  ×  𝑉𝐸𝑀 

 

 

8.4 Formula for all variables in Csum 

In this step all the presented variables will be combined creating the summarization of the total 

costs. All the presented variables from previous section will here be simplified. Showing both a 

simplified and a detailed formula for the total cost (Csum). 

 

Simplified: 

𝐶𝑠𝑢𝑚 = (𝐶𝑀 + 𝐶𝑇 + 𝐶𝑅)  ×  𝑉𝐸𝑀 

 

Detailed: 

𝐶𝑠𝑢𝑚 = (𝐶𝑀 + 𝐶𝑇 + (𝐻 ×
𝑎

𝑥𝑏
+ 𝑐) )  × 𝑉𝑀( 𝑚𝑡2 + 𝑛𝑡 + 𝑞) 

 
𝑥 = 𝑉𝑀(𝑚𝑡2 + 𝑛𝑡 + 𝑞) 
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8.5 Using the final formula to create a diagram 

After defining the (Csum) and the presented numbers for each variable in Table 8. The formulas 

and the numbers were inserted into Excel, to get a total cost over the determined period between 

2023 and 2038, since a 15-year time span will be evaluated. Majority of the variables are constant 

at a certain number expect for four specific variables (CM, CT, H, Up) that can vary as presented 

in the table below. The authors will thereafter use the function to calculate the profit of 

repurposing EV BPs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

9.  Profit formula 

The profit formula calculates the total profit minus the total cost. The profits include Unit price 

(UP), amount of starter batteries (R) and the volume of electrified machines (VEM) all multiplied 

together. The authors created a formula illustrating the profit of repurposing EV batteries into 11 

starter batteries. The formula is divided by 1 million in order to get the value in million SEK. In 

this section both a simplified and a detailed formula will be illustrated. Thereafter, the profit 

formula utilized the same principle as the total cost and was inserted into Excel with the presented 

variables and numbers. Resulting in a forecasted profit between year 2023 and 2038.  

 

 

Simplified profit formula: 
(𝑈𝑃  × 𝑅 × 𝑉𝐸𝑀) − (𝐶𝑀 + 𝐶𝑇 + 𝐶𝑅) × 𝑉𝐸𝑀 

1 000 000
 

 

Detailed profit formula: 

(𝑈𝑃  × 𝑅 ×  𝑉𝑀(𝑚𝑡2 + 𝑛𝑡 + 𝑞)) − (𝐶𝑀 + 𝐶𝑇 + 𝐻 (
𝑎

(𝑉𝑀(𝑚𝑡2 + 𝑛𝑡 + 𝑞))
𝑏 + 𝑐)) × 𝑉𝑀 (𝑚𝑡2 + 𝑛𝑡 + 𝑞)

1 000 000
 

 

 

 

 

 

Variables 
Constant 

/varies (V) 
CM (SEK) 16 500 (V) 
CT (SEK) 1 920 (V) 
H (Hours) 20,3 (V) 
a 16 348   
b 0,58 
c 700 
VM (SEK) 40 000 
m 0,0541 
n -0,142 
q 0,0992 
UP (SEK) 5 000 (V) 
DT (Years) 5 

Table 8  - Variables for the repurposing process 
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10. Forecasted profit of Concept 1 

 

 
Figure 26 - Forecasted profit increase for concept 1 from year 2023-2038 

 

In Figure 26 a forecasted profit curve is based on the total accumulated profit with having the 

investment in consideration. Additional calculations regarding the economical perspective were 

added along the visualization of the numbers. Therefore, including the necessary economical 

aspects according to the authors and the company presented as: accumulated profit, investment, 

payback period and return rate (RR). An assumed investment of 75 million SEK is set for the 

Aftermarket concept. For the company an investment of 50 million SEK is seen as a reasonable 

investment for this type of concept, where knowledge and previous experiences are taken into 

consideration. Whereas, the Aftermarket concept investment requires more knowledge and 

equipment resources, which involves a larger investment since the concept has not been 

performed in the company before. The covered portions of the investment are mainly the fixed 

assets with a new facility, equipment, tools, knowledge, hiring new personnel with training, get 

certificates and patents, new test rigs etcetera. The assumed investment for the illustrated 

function diagram is made in 2023, because the repurposing process will need a preparation of 

two years. This indicates on how much profit will be generated from its initial investment. The 

appropriate time to invest in the repurposing concept is in year 2023 since the first retired EV 

batteries will be received in 2025, five years after the batteries has entered the market. These five 

years are only an approximate minimum service life for the batteries, since they will have a 

maximum service life of up to 15 years. Thereby, clarifying the year of investment. The function 

diagram is based on the investment together with the accumulated profit for each year, resulting 

in the total generated profit from year 2023 to 2038. The illustrated function diagram for Concept 

1, shows a return rate of 12,6 percent for a 15-year period meaning the annual profit from the 

initial investment.  

 

According to the function diagram the expected turning point, where the concept will begin to 

make profit, is in year 2030 which is eight years after the investment has been made, which can 

be seen in Appendix 4. Based on company requirements the investment should have a payback 

year within maximum of five years. The Aftermarket, however, begins to make profit after 8 

years which does not fulfil the requirement from the company. After its turning point the profit 

will continue to increase successively and reach approximately 1,8 billion SEK in 2038, if the 

market is progressing as the expected forecast. The function diagram visualizes the 
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wholesomeness of the concept and is ideal to display when all the function diagrams for all the 

three concepts is presented, together in a combined diagram. This is moderate to do in order to 

see which one them are the one to be preferred. Especially from a profit aspect but also from a 

realistic point of view. Furthermore, the next concept will be presented in its calculation chapter 

mentioning all the different steps in a similar structure. 

 

4.5.2 Concept 2: Remanufacturing of Li-ion Battery packs to original use 

The second chosen concept is the remanufacturing of li-ion BPs, here a similar presentation of 

the calculation will be presented. This is since the concept is similar to Concept 1 but is however 

thought to be implemented into its original purpose and not into another application area. 

Therefore, several of the mentioned factors in the Aftermarket calculations will be stated again 

but emphasized towards a remanufacturing related determination. Every step has been divided 

into its own category, while all calculations have been deliberated and examined together with 

the company.  

 

Some of the variables in the Aftermarket concept will be valid for the following concept, while 

some variables will differ. Thus, a presentation of only the different variables will be explained 

thoroughly, while the non-changing variables are presented as the same. 

 

1. EV Battery Pack Material Cost (CM) 

For the Remanufacturing concept the material cost will variate and is not fixed. All the battery 

cells must be replaced in the remanufacturing concept for the BPs to be used in EV’s again. It is 

therefore important to take the expected decreasing li-ion battery price into account. Since the 

EV BP are obtained from the company the only material cost of the concept is the cell exchange.  

 

1.1 Predicted decreasing cost for li-ion batteries from year 2010 – 2030 

In the cost of material, a depreciation function was demonstrated since the li-ion battery price 

have dropped and is expected to decrease even further in the upcoming years. For that reason, 

the authors collected forecast data of the decreasing battery price from Curry. (2017), where a 

function was created to illustrate the varying battery cell price which in this case is the material 

cost. The trendline equation is drawn as a potency trendline and specifies a more accurate line, 

based on the inserted values for each specific year between 2010-2030. The decreasing price 

from the original source is formulated in USD currency, however the authors have converted the 

currency into SEK in the calculation for total cost and profit.   

 

Predicted decrease of li-ion battery cost as a function: 

 

𝑦 = 1283,5𝑥−1,098 

𝑟 = 1283,5 

𝑠 =  −1,098 

𝑡 = 𝑥 =
𝑇 − 2008

2
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Figure 27 - Li-ion price decrease curve (2010-2030) from Curry (2017). 

 

 

2. Remanufacturing time – measured in hours (H) 

The time difference will vary for the remanufacturing process compared to the repurposing, since 

a replacement is only required for the battery cells while other parts of the EV BP can be applied 

in its application once again. Further the remanufacturing activities are the same as for Concept 

1 regarding steps 1-4, where the same time durations have been applied. The steps 5-7 are 

specifically suited for the remanufacturing process. The presented remanufacturing activities and 

time in hours have also been combined with Rohr et al. (2017) activity table and company data 

resulting in the concluding Table 9. The total remanufacturing time is 13,5 hours. 

 

Remanufacturing activities for a Battery Pack Time (h)  

1. Disassembly 0,7 
2. Inspection 0,5 
3. Test of Battery cells (equipment) 3,8 
4. Test of electronics (operator)  2,5 
5. Replacement of battery cells 3,0 
6. Cleaning of components 

7. Final tests of entire BP  

1,0 

2,0 

Total time of remanufacturing process: 13,5 h  

Table 9 - Remanufacturing activities and process times for one EV BP, a modified table based on data from 

Rohr et al (2017) and company data. 

 

3. Unit price – Remanufactured BP (UP) 

An expected price decrease of 20 percent in comparison to a new BP is expected for a 

remanufactured EV BP, where the cell exchange makes the BP as good as new. The price is 

lower than a newly manufactured battery since several components are re-used. To describe the 

unit price variable, a calculation is made where the cell price is 4 000 SEK/kWh. The EV BP has 

a capacity of 20 kWh and the price of a remanufactured battery is 20 percent less, equalling to 

80 percent.  
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𝑈𝑛𝑖𝑡 𝑝𝑟𝑖𝑐𝑒: 4 000 𝑆𝐸𝐾/𝑘𝑊ℎ × 20 𝑘𝑊ℎ × 0,8 (80%) = 64 000 𝑆𝐸𝐾 

 

 

4. Total cost of remanufacturing a battery pack (Csum) 

A summarization of the variables of the Remanufacturing concept is presented in Table 10. 

The variables are the same as the ones used in Concept 1, except for CM consisting of r and s, H 

and UP that varies in this case. 

Simplified: 

𝐶𝑠𝑢𝑚 = (𝐶𝑀 + 𝐶𝑇 + 𝐶𝑅)  ×  𝑉𝐸𝑀 

 

𝐶𝑀 = 𝐸𝑛𝑒𝑟𝑔𝑦 (𝑘𝑊ℎ) × 𝑟 × (𝑡𝐶𝑀) 𝑠 

 

Detailed: 

 

𝐶𝑠𝑢𝑚 = (𝐶𝑀 + 𝐶𝑇 + 𝐻 (
𝑎

𝑥𝑏
+ 𝑐) )  × 𝑉𝑀( 𝑚𝑡𝑉𝑀

2 + 𝑛𝑡𝑉𝑀 + 𝑞) 

 
𝑥 = 𝑉𝑀( 𝑚𝑡𝑉𝑀

2 + 𝑛𝑡𝑉𝑀 + 𝑞) 

 

𝑡𝐶𝑀 =
𝑇 − 2008

2
  

 

𝑡𝑉𝑀 =
𝑇 − 2015 − 𝐷𝑇

5
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variables 
Constant, varies 

(V) 
CM (V) 

r 1 283,5 
s -1,098 

t in CM 

𝑻 − 𝟐𝟎𝟎𝟖

𝟐
 

 
Energy 
(kWh) 

20 

USD to SEK 9,05 
CT (SEK) 1 920 (V) 
H (hours) 13,5 (V) 
a 16 348   
b 0,58 
c 700 
VM (units) 40 000 

t in VM 
𝑻 − 𝟐𝟎𝟏𝟓 − 𝑫𝑻

𝟓
 

m 0,0541 
n -0,142 
q 0,0992 
UP (SEK) 64 000 (V) 
DT (years) 5 

Table 10 - Variables for the remanufacturing process. 
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5.  Profit formula 

The profit formula for the Remanufacturing concept is identical to Concept 1, but in this case 

the EV BP is remanufactured, which therefore removes the 11 starter batteries variable from 

the formula and reformulates it into the following:  

 

 

Simplified profit formula: 
(𝑈𝑃 × 𝑉𝐸𝑀) − (𝐶𝑀 + 𝐶𝑇 + 𝐶𝑅) × 𝑉𝐸𝑀 

1 000 000
 

 

Detailed profit formula: 

(𝑈𝑃 ×  𝑉𝑀(𝑚𝑡2 + 𝑛𝑡 + 𝑞)) − (𝐸𝑛𝑒𝑟𝑔𝑦 × 𝑟 × (𝑡𝐶𝑀) 𝑠 + 𝐶𝑇 + 𝐻 (
𝑎

(𝑉𝑀( 𝑚𝑡𝑉𝑀
2 + 𝑛𝑡𝑉𝑀 + 𝑞))𝑏 + 𝑐)) × 𝑉𝑀( 𝑚𝑡𝑉𝑀

2 + 𝑛𝑡𝑉𝑀 + 𝑞)

1 000 000
 

 

 

6. Forecasted profit of Concept 2 

 

 
Figure 28 - Forecasted profit increase for Concept 2 from year 2023-2038 

 

From the total cost and profit formulas, the forecasted profit curve could be visualized between 

year 2023 and 2038. The assumed investment cost of 50 million SEK is determined for the 

concept in year 2023, the same investment year as for Concept 1. However, the investment for 

the remanufacturing concept is lower since the remanufacturing process could be performed in 

the existing facility in Sweden. Many of the fixed assets such as facility, equipment and tools, 

knowledge and experience in the remanufacturing area is already available at the facility which 

saves cost of new facilities, tools, machines or the involvement of external partners. Otherwise 

the investment cost consists of the same factors as in Concept 1. According to the numbers, the 

payback year will be five years after the investment, meaning that the investment will be 

profitable in year 2027 and will successively increase in the upcoming years. This results in a 

total profit of 7,1 billion SEK in year 2038. When all cells are replaced with new ones the BP 

will have the same capacity as a new BP, which is the main reason for the unit price of 64 000 

SEK correlated to the high profit. Another impacting factor of the high profit is the 

remanufacturing hours being only 13,5 hours, a relatively fast processing. The profit concludes 

in a return rate of 27,8 percent for a 15-year period. As mentioned in Concept 1, the payback 
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time needs to be within five years to fulfil the company’s desired requirement. The payback year 

for the Remanufacturing concept will take five years thereby, fulfilling the company’s 

requirement.  

4.5.3 Concept 3: Re-use of Li-ion Battery packs for ESS application 

For the presentation of the ESS concept, the structure of the calculation chapter will be presented 

as the same but with different variables and formulas in comparison to the other two concepts. 

The major difference in the concept is that it does not require any repurposing or remanufacturing 

process, thereby excluding the activities. This is since the BPs will directly be re-used for another 

application purpose for its second life. Another difference is also the total cost formula and its 

consisting variables, along with the total profit formula being different. A similar structure as for 

Concept 1 and 2 will be applied, where every step will be described in detail. Some of the 

variables used in the previous concepts will also be utilized, however adjusted for this concept 

where some variables are fixed while others will vary. 

  

1. EV battery installation price (CI) 

For the following concept, the material cost for retrieving the used BP will be free of charge and 

the material cost will contain of the cost of installation the ESS container requires. The involved 

costs for the installation are the EPC, softs costs and balance-of-system hardware, the logistic 

aspect is also included in the price. This price has accordingly been refereed to Frankel et al. 

(2018) measured at a cost of 1 448 SEK/kWh. It will as well include the li-ion battery decrease 

formula as presented in Concept 2.  

 

𝐶𝐼 = 1 448 𝑆𝐸𝐾/𝑘𝑊ℎ 

 

1.1 Cost of decreasing li-ion battery price (CM) 

The same function from Concept 2 will here also be implemented, ensuring that the li-ion battery 

price will decrease throughout the years and the function is limited to year 2010-2030. As 

mentioned before, the BP will have an energy capacity of 20 kWh.  

 

Predicted decrease of li-ion battery cost as a function: 

 

    𝑦 = 1283,5𝑥−1,098 

𝑟 = 1283,5 

𝑠 =  −1,098 

 

𝑡 = 𝑥 =
𝑇 − 2008

2
  

 

𝐶𝑀 = 𝐸𝑛𝑒𝑟𝑔𝑦 (𝑘𝑊ℎ) × 𝑟 × (𝑡) 𝑠 

 
2. Forecasted volume of electrified machines (VEM) 

The same formula for the forecasted volume of electrified machines is also applied in the same 

way as the other concepts.  

 

𝑉𝐸𝑀 = 𝑉𝑀  ×  𝑃𝐸  

𝑉𝑀 = (𝑠𝑜𝑙𝑑 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟) 

𝑃𝐸 = 𝑚𝑡2 + 𝑛𝑡 + 𝑞 
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3. ESS system 

The determined ESS container will have a capacity of 4 000 kWh while the chosen BP has an 

energy of 20 kWh, thereby resulting in 200 required BPs for one ESS container.  

 

𝐸𝑆𝑆 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟 (𝑘𝑊ℎ) = 4 000 𝑘𝑊ℎ 
𝐸𝑛𝑒𝑟𝑔𝑦𝐵𝑃 = 20 𝑘𝑊ℎ 

𝐴𝐵𝑃 = 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑃𝑎𝑐𝑘𝑠 
 

𝐴𝐵𝑃  =
𝐸𝑆𝑆 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟 (𝑘𝑊ℎ)

𝐸𝑛𝑒𝑟𝑔𝑦𝐵𝑃

=  
4000 𝑘𝑊ℎ 

20 𝑘𝑊ℎ
= 200 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑃𝑎𝑐𝑘𝑠 

 

 

4. Amount of ESS containers (Q) 

After presenting the forecasted volume of electrified machines, the authors could calculate the 

acquired amount of ESS containers, in correlation to the expected volume of electrification. From 

the formula stated below the authors could deliberate the different quantities that are expected 

for the containers between year 2023 and 2038.  

 

𝑄 = 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟𝑠 
𝑉𝐸𝑀 = 𝐹𝑜𝑟𝑒𝑐𝑎𝑠𝑡𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑓𝑖𝑒𝑑 𝑚𝑎𝑐ℎ𝑖𝑛𝑒𝑠 

𝐴𝐵𝑃 = 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑃𝑎𝑐𝑘𝑠 
 

𝑄 =
𝑉𝐸𝑀

𝐴𝐵𝑃
  

5. Price per ESS container (CESS) 

The cost of installation (CI) is 1 448 SEK/kWh where one ESS container has the capacity of 

4 000 kWh thereby multiplying these two, the authors can get the cost for one ESS container in 

SEK. Further, the cost is divided by 1 million to get the value in million SEK.  

 

𝐶𝐸𝑆𝑆  =
𝐸𝑆𝑆 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟 (𝑘𝑊ℎ) × 𝐶𝐼

1 000 000
 

 

𝐶𝐸𝑆𝑆  =
4 000 × 1 448

1 000 000
= 5,79 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑆𝐸𝐾  

 

6. Unit Price for one ESS container (PESS unit) 

The selling price for one ESS container is calculated below with the Amount of battery packs 

required (ABP), Selling price USD/ kWh ($512 per kWh) based from Kane. (2018) considering 

that a conversion is required a clarification is made regarding that 1 US dollar equals to 9,05 

SEK, thereby converting the currency. The formula is as well divided with 1 million to get the 

value in million SEK.  

 

𝑃𝐸𝑆𝑆 𝑢𝑛𝑖𝑡 =
𝐸𝑆𝑆 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟 (𝑘𝑊ℎ)  × 𝑆𝑒𝑙𝑙𝑖𝑛𝑔 𝑝𝑟𝑖𝑐𝑒 𝑝𝑒𝑟 𝑘𝑊ℎ (𝑈𝑆𝐷) × C𝑈𝑆𝐷 𝑡𝑜 𝑆𝐸𝐾

1 000 000
 

 

C𝑈𝑆𝐷 𝑡𝑜 𝑆𝐸𝐾 = Converting 1 USD to SEK (9,05) 

 

𝑃𝐸𝑆𝑆 𝑢𝑛𝑖𝑡 =
4 000 × 512 × 9,05 

1 000 000
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𝑃𝐸𝑆𝑆 𝑢𝑛𝑖𝑡 = 18,5 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 𝑆𝐸𝐾 

7. Total cost 

By presenting all the previous variables and formulas the total cost for an ESS application is 

presented below. The formula has as well been divided by 1 million.  

 

𝐶𝑠𝑢𝑚 =  
(𝐶𝐼 × 𝐸𝑆𝑆 (𝑘𝑊ℎ) + (𝐶𝑈𝑆𝐷 𝑡𝑜 𝑆𝐸𝐾 × 𝐴𝐵𝑃  × 𝐸𝑛𝑒𝑟𝑔𝑦𝐵𝑃 × 𝑟 × 𝑡𝑠 ×  𝑇))

1 000 000
 

 
𝑇 = The specific year 

 

8. Total profit formula 

Calculating the total profit will include the quantity from the specified year (T), in this case 

based from 2023 to 2038 and with the selling price for one ESS container.  

 

𝑃𝑟𝑜𝑓𝑖𝑡 = 𝑄 (𝑇) × 𝑃𝐸𝑆𝑆 𝑢𝑛𝑖𝑡 

 

9. All variables and presented numbers 

All variables for the re-use of BP into ESS applications have been summarized in Table 11.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variables 
Constant, varies 

(V) 
CM  

r 1283,5 
s -1,098 

t in CM 

𝑻 − 𝟐𝟎𝟎𝟖

𝟐
 

 

CI (SEK) 1 448  
Energy(kWh) 20 

USD ($) to SEK 9,05 
VM (Unit) 40 000 

t in VM 
𝑻 − 𝟐𝟎𝟏𝟓 − 𝑫𝑻

𝟓
 

PE  
m 0,0541 
n -0,142 
q 0,0992 

ESS Container 
(kWh) 4000 
ABP (Units) 200 
PESS (MSEK) 18,5  
CESS (MSEK) 5,79 
DT (year) 5 

Selling price 
(USD) 

512 

Table 11 - Variables for the ESS concept 
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10. Forecasted profit of Concept 3  

 
Figure 29 - Forecasted profit increase for Concept 3 from year 2023-2038 

 

Regarding the ESS concept, the company does not have any knowledge in the area. It will 

therefore be the most challenging concept for the company since they have no expertise, partners 

or facilities in the area at the moment. These factors will directly indicate on a high investment 

cost of 100 million SEK for the concept, since it requires more time and money during the start-

up phase. Due to the implementation of a new application area, it will require both new personnel 

and education regarding training in the ESS area. While also obtaining knowledge and 

certificates. The initial investment costs consist of the same factors that are mentioned in Concept 

1. As the previous concepts the investment will be made in year 2023, resulting in a payback 

year of 3 years after the investment has been made. It therefore fulfils the requirements from the 

company of having a payback period within 5 years. Since it has a high unit price of 18,5 million 

SEK for one ESS container, the profit in year 2038 is projected to be approximately 8,7 billion 

SEK with a return rate of 22 percent for a 15-year period. As stated before, the li-ion price will 

decrease during the years which is a big impacting factor of the high profit since it is included in 

the unit price. Installing an ESS container is 1 448 SEK/kWh whereas the container will be able 

to store 4 000 kWh resulting in an installation cost of 5,79 million SEK. Resulting in a profit of 

12,7 million SEK for one ESS container.  

 

This concept has no complicated repurposing or remanufacturing processes, instead a re-use of 

the BPs and the installation of the container is the only processes performed. The determined 

prerequisite is that the company will manage the inspection and testing of the BPs before they 

are transported to the ESS application area, thereby indicating on that no further inspection and 

testing are required for the concept.  
 

4.6. Results of the three generated concepts 

From all the gathered results for each concept, the authors have chosen to illustrate all of the 

combined diagrams into one, as illustrated in Figure 30 visualizing the three different function 

curves. The authors will also clarify and conclude which concept that has the best potential as a 

future investment. The x axis is the amount of years from 2023-2050, while the y axis is million 

SEK. The reason why the authors have extended the amount of years in the x axis shown in the 
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diagram is mainly because the remanufacturing concept will pass the ESS concept in year 2042, 

which is an important event to illustrate. Explaining these different functions will determine 

which concept to prefer when three different investments are made, including their related profits 

of the investment.   

 

 
 

Figure 30 - Profit curves from the initial investment for all the three concepts 

 

Firstly, the Aftermarket concept (blue) will be discussed followed by the Remanufacturing (red) 

and ESS (green). According to the profit curve, the Aftermarket concept demonstrates the lowest 

initial profit of investment compared to the other two concepts, since the unit price is the lowest 

out of the three concepts. The curve is more constant in its profit growth over time, however with 

a lower total profit. For the Remanufacturing concept, the profit curve shows a drastic increment 

over the years. The reason why the curve shows such a drastic increase is since the unit price is 

indicating on a much higher price compared to the Aftermarket concept. This determined unit 

price is set since a remanufactured EV battery includes a complete cell exchange, making the 

battery as good as new and can therefore be sold to a similar price as a new EV BP. Another 

factor of the increment could also be due to including the decreasing value of the li-ion battery 

price in the calculations. This decreasing value has also been considered in the ESS concept but 

not in the Aftermarket concept where the material cost is constant. As the EV market forecast 

has been included in the calculations as well as the company’s electrification percentage, the 

remanufacturing concept is considered to be a more suitable investment due to the significant 

future market increase.  

 

Similarly, the ESS curve shows a drastic increase as the remanufacturing concept. This is also 

connected to the high unit price for an entire ESS container, which is determined to be the highest 

of all the concepts. As the remanufacturing concept the ESS has a material cost that varies 

depending on the li-ion battery price decrease. According to the diagram and the numbers in the 
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table in Appendix 4, ESS will have the shortest payback period and is predicted to be most 

profitable until year 2042, where the remanufacturing concept will exceed the ESS that is marked 

with yellow in a table. The referred appendix specifies the total profit from the investment from 

year 2023 to 2050. 

 

In conclusion, all three concepts have illustrated a constant increment for the first 10 years while 

the Aftermarket concept remains constant, the remanufacturing and ESS concepts shows a 

substantial growth 10 years after the investment, from 2033 and onwards. This could highly 

depend on the market prediction that will most likely change and the decreasing li-ion price that 

has not been taken into consideration for the Aftermarket concept. The authors would like to 

emphasize that the diagrams should be updated accordingly to show as reliable results as 

possible, as some of the forecasted data might change along the years.  

 

Figure 31 has been illustrated by the authors, to show the payback year for each concept. The 

ESS concept has the shortest payback year of 3 years, where it is expected to be profitable as 

early as in year 2025. For the remanufacturing concept it is expected to have a payback year of 

5 years and will be profitable in 2027. Lastly, the Aftermarket concept requires 7 years until it is 

profitable, where the payback year is in 2030. A more detailed numerical description for the 

concepts is presented in Appendix 4 including profit of the investment and payback years marked 

in orange. 

 

 

In order to get a better holistic view out of the three concepts, the total profit with the calculated 

investment, annual return rate and payback years will all be presented for 5, 10 and 15 years after 

Figure 31 - Payback year for each concept from 2023 to 2029 
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Figure 31 - Payback year for each concept from 2023 to 2030 
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the investment. The table begins from 2023 since it is the year the investments are made and then 

it calculates the expected results 5, 10- and 15-years forwards and is used to conclude which 

concept is preferred to invest in. According to the data in the table below, the ESS will be the 

most profitable concept in a 15-year period, with the highest overall profit and the shortest 

payback time.  

 

 

 

 

After illustrating Table 12, it is quite clear that the Aftermarket concept will be excluded mainly 

considering that it does not meet the requirements regarding the payback years. It further has a 

low profit and RR in comparison to the other concepts, therefore the authors chose to exclude 

the Aftermarket as an option. These mentioned factors are conclusive for the selection of the 

final concept.  

 

If the selection is primarily based on the data that is presented in the table above, the ESS concept 

is a good alternative to strive for. Consequently, a clarification towards the ESS concept is that 

the research area is not something that the company has worked with earlier, which will 

essentially require a lot of commitment, time and money to prove that the concept is worth to 

invest in. From a realistic perspective, the remanufacturing proposal might be a reasonable option 

for the company. The remanufacturing concept will require 2 more years in order to gain profit 

from the investment made in comparison to the ESS. However, the remanufacturing concept 

might have a longer payback period but is more appropriate from a company perspective, seeing 

that the concept will surpass ESS in year 2042 in the long-term aspect. These statements are 

based from the forecasted profit shown in Appendix 4. Meanwhile from a short-term investment, 

the ESS is the better alternative considering a faster and higher profit in the beginning. 

 

As mentioned before, the Remanufacturing concept is already a common process that is utilized 

within the company. By that indication it is a great advantage in the features of having knowledge 

in the related area. This facilitates the learning process of remanufacturing when the company 

already has ongoing operations in this field. Therefore, the concept will substantially be kept 

internal if it is manageable with less focus on the external remanufacturing companies. From a 

second life prospect the remanufacturing method is a better alternative, due to the exchange of 

li-ion cells in the batteries that are implemented while no repurposing or remanufacturing is 

performed for the ESS concept. Since the second life aspect also includes the environmental 

point of view the ESS concept is more suitable.  

 

 

 

 5 years – 2028 10 years – 2033 15 years – 2038 
AM REMAN ESS AM REMAN ESS AM REMAN ESS 

Total profit, 

(Million SEK) 
-48,5 36,2  195,1 275,8 1023,9 1842,8 1782,3 7082,4 8654,9 

Return Rate, %  -36,8 -7,0 -8,9 5,5 23,2  19,9 12,6 27,8 22,0 

Payback year, 

(year)  
7 years 5 years 

3 

years 

7 

years 
5 years 3 years 

7 

years 
5 years 3 years 

Overall 

conclusion   
Remanufacturing has the best RR while ESS has the shortest payback time and highest profit 

AM has the longest payback years and is least profitable. 

Table 12 - Table illustrating total profit, RR, payback year and the overall conclusion of the three concepts 

in a 15-year period. 
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4.6.1 Conclusion of the three identified concepts 

From all the presented factors regarding the benefits and drawbacks for each concept, the authors 

could thereby conclude in the selection of the final concept. In the end the most essential aspect 

is that the chosen concept is suitable from a company perspective while also being profitable. 

The selection is based on all calculated numbers from the empirical findings including 

investment, total costs, payback years, return rate and profit factors within a range of 15 years. 

The authors could thereby conclude in the selection of the Remanufacturing concept as the 

chosen one, and further suggest that a good starting point would be to perform the 

remanufacturing processes in the current remanufacturing facility in Sweden. This is suggested 

by the authors since the facility already has knowledge in remanufacturing processes and the 

required equipment and tools.  These factors were the main reasons why the investment cost for 

the concept was lower than the other two concepts. Concluding in the Remanufacturing concept, 

the authors will proceed with the presentation of the reverse logistic and recycling process.  

 

4.7. Reverse logistics and Recycling process  

In this chapter, the authors will present two different reverse logistics systems, concentrating on 

the second life processing. The case company will have full ownership of the BPs in both 

scenarios. No additional calculations regarding both the processes will be mentioned throughout 

the chapter. The reverse logistics process is originally designed for the Remanufacturing concept 

but could also be applied for the repurposing concept and parts of the re-use concept, considering 

their similar process steps. For the re-use concept the BPs will not require any processing as the 

other two concepts, it only requires testing and inspection of the BP and can be performed 

directly in the warehouse. This will then exclude the processing facility for the re-use concept. 

All the presented steps will be visualised in process maps with their respective explanation. 

Consequently, a final selection of the most suitable reverse logistic process will be discussed and 

concluded. The recycling process is only adapted for the Remanufacturing concept, illustrating 

the recycling of damaged BPs and battery cells. Both of the reverse logistic processes are 

intended for a high-volume capacity, considering that the investment is applied when a high 

volume is pre-determined.  

4.7.1 Reverse logistic process map – Example 1   

Under this section the first presentation of the reverse logistic process map is illustrated in Figure 

32. The figure formulates different scenarios that can occur and their outcome, as well as defining 

the process steps if the process is performed within the company. This process map illustrates 

the first example of how a reverse logistic can be performed for retired EV BPs. The reverse 

logistic process is described using different arrows both illustrating the information flow and the 

transportation flow. For the information, there are three various scenarios where the blue arrows 

indicate on general information regarding the EOL BP from its first life, the green illustrates the 

information when a new order is placed while the red arrows describes the information of the 

recycling flow. The black arrows illustrate the transportation flow and there are two different 

scenarios, the full line is the regular transportation flow meanwhile the dashed line illustrates the 

alternative flow that can occur in some occasions.  

 

As previously mentioned, the processing and transportation activities for the various second life 

methods have been presented in the calculation methodology. The reverse logistic process will 

be presented in its order, from its first life application to its numerous routes it can pursue until 

it is redistributed into its second life. This is also correlated to the forward logistics including the 

process steps from the warehouse to the end customer. The forward logistics steps are presented 
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to create a holistic view of the entire flow, further clarifying how the EOL BP is transported 

through the reverse logistic flow. 

 
Figure 32 - Reverse logistics process map for retired EV BPs – Example 1  

 

When a BP has completed its first life and can no longer be used in vehicle applications, the 

customer will notify the dealers regarding the BP and send it to the dealers (1). Depending on 

the BP’s condition the dealers will either inform the recycling hub if the BP is damaged and send 

them there (2) or inform the regional core hubs and forward the BP to the hub (2). The regional 

core hubs can be defined as smaller warehouses in a certain geographic area in a closer 

connection to the dealers. These regional core hubs will then inform the central core hub that is 

the large central warehouse and forwards the BP (3). Thereafter, the central core hub will notify 

the support-team that are responsible for incoming orders, transportation bookings, contact with 

different regional or central core hubs etcetera. The support-team will be informed regarding the 

return order and will arrange the transportation from the central core hubs to the warehouse (4). 

Once the BP has been received at the warehouse, the warehouse staff will contact the processing 

facility about the incoming BP (5). In the processing facility the BP will firstly be inspected and 

tested and either repurposed, remanufactured or applicable for re-use depending on the chosen 

concept. In this stage there are two possible paths for the BP, if the BP is damaged for example 

after the transportation, the processing facility will contact the recycling hub and send the 

damaged BP for recycling (6). However, if the BP is functional the second life processing will 

be initiated and as the BP is processed and ready for its second life, the facility will return it to 

the warehouse (6). As referred to the green marked arrows in the process map, the end customer 

will contact the dealers to place an order for a new BP. The dealers directly inform the support-

team and places the order in the system. The support-team are responsible for communicating 

with the warehouse and informs them about the new order. Once the warehouse has received the 

order confirmation the BP is sent to the dealers (7) and finally delivered to the end customer (8), 

where it is redistributed into its second life. After the BP second life has ended the process that 



66 

 

follows is illustrated with the red marked arrows, this flow is not mandatory for the customers. 

If the customer chooses to send the BP to the dealers, the customer will firstly inform the dealers 

that the BP has reached its EOL and return it (9). However, if the BP is sent to the dealers, they 

are responsible for sending the BP to the company’s recycling hub (10). 

4.7.2 Reverse logistic process map – Example 2   

 

The authors have created a second example of a reverse logistic process map for retired EV BPs. 

The information and transportation flows are defined in the same way as for Example 1.  

 

After the BP has reached its EOL the customer informs the dealers and sends their EOL BP to 

the dealers that performs an inspection and testing of the BP (1). The dealers determine if the BP 

is either suitable for processing or not applicable for a secondary use, where this step will either 

mean that the BP is sent to the recycling hub (2) or sent to the processing facility (2), either way 

the dealer must communicate with the support team before forwarding the BP, since they are 

responsible for the transportation bookings. Once the BP has arrived at the processing facility it 

will be inspected and tested to ensure that no faults are detected, otherwise it will be sent to the 

recycling hub (3). After the processing facility has processed the BP for a second life application 

they will place it in their warehouse until a new order enters the system. When a new customer 

is in need of a battery they will inform the dealers and place their order, the dealers will contact 

the support-team in order to inform the warehouse regarding the incoming order. After the 

processing facility has been informed about the new order, the warehouse sends the battery to 

the dealers (3) where the dealers inform and forwards it to the end customers for a redistribution 

(4). However, customers that have a battery that has reached its EOL in its second life application 

also communicates with the dealer and sends the EOL battery back (5). The dealers will then 

inform the support-team regarding the EOL BP which are responsible for informing the recycling 

hub and arranging the transport. The BP is then sent from the dealer to the recycling hub (6). 

Furthermore, all initial steps in the recycling process will be illustrated in Chapter 4.7.3.  

Figure 33 - Reverse logistics process map for retired EV BPs – Example 2 
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Conclusion reverse logistics  

 

The authors created two process maps illustrating two suggestions of how the reverse logistic for 

retired EV BPs can be composed. Both the reverse logistics process maps are based on a high 

volume of BPs, since it is pre-determined that the investment will only be made if the volume of 

BPs is as high as anticipated.  

 

The two presented reverse logistic process maps differ in their process steps. For Example 1, the 

reverse logistic involves a more advanced process including several transportation routes and a 

broader information flow. As for Example 2, the process steps are shorter since the authors 

wanted to minimize the transportation routes, considering that the transportation of batteries are 

both hazardous and expensive. By reducing the transportation flow in the reverse logistic it will 

also benefit the environment, which is seen as an important factor for the company. Although, 

the process steps are reduced in Example 2, the lead-time for sending the new batteries from the 

warehouse to the end customer is expected to be the same as for Example 1, since they both 

involve transportation between three parties.  

 

One of the drawbacks of Example 1 is that several of the process steps are not value adding, 

which is the main reason why the authors have chosen to exclude certain steps in the process, 

resulting in Example 2. In the second example the processing facility have an internal warehouse, 

where the processed batteries will be stored. If the volume of the BPs increases, the warehouse 

might not have enough space since it is a smaller local warehouse. This is one of the advantages 

with the first example, having a larger central warehouse storing the batteries. Both the examples 

are dependent on a functioning communication with the support-team. However, Example 2 

involves more responsibility from the team considering that they are responsible for the incoming 

retired BPs, new orders and the EOL batteries. Example 1 is not as dependent on the support-

team, although their support is essential for the entire process to work.  

 

The presented reverse logistic process map for batteries is only an example of how the company 

can perform the reverse logistic in the future. Since there as of today are no regulations regarding 

the reverse logistic flow for retired EV BPs, the authors have presented two suggestions. The 

cost aspects for the two reverse logistics processes have not been examined, whereas the authors 

cannot conclude in which of the two processes will be more beneficial from an economic point 

of view. Based on the above-mentioned factors comparing Example 1 and 2, the authors have 

concluded that Example 2 is preferable as a reverse logistic set up for retired EV BPs.  

4.7.3 Recycling process of remanufacturing 

The case company currently sends their EOL batteries to a recycling centre located in central 

Europe. The recycling centre could also be used for EOL EV BPs and battery cells. From the 

illustrated figures above of the two different reverse logistics processes, the same recycling 

process will be applied for both of the scenarios however in different recycling centres. The 

recycling process is initiated after an inspection has been made at the processing facility, 

considering that the BPs are not fully applicable for a second life. The process includes recycling 

of BPs and recycling of battery cells. A construction of the recycling process is illustrated in 

Figure 34 with the two different scenarios for the BP and the battery cells that are received. This 

is connected to the reverse logistic process map, since the damaged BPs are transported to the 

recycling facility or when the battery cells are not suited for a second life after its testing and 

inspection. In the figure, each step in the process is visualized with their corresponding phase.  
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Figure 34 - Recycling EV li-ion BP process map 

 

The recycling of a li-ion BP and battery cells involves several process steps in order to extract 

the materials and to use them once again. The initial step after the damaged BPs and battery cells 

have been received, is the inspection of both the BPs and the cells where they are then sorted into 

recyclable and non-recyclable material. Materials that cannot be recycled will be disposed and 

the recyclable materials will be ready for treatment. Before the materials can be recovered the 

BPs and the battery cells must firstly be discharged to reduce the risks of damages, since the 

batteries contains of high voltages. For the BPs, the discharge process also involves the 

dismantling to a cell level. All materials in the BPs and the battery cells such as electronics, 

electronic conductors and other components will either be re-used or recycled depending on their 

condition. After all re-usable components have been separated from the battery cell, the cell will 

be shredded in order to recover valuable metals from the batteries. The next step includes a 

chemical and physical separation of the materials. Lastly, the recovered raw material is recycled 

and can therefore be re-used in the production of new materials.  
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5 DISCUSSION 

Research indicated that there is a lot of interest and need to implement battery second life areas. 

Specifically, in the EV industry, given the increasing volume in recent years and its upcoming 

forecast. Hence, the authors examined concepts that should be beneficial to the company in a 

future investment. In this chapter the gathered theory and results will be discussed by both 

theoretical and managerial implications involving the reasoning factors by the authors.  

5.1 . Theoretical implications 
In the following section the authors will present the theoretical implications, where the results of 

the thesis are compared with existing theory. The authors will further define what the key 

contributions are from this study. 

 

Initially, from the brainstorming ideas the authors could with the support of a Pugh’s matrix 

conclude in three concepts from a second life perspective. An appropriate introduction to the 

concepts is to develop a business model. Notably, having a business model in the process making 

will provide a holistic perspective, in addition to Jiao & Evans (2016) explaining that the model 

is an efficient tool to provide information with, while presenting the nine different blocks. In the 

same way, the authors also prefer to present all relevant parts of the business model involving all 

business aspects. Especially the parts that the company need to deliberate and have in mind when 

implementing the concept, in that way all business aspects are taken into consideration. 

Consequently, the presented aspects will facilitate the presentation in order to distinguish the 

different business models and compare them with each other including separate costs and 

revenue information.  

 

Along the progression of the thesis, the authors have presented the second life concept with 

concentration of three different methods, repurposing, remanufacturing and re-use. These three 

methods are according to the authors something to develop and strive for in the future of the 

battery second use. Moreover, considering the li-ion battery being more frequently used in 

various application areas, it is essential to have a second life approach and in the authors case the 

selected second life concept is the remanufacturing of li-ion BPs. The Remanufacturing concept 

for li-ion batteries is still a limited market, thus the data is lacking, as addressed by Rohr et al. 

(2017). The EV market is however expected to develop and increase according to Sanders (2017), 

which will certainly result in more numerical information in research regarding remanufacturing 

processes, according to the authors. A statement by Curry (2017) is also connected to the 

increasing factor of car manufactures development and transitioning to EV’s. Further argued by 

Curry (2017) is that the car manufacturers are more involved in the remanufacturing processes 

of EV BPs since it is extending the battery service life. The presented aspects for the 

Remanufacturing concept in its reverse logistics, recycling and facility placement are all 

additional processes to consider after selecting a suitable concept. 

 

As of today, the li-ion battery price is relatively high in parallel to what it is expected to be, but 

according to Curry (2017) the forecast will implicate in a decrease cost of the li-ion battery price 

and where the remanufacturing method most likely will be a more common method to use. Even 

if a lower price is expected Casals et al. (2014) and Martinez-Laserna et al. (2018) pronounce 

the inconvenient price difference in the current market between EV and non-electric vehicles. 

This is due to the high li-ion prices and where the secondary use concept is a method to utilize 

in order to reduce the price even further. Foster et al. (2014) state that there are great possibilities 

by using remanufacturing processes, where the economical savings are one of the great 

outcomes. The authors likewise see great potential in the remanufacturing of batteries for a 

second life, since it enables used materials to be re-used for another life instead of disposing or 
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recycling them. Foster et al. (2014) also claims that by using remanufacturing methods, the 

amount of manufactured batteries can be reduced and more focus on using the existing batteries 

is preferable. This method also supports the sustainability and provides a better circular economy 

stated by Casals et al. (2014) and Lih et al. (2012). The authors also agree to these arguments 

related to sustainability. At a current stage, there are no clear regulations regarding the recycling 

of li-ion batteries as stated by both Gaines (2014) and King et al. (2018). There are different 

regulations in every country resulting in an unclear overall recycling process further emphasized 

by King et al. (2018). It is therefore according to the authors important to develop functioning 

recycling processes in each country, especially since batteries contains of hazardous substances 

and its impact on the environment is crucial. As identified by Recharge (2014) the recycling of 

li-ion batteries is not entirely an economically profitable solution, however it depends on the 

materials that can be extracted and the materials that can be re-used. Similarly, Reinhardt et al. 

(2016) argue that the recycling of EV batteries is not profitable at a current stage, mainly due to 

lacking frameworks of the recycling processes. Since the batteries have a negative impact on the 

environment the authors find it important that the frameworks will be developed in the near 

future. It is not an entirely uncomplicated process concluded by Gaines (2014), however 

according to Dewulf et al. (2010) a functioning recycling process can result in a reduced impact 

of the battery life cycle, further strengthening the importance of a recycling system. In order to 

have a functioning remanufacturing and recycling process the BPs must be transported from one 

place to another. According to UPS (2017) the regulations of transporting li-ion batteries 

regularly changes globally. However, one mandatory requirement is that the personnel handling 

the transport must have the right training and knowledge of the batteries and its potential risks, 

according to the company. Meanwhile, Xu et al. (2017) explains that if the batteries are not 

handled with care the risks of harming the environment as well as causing fatal injuries for 

humans is extremely high.  

 

Even though the remanufacturing process demands a complete cell exchange the used cells can 

still be applied in other application areas. From an environmental point of view, it is a sustainable 

process where materials can be used until they are no longer suited. However, Casals et al. (2017) 

identify some of the difficulties within the process where it demands a significant amount of 

effort to dismantle the batteries, which is a very expensive process. A research by Lu & Bostel. 

(2007) strengthen the importance of involving the OEM in the remanufacturing processes due to 

their expertise in the area considering it being a complicated process. In the business model of 

the Remanufacturing concept the authors have included the OEM since it is important to contact 

and use their knowledge during the development of the process. This will then simplify the 

overall reverse logistic procedure. The presented work for the reverse logistic illustrates general 

process maps suited for second life concepts. In the reverse logistic, both a sustainable and an 

improved environment perspective are contemplated by Chi et al. (2012). The authors likewise 

involved the recycling alternative in the process map if the BPs or battery cells are not suited for 

a second use. A challenge with batteries in general is that many rather dispose instead of 

recycling them mentioned by Jayant et al. (2014). An additional factor to why the authors 

included the recycling perspective is also linked to one of the case company’s main objectives. 

Similarly, Kizilboga et al. (2013) explain that the reverse logistic is more complicated than a 

regular supply chain, thereby resulting in complications with both quality and cost factors in the 

system. Another complication is likewise the battery ownership as identified by Jiao & Evans 

(2017), where a common uncertainty is the owner of the batteries after their EOL. Meanwhile, 

similarly pronouncing that the potential benefits of providing a second life for EOL batteries is 

high. 
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Finding a reasonable location is important, which was asserted by Kizilboga et al. (2013) as a 

main challenge. Whereas, Klör et al. (2014) pronounce the importance of having relevant 

distances between remanufacturing and recycling facilities in the reverse logistics. Meanwhile, 

involving the dangerous aspect of transporting li-ion batteries in the creation of reverse logistic 

strategy is something to include. All the mentioned aspects are correlated to the placement of the 

remanufacturing process, which has been determined to be in the remanufacturing facility in 

Sweden. As opposed to the recommendation by Klör et al. (2014) of having the remanufacturing 

facility near the OEM, the authors recommend that the remanufacturing procedure is managed 

within the company’s current remanufacturing facility. All required knowledge, tools and 

equipment are according to the authors accessible in the facility. These factors make the 

remanufacturing facility a suitable location for the concept, also solving the location challenge 

for the reverse logistics as addressed by Kizilboga et al. (2013). Unlike the problem with 

disposing batteries into the environment mentioned by Jayant et al. (2014), the company have a 

mind-set towards a greener society corresponding to a mandatory recycling process.  

 

After concluding in the Remanufacturing concept, the authors concur with the adaptation for a 

second life for the company. Whereas, Rohr et al. (2017) gives the facts that there as of today is 

not much data to rely on in the remanufacturing area for EV batteries. Therefore, the authors 

agree to an extent that more research and data needs to be acquired from real scenarios, excluding 

assumed or predicted numbers. With real data the research will be more reliable and reflect on a 

realistic situation. A relevant recommendation would rather be to perform the process but await 

more realistic data due to the EV market being relatively new. Consequently, requiring 5 to 15 

years in use in its first life before second life application is applicable.  

 

Regarding the calculation part and the numerical data of the remanufacturing process for 

batteries, there were not much data available in research. In a study by Rohr et al. (2017) the 

remanufacturing of an EV BP from a BMW i3 with a battery capacity of 19 kWh was examined. 

Since the battery capacity is similar to the one examined in the thesis (20 kWh) the authors chose 

to base some of the numerical data on Rohr et al. (2017), more specifically the remanufacturing 

hours and activities. Another cost that has been concluded based on the studies by Rohr et al. 

(2017) is the cost of transportation. The authors would like to emphasize that the decreasing cost 

of li-ion batteries and the company’s EV market are based on forecasts, and it is only reliable 

until year 2030 and 2040 respectively. In table 12, the authors have illustrated three-time periods 

of 5, 10 and 15 years showing the return rate, total profit and payback years for each period. The 

main reason for only visualizing the results in the time span of 5-15 years is to show more realistic 

data. As seen in the table, the Remanufacturing concept was not the most profitable concept for 

the first 15 years. The ESS concept was initially the most profitable concept however, a change 

occurs in year 2042 where the Remanufacturing concept exceeds the ESS. The long-term 

profitability for the Remanufacturing concept was one of the reasons why the authors and the 

company selected the concept as the final one. However, the main reason was because the 

concept is easier to implement in reality from a company perspective, in comparison to the ESS 

concept. In summarization, what the company essentially will benefit from the presented results, 

are predicted forecasts of three different concepts covering their cost factors and profits. After 

presenting the variables and formulas, the calculations for each concept were inserted into an 

Excel document with each variable linked to a formula. When for example one variable changes 

the entire calculation is affected. Therefore, from a company perspective the presented work is a 

convenient calculation tool to use in the research and development stages for second life 

concepts.  
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Based on the concluded concept, the purpose was also to define, analyse and compare reverse 

logistic processes. There are many benefits of involving a reverse logistic, for example by 

applying a reverse logistic for the used EV BPs, a more sustainable environment could be 

achieved. It does as well contribute to a circular economy where materials are either re-used or 

recycled. A circular economy is essential for the future due to the forecasted increase of the EV 

market, resulting in a high number of used EV BPs that will be available for a second life. 

Conclusively, the reverse logistic method summarizes all the process steps between the BPs first 

life to its second life. The authors presented two different suggestions of reverse logistic process 

maps for EOL BPs. The cost aspect of the reverse logistics and recycling process have not been 

analysed by the authors due to time limitations. These process maps resulted in two different 

examples and a high volume of retired EV BPs is prerequisite. The most essential factor in the 

reverse logistic is the information flow. Any miscommunication will have direct impacts on the 

flow and might affect the entire process. According to the authors, the second example illustrates 

a more value adding process map from a reverse logistic perspective. After defining the reverse 

logistic processes, several routes have been included and will therefore impact the overall 

transportation cost in the calculation chapter. It is important to acknowledge that in the 

calculation chapter, the transportation cost is only based on a route from the case company to the 

processing facility and back. In the future it is essential to include the entire reverse logistic in 

the calculations, since it will impact the overall costs.  

 

In conclusion, the three identified concepts that were chosen are quite different from each other, 

but all are based on the same perspective in this case the second life aspect for EV BPs. The 

authors would like to clarify that the identified concepts, results and process steps are not 

finalized solutions. The intention is only to create a thorough holistic view and an insight towards 

what second life concepts can involve from a business and reverse logistics point of view.  

5.2. Managerial implications 
Under this section the managerial implications are 

presented. What this implication indicates on is how 

our results will add value to companies and what 

benefits will be acquired from the gathered research. 

When presenting the finalized concept, all decisive 

variables were based on the company’s 

qualifications.  Considering the authors approach to 

contribute to research, a presentation of a general 

second life process map was created, based on 

gathered empirical findings throughout the thesis in 

correlation to the theoretical implications. From this 

process map, further and similar research could be 

achieved likewise present each decisive step in the 

process. Due to that the presented process map in 

Figure 35 is general, meaning that any company can 

use it as inspiration, which will make it more 

accessible during the start-up phases and create a 

holistic view over the entire process. Thereby, 

making it available for all areas and not only within 

the li-ion battery section. With the process map the 

authors seek to influence both companies and 

researchers that are investigating different second Figure 35 - General process map 
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life concepts. A clarification is that the presented figure explains a summarized version of the 

authors methodology along the thesis. 

 

 

6. CONCLUSIONS AND RECOMMENDATIONS 

The purpose of the following chapter is to conclude the thesis and respond to the formulated 

research questions. The authors will also propose recommendations and further possibilities for 

the researched area.  

 

RQ1: Which secondary use business model concepts are feasible for battery packs of 

electrified machines? 

 

From the generated ideas, the authors concluded in three selected concepts as the most feasible 

for the company’s requirements. These concepts consisted of Aftermarket options, involving a 

repurposing process of a 20 kWh BP transitioning it to 11 starter batteries with an energy capacity 

of 1,7 kWh per starter battery. The second concluded concept was the Remanufacturing of the 

BP for its original purpose. The process implies in a total battery cell replacement for the BP. 

Lastly, the third and final determined concept was the re-use of BP for an ESS application. One 

ESS container has an energy capacity of 4 000 kWh implicating on that 200 BPs are required to 

manage the specific energy capacity in the container. This concept signifies that no repurposing 

or remanufacturing process is required and that a re-use is achieved.  

 

RQ2: Out of the above identified concepts, which business model concept is economically 

feasible and how can its reverse logistic be composed?  

 

From the empirical findings and calculations, the Remanufacturing concept proved to be the most 

economically feasible concept out of a second life perspective. The economical aspect, 

involving: total profit with investment, payback year and return rate were the determining factors 

for the selection of the concept. From the three identified concepts and second life aspects, 

combined function diagrams could visualize and determine that the Remanufacturing concept 

was the most feasible one. The authors investigated a 15-year period to identify the differences 

between the three concepts and their profitability in the long-term. Eventually, the 

Remanufacturing concept is considered as the most beneficial one. After concluding in the 

Remanufacturing concept, the authors defined and compared two reverse logistic process maps 

to present suggestions of how the process could be composed. The authors suggest the second 

example of the reverse logistic as preferable for retired EV BPs.  

   6.1 Recommendations 

Along the thesis, the authors could conclude in that some areas could be further developed. 

Therefore, recommendations of future work related to the subject will be mentioned. 

 

In the constructed guidelines, the authors establish a process map of how companies can 

implement a second life concept. The thesis only gives an estimate of the chosen concept and 

provides an overall picture of the concept. The authors had to delimit three concepts into a final 

one. Although the ESS and Aftermarket were not appropriate for the company, it does not imply 

on that the concepts are not feasible from a second life perspective. It only implicates that the 

Remanufacturing concept was most suitable for the company in this case.  
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Second life has not been applied in a broad scope as of today, and new EV batteries have not 

ended its first life yet. The selected concept is adapted to the company therefore, it may be 

difficult for other companies to follow the same procedure. Despite that, the authors constructed 

guidelines as presented in the discussion chapter. What also can be improved is that some of the 

composed numbers should instead be collected from real cases from companies and not entirely 

based on research and assumptions. This requirement will create more realistic calculations for 

the company in its future application. After obtaining the correct data, careful analysis of the 

numbers could be performed. To see if possibly an investment or other variables such as material 

cost, transport, remanufacturing hours or other crucial variables could be reduced. A 

recommendation is to update the collected numbers when using the second life concept, in order 

to have continuous reliable data throughout the calculations. A further recommendation is to 

develop an economical calculation for the reverse logistic and recycling process, to strengthen 

the second life concepts even further.  
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8. APPENDICES 

 

APPENDIX 1 – Semi-structured interview questions  

 

Second life 

▪ Should we assume that the company is the OEM or that they will sell the secondary use 

concept? 

▪ Will secondary use application be something to consider in the future?  

▪ From what source will we receive the used EV batteries from?  

▪ What do you think about the secondary use concept overall?   

▪ What year should we consider when finding suitable information regarding li-ion 

batteries?  

▪ Should we either upscale or downscale when generating ideas?  

▪ Do we have any technical specifications about the li-ion batteries that are planned for 

future use? 

▪ Are the presented business models in line with the secondary usage perspective?  

Calculation and numerical data 

▪ Can we illustrate which exact time period the investment will turn from negative to 

positive? 

▪ Is the formula indicating on how much the total cost is as well as profit? 

▪ Unit price of a used EV li-ion BP, is 60-80 % a relevant percentage span? Or is it 

considered lower/higher based on your experience? 

▪ What investment is considered to be a reasonable amount for the different concepts?  

▪ In the company’s current remanufacturing facility in Sweden, how much is the 

estimated remanufacturing cost per hour?  

▪ How does the remanufacturing procedure work, in specific to the different steps? 

▪ What are reasonable times for both remanufacturing and repurposing of EV batteries?  

▪ How long time period (in years) should we focus on regarding the calculations of total 

costs and profit?  

▪ How should we delimit our line diagrams when it comes to the years?  

Recycling 

▪ How much in depth are the recycling process going to present? In that we mean the 

recycling portion out of the thesis?  
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▪ Is the company currently recycling their starter batteries and in that case how does the 

procedure work?   
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APPENDIX 2 – Technical criteria table for the different concepts 
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References – Technical criteria table 

Gruma:  https://www.forklift-international.com/se/e/Batteri-Begagnad--77t 

 EV BP Company data 

Varta:  https://www.varta-automotive.se/sv-se/produkter/varta-promotive-silver/645-

400-080 

Lawn 

mower 

https://www.batteriexperten.com/sv/artiklar/husqvarna-automower-430-batteri,-

18v,-5200-mah.html 

Samsung 

SDI - 

Containe

r 

https://www.powerhouse-eastern-germany.de/PEG/Content/EN/Events/Event-

reviews/review-2016-09-28-cleantech-initiative-korea/samsung.pdf?v=2 

Samsung 

SDI -

Module 

http://www.samsungsdi.com/upload/ess_brochure/201803_SamsungSDI%20ES

S_EN.pdf 

Tesla 

modules 

https://www.ebay.com/itm/Tesla-Model-S-battery-module-24V-233Ah-5-2kWh-

444-Panasonic-18650-3200mAh-/262333679871 

Tesla 

Powerwa

ll 2 

https://www.tesla.com/sv_SE/powerwall 
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APPENDIX 3 – Pugh’s matrix, Criteria motivation  
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APPENDIX 4 – Summarization of total accumulated profit 

 

 

 

 

 

 

 

 

 

 


