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Abstract

This master’s thesis examines the potential for transitioning engineer-to-order supply

chains in the maritime industry towards a circular economy and investigates the role of

digital technology in supporting the integration of remanufacturing practices. The study

aims to understand the factors that determine the potential for remanufacturing used

products and the uncertainties associated with implementing remanufacturing in the sup-

ply chain. Additionally, it explores how digital technologies can address these uncertainties

and facilitate the effective implementation of remanufacturing. The research methodology

includes a literature study for theoretical background and a multiple case study analysis

involving semi-structured interviews and a questionnaire.

The study identifies 16 key factors that influence the potential for remanufacturing at

the product level, contributing a comprehensive list of factors specific to the maritime

industry. It also highlights the uncertainties that arise when integrating remanufacturing

into engineer-to-order supply chains, encompassing supply, process, demand, and control

uncertainties. Moreover, the research emphasizes the role of digital technologies, such as

data analytics, Internet of Things , simulation and modeling, and cloud technology, in

addressing these uncertainties and supporting remanufacturing implementation.

The findings of this study have practical implications for engineer-to-order companies

considering the adoption of remanufacturing practices. The identified factors can assist

in assessing the potential for remanufacturing at the product level, while the insights

into supply chain uncertainties can help companies navigate challenges during integration.

The suggested use of digital technologies provides guidance on how companies can leverage

these tools to enhance remanufacturing operations.

However, it is important to acknowledge the limitations of the study, including variations

in expertise among the case companies and an uneven distribution of stakeholders. Fu-

ture research should focus on understanding stakeholder-specific uncertainties and conduct

case studies on individual stakeholders in the maritime industry. Additionally, exploring

the economic benefits of remanufacturing and addressing existing regulatory barriers are

important areas for further investigation.

By shedding light on the factors influencing remanufacturing, supply chain uncertainties,

and the role of digital technologies, this thesis contributes to the knowledge base on sus-

tainable practices in the maritime industry. It is anticipated that the insights gained
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from this study will encourage companies to embrace remanufacturing as a pathway to

sustainability and economic prosperity in the sector. Ultimately, this research supports

the advancement of production management strategies in the maritime industry towards

a more sustainable and resource-efficient future, and a step closer to the final goal which

is the circular economy.
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Sammendrag

Denne masteroppgaven utforsker potensialet for å implementere en sirkulær økonomi i

engineer-to-order verdikjeder i den maritime industrien, og undersøker rollen digital tekno-

logi spiller i integreringen av reproduksjon. Målet med studien er å undersøke hvilke

faktorer som p̊avirker muligheten for å reprodusere brukte produkter, samt usikkerheter

knyttet til implementeringen av slike aktiviteter i verdikjeden. Videre utforsker oppgaven

hvordan digitale teknologier kan h̊andtere disse usikkerhetene og bidra til effektiv imple-

mentering av reproduksjon. Forskningsmetodene inkluderer en litteraturstudie for å skaffe

teoretisk bakgrunn, samt casestudier av flere bedrifter ved hjelp av semi-strukturerte in-

tervjuer og spørreskjema.

Studien identifiserer 16 nøkkelfaktorer som p̊avirker potensialet for reproduksjon p̊a produkt-

niv̊a, og presenterer en omfattende liste over faktorer som er spesifikke for den maritime

industrien. Oppgaven fremhever ogs̊a usikkerheter som oppst̊ar ved integreringen av re-

produksjon i engineer-to-order verdikjeder, inkludert forsynings-, prosess-, etterspørsels-

og kontrollusikkerheter. Videre understreker oppgaven rollen til digitale teknologier som

blant annet dataanalyse, tingenes internett, simulering og modellering, samt skytekno-

logi, for å takle disse usikkerhetene og støtte implementeringen av reproduksjon i slike

verdikjeder.

Resultatene fra denne studien har praktiske implikasjoner for engineer-to-order selskaper

som vurderer å innføre reproduksjon i verdikjeden sin. De identifiserte faktorene kan

hjelpe med å vurdere muligheten for reproduksjon p̊a produktniv̊a, mens innsikten i usik-

kerhetene som kan oppst̊a i verdikjeden kan hjelpe bedrifter med å takle utfordringene

ved integrasjon. Den foresl̊atte bruken av digitale teknologier gir veiledning om hvordan

bedrifter kan utnytte slike teknologier for å lette integrasjonen av reproduksjon.

Det er imidlertid viktig å erkjenne begrensningene ved denne studien, inkludert varias-

joner i kompetanseniv̊a blant casebedriftene og en ujevn fordeling av interessenter. Frem-

tidig forskning bør fokusere p̊a å forst̊a interessentspesifikke usikkerheter og gjennomføre

casestudier p̊a individuelle interessenter i den maritime næringen. Videre er det viktige

omr̊ader som bør undersøkes nærmere, som de økonomiske fordelene ved reproduksjon og

h̊andtering av eksisterende regulatoriske barrierer.

Ved å belyse faktorene som p̊avirker reproduksjon, usikkerhet i verdikjeden og rollen til

digitale teknologier, bidrar denne oppgaven til kunnskapsgrunnlaget for bærekraftige prak-

siser i den maritime industrien. Forventningen er at innsiktene fra denne studien vil

oppmuntre selskaper til å omfavne reproduksjon som en vei mot bærekraft. Til slutt

støtter denne oppgaven fremdriften av produksjonsstrategier i den maritime industrien

mot en mer bærekraftig og ressurseffektiv fremtid, og bringer oss nærmere det endelige

m̊alet om en sirkulær økonomi.
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1 Introduction

In this section, an introductory overview of the research area of interest is provided, begin-

ning with its research background. The research objectives and questions are subsequently

defined to guide the investigation, followed by the argumentation of the research scope of

this thesis. Additionally, an outline of the sections comprising this thesis is presented.

1.1 Background

The world is facing severe environmental damage due to the rapid consumption of the

earth’s natural resources, causing an increase in waste generation and resource scarcity

(Bhatia et al. 2022). Given these factors, the need for pursuing new sustainable business

approaches has become paramount (Jünge 2022) and can be addressed by applying the

principles of circular economy (CE), in which “the industrial system is restorative or

regenerative by design” (Kok et al. 2013; MacArthur and Waughray 2016). As of recent,

The European Commission adopted the new Circular Economy Action Plan (CEAP) in

March 2020. It is one of the main building blocks of the European Green Deal and will be

Europe’s new agenda for sustainable growth. The new action plan announces initiatives

along the entire life cycle of products. It targets how products are designed, promotes CE

processes, encourages sustainable consumption and aims to ensure that waste is prevented

and that the resources used are kept in the European Union (EU) economy for as long

as possible (Commission 2020a). A CE would turn goods at the end of their service life

into resources for others, closing loops in industrial ecosystems and minimizing waste. The

increasing sustainability concerns have resulted in a wish to replace the current production

and consumption system – take-make-dispose linear model (Tonelli and Cristoni 2018;

MacArthur et al. 2013) with a make-remake-use-return principle (Kvadsheim et al. 2019;

Goltsos et al. 2019; Parida et al. 2019). The implementation of CE logic will replace

production with sufficiency: reuse what you can, recycle what cannot be reused, repair

what is broken, and remanufacture what cannot be repaired (Stahel 2016).

To transition from a linear supply chain to a CE, tackling the end-of-life (EOL) phase is

critical to achieving sustainability and moving towards a CE (Jo Wessel Strandhagen et al.

2022). Remanufacturing is considered one of the most effective and efficient EOL strategies

of the circular economy, in terms of environmental benefits and economic viability (Lahrour

et al. 2019). It involves the remanufacture and reuse of EOL products and components,

thus extending their useful life and reducing the demand for virgin materials. Despite the

potential benefits of remanufacturing, adopting such reverse flow strategies is a complex

process. Many uncertainties arise when a linear supply chain is replaced with a circular

one with a reverse flow of goods, parts, and materials (Simonetto et al. 2022, Battini et al.

2017).

2



The sustainability focus has also affected the industry (Para-González et al. 2020; T. Lee

and H. Nam 2017; Jo Wessel Strandhagen et al. 2022), and stakeholders need to investigate

how their operations can become greener and more socially responsible. (Jo Wessel Strand-

hagen et al. 2022). For the maritime industry, sustainability means new and more efficient

solutions for operations and supply chain management to be economically profitable and

satisfy sustainability’s social and environmental dimensions (Jo Wessel Strandhagen et al.

2022). To meet the goals of CEAP, maritime manufacturers need products with reduced

environmental impact and lower emissions, involving components for a prolonged lifetime

(Jansson 2016). CE strategies such as remanufacturing support the goals of the CE and

are ways to prolong the lifetime of a marine structure (Jansson 2016). Shipbuilding and

production of maritime products are the most complex type of Engineer-to-order (ETO)

and involve the production of large, highly customized, and complex products (Willner

et al. 2015). In the maritime industry, the term CE is not well-established and needs sci-

entific support to ”close the loop”, minimize waste and increase revenue streams (Okumus

et al. 2023).

This transition process will need new technology (Stahel 2016). Whilst having significant

potential to improve industrial performance (Dalenogare et al. 2018), digital technologies

(DTs) will also be a critical enabler for the CE by tracking the flow of products, components

and materials and making the resultant data available for improved resource management

and decision-making across the various stages of the supply chain (Kristoffersen 2021;

Sousa Jabbour et al. 2018). Technology, such as the Internet of Things (IoT), digital twin

and big data, will boost shift and unlock the circularity of resources within the supply

chain (Aldrighetti et al. 2022). ETO companies in the maritime industry are lagging

behind other industries in manufacturing regarding digitalization (Jo Wessel Strandhagen

et al. 2022). Some recommendations have been proposed (Jo Wessel Strandhagen et al.

2022; Antikainen et al. 2018; Okumus et al. 2023, Jabbour et al. 2019). However, there

is still not clear to many in either the industry or research how DTs can aid companies

in improving CE functioning and supporting the transition from a linear supply chain

(Antikainen et al. 2018).

This thesis aims to address a critical gap in the maritime industry by first understanding

which factors determine the potential for remanufacturing a used product, and which

uncertainties implementing remanufacturing will bring to a supply chain. Further DTs will

be discussed as a measure to overcome these uncertainties and consequential support the

integration of such CE strategies. This is achieved through a case study of the maritime

industry and is complemented by relevant literature on maritime supply chains, ETO

manufacturing, CE, and DTs. The study sets out to contribute to the literature on

understanding how maritime ETO companies can evolve with the increasing focus on CE

and integrate remanufacture into their operations.
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1.2 Research scope

This section will define the area of interest and boundaries of this thesis. Scoping the

focus of this thesis will help ensure that the research is focused, relevant and achievable

within the time frame.

The thesis focuses on two aspects: firstly, the evaluation of product-level factors that

determine the potential for remanufacturing a used product, and secondly, an analysis

of the uncertainties that arise at the supply chain level due to remanufacturing. The

decision to differentiate between these two parts is aimed at to understand the enabling

factors of remanufacture on a product level and to get a more holistic perspective on which

supply chain uncertainties that must be addressed to facilitate the successful integration

of remanufactured products into an ETO supply chain.

1.2.1 Engineer-to-order

The scope of this research is confined to ETO companies that offer customized products.

Focusing on ETO companies, the overall aim of this thesis is to contribute to the under-

standing of ETO companies to how they can potentially integrate remanufacture as a CE

strategy in their supply chain with the aid of DTs.

To be clear, this thesis does not discuss the practicalities of how an ETO company can

establish such a strategy, but rather which product factors and supply chain uncertainties

they should be aware of when it comes to remanufacturing used products. Even though it

is essential to understand the practicalities of integrating such strategies, it falls outside

the scope of this thesis.

To establish a basis for the current linear ETO supply chain, the shipbuilding supply chain

presented by Jo Wessel Strandhagen et al. 2022 was used. The decision to use this as a

base is justified by the fact that for the interview findings to be relevant, a study of a

supply chain similar to which they operate made sense. This supply chain is divided into

five phases; design, supplier and logistics, manufacturing and assembly, product use, and

EOL. The product use and EOL phase falls within the scope of this study. This is because

these phases are at the final stages of a product life cycle. How an ETO company handles

these processes is critical to achieving sustainability and moving towards a CE (Jo Wessel

Strandhagen et al. 2022).

To categorize the supply chain uncertainties identified by the case companies during in-

terviews. The supply chain uncertainty circle developed by Mason-Jones and Towill 1997

will be used. This model differentiates between four sources, namely supply, process, de-

mand and control. Even though the model has been subsequently refined and applied in a

number of different ways, with Peck and Juttner 2002 introducing exogenous events and

Sanchez Rodrigues et al. 2008 incorporating the transport uncertainty, these have not yet

been applied in any project industries (Gosling, M. Naim et al. 2013). Therefore, these
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additional sources will not be considered in this research.

1.2.2 Circular Economy

To narrow down the broad scope of the CE, by the definition of MacArthur and Waughray

2016, this thesis focuses on the technical pathway of the CE. Here, the motivation is to keep

products at their highest value and then cascade into reusing by feeding used products and

components into the supply chain. The primary objective is to retain products at their

maximum value and facilitate their reuse by reintroducing used products and components

back into the supply chain. It should be noted that this study will not encompass the

biological aspect of the CE definition. Furthermore, the focus of this research will be

mainly on the circular strategy of remanufacturing. This specific strategy has been selected

because, as stated in MacArthur and Waughray 2016, the materials used for recycling

possess value, but the highest value is attributed to the products derived from these

materials. Therefore, investigating this aspect of the CE concept is likely to be the most

interesting.

The CE operates at the micro level (products, companies, consumers), meso level (eco-

industrial parks) and macro level (city, region, nation and beyond) (Kirchherr et al. 2017;

MacArthur et al. 2013). Due to the fact that the companies interviewed in the empirical

part of this research are industrial companies one can argue that these companies operate

at both micro and meso levels of the CE. At the micro level, individual ETO companies

can implement CE principles and practices, such as the use of recycled materials, and

designing products for reuse, repair, or remanufacturing. This research focuses on explor-

ing opportunities at the micro level while acknowledging that integrating CE strategies

into the ETO companies’ supply chain will have meso level consequences due to their vast

supplier networks. However, these considerations will not be included in this thesis.

1.2.3 Digital technologies

By scoping the thesis with the term DTs, this research will be able to explore the technical

aspects of Industry 4.0 and examine how these technologies can aid in integrating circular

strategies such as remanufacturing. Although an Industry 5.0 term was introduced in

2021 by the European Commission, the term is not a chronological continuation of the

existing I4.0 paradigm and considers a more value-driven approach to the implementation

of technologies (Xu et al. 2021). Thus the term is detached from the scope of this thesis

which is focused on the technical solutions I4.0 technology brings. While the human-centric

approach of Industry 5.0 is important, focusing on the technical aspects of Industry 4.0 will

provide a solid foundation for understanding how DTs are changing the manufacturing

industry and how ETO companies utilize DTs to their advantage without considering

human factors.
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1.3 Purpose and research questions

1.3.1 Purpose

The aim of this study is to explore the potential for transitioning ETO supply chains

towards a CE and investigate how DT can support the integration of remanufacturing

within these supply chains. The study seeks to obtain a comprehensive understanding of

the factors that enable remanufacturing for ETO products, as well as how DTs can address

the uncertainties within the supply chain, thereby facilitating the effective implementation

of remanufacturing practices.

Building on the research scope in Section 1.2 and the abovementioned aim of this thesis,

three objectives and four respective research questions (RQ) were formulated to guide

the research and to get a clear view of the field of interest. The RQs and objectives are

summarized in Table 1.

1.3.2 Research questions and objectives

Objective 1: Perform a state-of-the-art analysis of digital technologies within an ETO

context, with emphasis on the practice of remanufacturing.

A state-of-the-art analysis of existing literature on ETO companies and non-repetitive

manufacturing will give an overview of circular strategies in an ETO environment with

the main focus being remanufacturing. Further, get an overview of which DTs are fit for

ETO and remanufacturing. This will enable me to answer the first question.

RQ1: Which digital technologies are suited for remanufacturing in an ETO environment?

Objective 2: Conduct semi-structured interviews in order to examine the variables that

influence the potential of remanufacturing, as well as to gain insight into the uncertainties

involved in incorporating such a strategy within an ETO supply chain.

It became clear that further investigation into the ETO environment was needed. Thus,

a case study in the form of semi-structured interviews with ETO companies from the

maritime industry was conducted. The motivation for the case study was to understand

which factors ETO companies see as crucial when determining whether to remanufacture

or not, and which supply chain uncertainties remanufacturing brings. The findings from

semi-structured interviews and following questionnaire will be used to answer research

questions 2.1 and 2.2, and learnings from the interviews will be the basis for meeting

objective 3.

RQ2.1: Which factors determine the potential of remanufacturing in an ETO environ-

ment?

RQ2.2: Which supply chain uncertainties must ETO companies face when integrating
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remanufacturing practices?

Objective 3: Contributes to understanding how digital technologies can address uncer-

tainties in integrating remanufacturing into an ETO supply chain, and provide insights

into the effective utilization of digital tools for managing uncertainties in this context.

By analyzing relevant literature and data obtained through semi-structured interviews,

the study will explore which DTs can aid the integration of remanufacturing and how

they can address the supply chain uncertainties associated with remanufacturing.

RQ3: How can digital technologies address the uncertainties associated with the integra-

tion of remanufacturing to an ETO supply chain?

Table 1: Summary of research questions and objectives

Research question Objectives

RQ1: Which digital technologies

are suited for remanufacturing

in an ETO environment?

Perform a state-of-the-art analysis

of digital technologies, within an

ETO context, with emphasis on

the practice of remanufacturing.

RQ2.1: Which factors determine the

potential of remanufacturing

in an ETO environment?

RQ2.2: Which supply chain uncertainties

must ETO companies face when integrating

remanufacturing into an ETO supply chain?

Conduct semi-structured interviews

in order to examine the variables

that influence the potential of

remanufacturing, as well as to gain

insight into the uncertainties involved

in incorporating such a strategy

within an ETO supply chain.

RQ3: How can digital technologies

address the uncertainties associated

with the integration of remanufacturing

to an ETO supply chain?

Contributes to understanding how

digital technologies can address

uncertainties in integrating

remanufacturing into an ETO

supply chain, and provide insights

into the effective utilization of

digital tools for managing

uncertainties in this context.
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1.4 Research development

Figure 1 provides a comprehensive illustration of the research progression undertaken in

this study. The diagram outlines the initial stages, including a specialization project

undertaken at NTNU in the autumn of 2022, and a preliminary literature study, which

together formed the foundation of the research. This was then developed into the research

objectives, questions, and scope, which led to the implementation of a literature study

and a case study. The insights derived from the theoretical findings served as the base for

the discussion and conclusion of this master thesis.

Figure 1: Research development of master thesis, own production
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1.5 Research outline

In this section, you will receive a brief introduction to the chapters of this thesis, providing

you with an overview of the entire study.

Chapter 1: Introduction

The introduction briefly presents the background, the research objectives, the research

question, and the scope and structure of this report.

Chapter 2: Theoretical background

In this section, the introduction to the relevant topics of this thesis will be introduced.

First, the maritime industry and ETO manufacturing will be introduced, then the CE

with emphasis on remanufacturing, and lastly the DTs will be presented to provide the

reader with an overview of the topics of the entire study.

Chapter 3: Methodology

The methodology section of the report outlines the research methods employed, including

the literature study and case study. Additionally, it justifies the choice of research methods

and presents the limitations of the chosen methods.

Chapter 4: Case study findings

This section presents the analyzed case studies conducted as part of this study. Each case

study begins with a brief introduction of the company, followed by its current circular

strategies. Furthermore, the section outlines the key factors identified by the company as

crucial in determining the potential of remanufacturing and highlights any uncertainties

that need consideration when incorporating remanufacturing into their supply chain.

Chapter 5: Discussion

The discussion uses findings to answer the research question; and discusses the implications

and interpretations of the results.

Chapter 6: Conclusion

The conclusion summarises the findings of the study, highlights contributions to knowledge

and practices, discusses limitations and highlights future research necessity.
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2 Theoretical background

The theoretical background introduces the relevant theory within the research scope to

provide a basis for the empirical part. This section will serve as the foundation for the

development of a solution for implementing remanufacturing in ETO companies. The

empirical work will be conducted through a case study and will be combined with the

theoretical background to develop the solution.

2.1 Overview of engineer-to-order manufacturing

This section offers an introductory explanation of the important concepts related to ETO

and emphasizes the different uncertainties that can arise in managing this type of supply

chain.

This thesis focuses on a set of companies operating with an ETO supply chain. Using the

definition from Christopher 1992, we define a supply chain as the network of organisations

that are involved, through upstream and downstream linkages, in the different processes

and activities that produce value in the form of products and services in the hands of the

ultimate consumer. There are several types of supply chains and elements that differen-

tiate the types (Adrodegari et al. 2015). The customer order decoupling point (CODP)

differentiates four main types of supply chains: make-to-stock (MTS), assemble-to-order

(ATO), make-to-order (MTO), and ETO (Olhager 2003; Mello, Gosling et al. 2017), see

Figure 2. In an ETO supply chains, the CODP is located at the design stage in the

engineering phase of Figure 2 (Gosling and M. M. Naim 2009). As a result, every indi-

vidual order is incorporated into the product’s design phase, ensuring that each product

is tailored to meet the specific requirements of the customer.

Figure 2: CODP for MTS, ATO, MTO and ETO, adapted by Olhager 2010.

There is a wide diversity of definitions to concretize the term ETO. Porter et al. 1999

defines the term as: ”a standard product range is offered with the added availability
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of modifications and customizations being made to request”, while Gosling and M. M.

Naim 2009 define an ETO supply chain as a process where production is customized to

each order and where the customer participates in the design phase, often operation is in

project-based environments. In operations management and in this thesis the definition

provided by Reid and Sanders 2019 will be used. They defined engineer-to-order as the

production process in which a customized product is designed and manufactured according

to a customer’s specific requirements.

The ETO supply chain is typically used for products that are customized rather than

mass-produced (MP) and relates to companies that are involved in the design and pro-

duction of customized products such as construction projects (Jo W Strandhagen et al.

2018), mechanical engineering, and shipbuilding (Cannas, Gosling et al. 2019; Cannas and

Gosling 2021; Mello, Gosling et al. 2017). Companies operating with an ETO supply chain,

referred to as ETO companies, are businesses specializing in creating highly customized

products produced on low volumes, which can lead to one-of-a-kind production (OKP)

scenarios tailored to specific customer requirements (Gosling and M. M. Naim 2009; Pow-

ell et al. 2014; Wikner and Rudberg 2005; Olhager 2003). The ETO supply chain includes

both non-physical and physical stages of production (Bertrand and Muntslag 1993; Wikner

and Rudberg 2005; Adrodegari et al. 2015). The non-physical step comprises tendering,

design, and process planning, while the physical stage includes component manufacturing,

assembly, and installation (Adrodegari et al. 2015; Gosling and M. M. Naim 2009; Wikner

and Rudberg 2005).

Unlike other manufacturers, ETO companies prioritize customization, requiring a high

level of flexibility in the manufacturing process (Olhager 2003). Their success depends

on engineering expertise, as complex and innovative solutions are often required to meet

customer needs (Powell et al. 2014). ETO companies typically work project-based, ne-

cessitating strong project management skills to ensure timely, on-budget delivery that

satisfies the customer. However, due to the need to design and engineer each product,

ETO companies often have longer lead times and higher costs than other manufacturers

(Adrodegari et al. 2015; Willner et al. 2015). To increase cost efficiency, outsourcing has

been a major trend for most ETO companies (Mello, Gosling et al. 2017; Hicks, McGovern

et al. 2000), with manufacturing activities being preferentially outsourced, except in cases

where manufacturing capabilities are necessary due to a lack of potential suppliers (Mello,

Gosling et al. 2017). As a result, the ETO supply chain involves a network of multiple

companies worldwide to develop and produce high-value products (Gosling and M. M.

Naim 2009; Hicks, McGovern et al. 2000; Mello, Gosling et al. 2017). These products

make up a multi-component structure of the final products, which consist of both stand-

ard and non-standard items (Hicks, McGovern et al. 2000; Olhager 2010). Making some

components are needed in low-volumes and others in medium to large volumes (Hicks,

McGovern et al. 2000).

Companies operating with an ETO supply chain must consider significant uncertainties
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regarding product specification, demand composition, supply and delivery lead times, and

production processes’ duration (Adrodegari et al. 2015; Wikner and Rudberg 2005). The

production process for ETO companies can be highly variable, with different products re-

quiring different processes and workflows, making it challenging to optimize the production

process and ensure consistent quality. In addition, due to the low volume and high cus-

tomization level, benefits such as economies of scale and standardization, usually sought

by traditional mass production, are not easily applicable to an ETO strategy (Jo Wessel

Strandhagen et al. 2022; Adrodegari et al. 2015). Managing customization requirements

in the new product development process presents many difficulties in ETO supply chains

(Mello, Gosling et al. 2017). Another challenge is demand irregularity, where demand

patterns are inconsistent and competitive bidding can cause delays and problems (Mello,

Gosling et al. 2017). More about these uncertainties in Section 2.1.1. Again, this requires

a high level of flexibility in the manufacturing processes (Olhager 2003). In conclusion, the

characteristics described in this section are essential to understanding ETO companies.

Below, you will find the key takeaways listed.

• Low volume

• A high degree of customization

• High demand oscillations

• Products of multi-component structures

• Some standard and some non-standard components

• Large network of suppliers to produce a product

• Long lead times

• High-value products

• Project-based environment

• Customer-specific products

• Highly skilled labour
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2.1.1 Supply chain uncertainties in ETO and remanufacturing

As mentioned in the previous section, ETO supply chains are complex systems. Here

complexity refers to the interaction among processes, decisions, and structures of the

different supply chain actors, which strongly affect the performance of the system (Goltsos

et al. 2019). Van Der Vorst and Beulens 2002 defined supply chain uncertainty as,

Supply chain uncertainty refers to decision-making situations in the supply

chain in which the decision-maker does not know definitely what to decide as

he is indistinct about the objectives; lacks information about (or understanding

of) the supply chain or its environment; lacks information processing capabil-

ities; is unable to accurately predict the impact of possible control actions on

supply chain behaviour; or, lacks effective control actions (uncontrollability).

Where uncertainty can be defined as a state that ranges from just short of certainty to

a near complete lack of knowledge about a result (Gosling, M. Naim et al. 2013). A

core issue for a ”traditional” linear supply chain is managing uncertainty (Goltsos et al.

2019). Mason-Jones and Towill 1997 defined an uncertainty circle, where the three types

of uncertainties defined by Davis 1993 were further developed to a resulting framework

which categorizes supply chain uncertainty into four types: process, supply, demand, and

control (Mason-Jones and Towill 1997; Gosling, M. Naim et al. 2013). These four sources of

categories will later be used to systematize the sources of uncertainty in remanufacturing.

The next section will mention uncertainties tied to both linear supply chain and the

supply chain of CE, namely the circular supply chain (CSC). To give context the CSC

has two distinct parts, a reverse flow and a forward flow. The forward supply chain is the

traditional linear flow of goods from raw materials to finished products, while the reverse

supply chain involves the reuse, repair, and remanufacturing of materials and products

(Aldrighetti et al. 2022; Farooque et al. 2019).

Supply uncertainty is a type of uncertainty that arises from variations in the availability,

quality, or reliability of raw materials, components, or services from suppliers (Goltsos

et al. 2019). In a CSC, reverse flow uncertainty tends to be the primary driver of supply

uncertainty. These will include, timing, quantity, collection procedures and quality of

returned products (Zeballos et al. 2012).

Process uncertainty is the type of uncertainty that arises from variations in the perform-

ance or output of production processes. Examples include breakdowns, quality defects,

or variations in production speed (Goltsos et al. 2019). The primary difference between

process uncertainties in a CSC compared to a linear supply chain is that a CSC involves

more complex and diverse processes that involve multiple material flows and product life

cycles. This means that the sources of uncertainty are similar in linear and CSCs, however,

the CSC often displays a greater level of severity (Goltsos et al. 2019).

Demand uncertainties arise from variations in the level and pattern of demand for products
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Figure 3: The supply chain uncertainty circle, adapted by Boehme 2009.

or services. Examples include changes in customer preferences, market trends, or unexpec-

ted events, which can lead to uncertainties in quantity, timing and location and product

specification (Goltsos et al. 2019). In the shipbuilding industry, the market is volatile and

heavily dependent on macroeconomic factors so sudden changes in demand are expected.

Control uncertainties arise from variations in the ability of the organization to manage

and control its operations. Examples include delays, errors, or communication breakdowns

within the organization. This type of uncertainty often occurs from our attempts to

manage the uncertainties originating from supply, process, and demand (Mason-Jones

and Towill 1997). In Figure 3 the dynamics of these supply, process, demand and control

are visualized. The strategies used to manage these uncertainties, such as forecasting

procedures, inventory policies, and information sharing, contribute to control uncertainty

(Goltsos et al. 2019).

The focus of this thesis is how remanufacturing can be integrated into the ETO supply

chain. Articles that discuss the uncertainties associated with these strategies for CE and

ETO supply chains were examined. The authors Gosling, M. Naim et al. 2013 conducted a

study on uncertainties in the ETO construction supply chain and classified them. Due to

the similarities between the construction and maritime industries (Jo W Strandhagen et al.

2018; Cannas, Gosling et al. 2019; Mello and J. O. Strandhagen 2011), both characterized

by high levels of customization and project-specific designs, we will utilize the insights

obtained from this study, along with the remanufacturing-related uncertainties identified

by Goltsos et al. 2019, as a foundation to define Table 2.
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Table 2: Uncertainties found in ETO supply chains with remanufacturing practices.

Uncertainty source Uncertainty

Supply

Raw material availability Quality of used products

Supply lead time (schedule adherence) Collection procedure

Used product availability Transportation lead time

Variation in quality level of used product

Process

Yield and quality Labour resources

Processing times Change in production

Machine availability Lack of knowledge

Batching rules

Demand

Quantity Change in customer preferences

Timing Economic downturn

Locations Market competition

Product specification Product cannibalization

Customer quality requirement Customer perception (new/used)

Control

Stock control policy Legislation and restrictions

Forecasting method of returned products
Remanufacture planning with

supplier network

Capacity planning decisions
Lack of control of the processes

(new/used)

Accuracy of assessment of used product
Economic feasibility of

remanufacturing

Goodall et al. 2015 article on remanufacturing identified a key factor that complicates

remanufacturing decision-making compared to traditional linear manufacturing supply

chain as the high level of uncertainty associated with the return of used products. The

article mentions the lack of information flow between early life cycle phases, specifically

the product use phase, and the manufacturer as the reason for this key uncertainty. Fur-

ther, Goodall et al. 2015 mentions that the amount of information feedback throughout a

product’s useful life will significantly affect the uncertainty at the remanufacturing stage.

The uncertainties in Table 2 will later be used in the case study to identify the specific

uncertainties that the maritime companies are concerned with when it comes to integrating

remanufacturing. These uncertainties identified will then in Section 5.4 be discussed as a

tool for minimizing the uncertainties that remanufacturing brings.
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2.2 The maritime industry

This section presents a study of the maritime industry, which includes a categorization of

the maritime actors along with their characteristics and interrelationships.

Mellbye, Theie et al. 2015 defined the maritime industry as comprising all businesses

involved in owning, operating, designing, building, and supplying equipment or specialized

services to various types of ships and other floating entities. The authors also specify that

firms generating over 50% of their turnover from maritime activities are considered part

of this industry. The maritime industry operates on a global level and serves as a critical

facilitator of trade and transportation across diverse sectors. Among the assets within

the maritime industry, vessels hold significant importance due to their role in merchant

shipping and related activities (Milios et al. 2019).

2.2.1 Actors in the maritime industry

Jakobsen 2011, identified four primary categories of maritime activities in which firms can

engage. These four categories of maritime companies are either shipyards, shipping com-

panies, maritime equipment suppliers or maritime service providers. Some researchers,

such as Mello, Gosling et al. 2017, have expanded the scope of maritime actors beyond

the four main categories of shipping firms, shipyards, suppliers of maritime equipment,

and providers of maritime services. Mello, Gosling et al. 2017 identified shipowners, ship

designers, main equipment suppliers, and other suppliers as the main actors in the mari-

time industry (Jo Wessel Strandhagen et al. 2022.). In this thesis, we will look at the four

primary categories provided by Mellbye, Theie et al. 2015. In the next section, we will

discuss the different players in the maritime industry and how they are connected to each

other.

Building on the definition provided by Jakobsen 2011, shipping companies primarily own

and/or operate vessels that can be tailored to fulfil the demands of other maritime actors.

These companies are usually categorized into four segments: offshore, drilling and produc-

tion, deepsea, and shortsea. While these categories will not be further elaborated here, a

more comprehensive introduction to shipping companies can be found in Jakobsen 2011.

Shipyards can be classified into two main disciplines: the construction of new vessels and

the maintenance, repairs, and modifications of existing ones (Jakobsen 2011). Shipyards

rely heavily on shipping companies since their operations are predominantly fueled by

requests from them.

In order to meet the needs of shipping companies, the presence of maritime equipment

suppliers is crucial (Jakobsen 2011). These suppliers can be categorized into three main

segments, as described by Mellbye, Theie et al. 2015: mechanical equipment, electrical

and electronic equipment, and other operating equipment. The mechanical equipment

category includes suppliers of engines, propellers, cranes, and winches. The electrical

16



and electronic equipment segment encompasses specialist hardware, software, electrical

propulsion systems, bridge equipment, and dynamic positioning systems. Lastly, the other

operating equipment segment consists of marine paint, lubricants, lifeboats, cables, chains,

and other supplies used for the everyday operations of ships (Jakobsen 2011).

Maritime service providers become essential as ships start operating, driven by the demand

from shipping companies. These services fall into four segments: financial and legal,

technological, port and logistics, and trade. Financial and legal services are dominated by

financial institutions, brokers, lawyers, and insurance companies. Technological services

include classification, engineering, ship design, and installation work. Included in this

section are the maritime classification societies. Port and logistics services focus on port

facilities, supply bases, loading and unloading, and air transportation for ships and rigs.

Trade services encompass wholesale and retail companies that offer marine equipment

(Jakobsen 2011).

Figure 4: Stakeholders in the maritime industry, adapted by Jakobsen 2011.
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2.2.2 Characteristics of a maritime supply chain

In this thesis, we will explore the technological services, more specifically the classification

societies. These societies establish and publish rules (technical and administrative) for

ships in the project phase, under construction or operation (Fulconis and Lissillour 2021),

and therefore have a dual mission of classifying and certifying ships. In the Norwegian

maritime program called Maritim21 a key driver for the maritime industry was identified

to be regulations (Mellbye, Rialland et al. 2016). These regulations imposed by national

and international governments play a significant role in shaping the development of solu-

tions within the maritime industry (Mellbye, Rialland et al. 2016). These regulations can

take the form of mandatory requirements enforced by law or incentives provided through

subsidies and grants.

While classification societies are not governmental entities themselves, they operate in close

collaboration with national and international governments to ensure compliance with laws

and regulations. The maritime industry is subject to a complex framework of regulations

imposed by various governing bodies. Classification societies act as key intermediaries

between ship owners, shipbuilders, and regulatory authorities. They work closely with

these stakeholders to ensure that ships adhere to the relevant regulations and standards

(Fulconis and Lissillour 2021). Classification societies develop their rules and guidelines

based on the internationally agreed standards established by the IMO and other regulatory

bodies (International Association of Classification Societies (IACS) 2022). The four groups

are reliant on each other as they create a demand for other business areas and provide

necessary services to other maritime players. An overview of the actors and how they

interact can be found in Figure 4.

The maritime supply chain involves the production of ships and other maritime products.

As the maritime industry of Western Europe produces more sophisticated and tailored

ships, this industry can be generically identified as ETO(Mello and J. O. Strandhagen

2011). From the perspective of operations and supply chain management, the production

of these products is the most complex type of ETO and involves complex products that

require thousands of engineering hours (Willner et al. 2015; Jo Wessel Strandhagen et al.

2022; S. Nam et al. 2018). Maritime ETO companies include the production of customized

ships and other maritime products tailored to meet specific customer requirements.

The production process in a maritime supply chain is characterized by a high level of labour

intensity, as it involves a wide variety of skilled labour and is typically non-repetitive

(Bertrand and Muntslag 1993; Jo Wessel Strandhagen et al. 2022; Powell et al. 2014;

J. Strandhagen et al. 2019). It is not only the variety in skilled labour and product

configuration that will change depending on the customer’s requirements but also the

market as a whole can dramatically change (Adrodegari et al. 2015). The market that

maritime ETO companies operate within can be exceptionally volatile, meaning that the

market can experience periods of unpredictability and sharp price movements (Mellbye,

Theie et al. 2015). The production of these products is also marked by a high level of
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uncertainty, as the product requirements are often defined in the early stages of a project

but are subject to iterative changes as the project progresses (Bertrand and Muntslag

1993; Hicks, Mcgovern et al. 2001; Jünge 2022). This uncertainty makes it difficult for

ETO companies to forecast demand, order materials accurately, and produce products in

advance (Bertrand and Muntslag 1993).

One of the key challenges in producing maritime ETO products is the short delivery times

that are often required by customers (Jünge 2022). This results in an intensive production

period in which manufacturers must work quickly to complete the product to minimize the

earning opportunities lost while the ship is unable to generate sales. To meet these tight

deadlines, ETO companies must have a responsive supply chain that is flexible enough to

accommodate changes in customer requirements (Olhager 2003).

The production of maritime ETO products is typically characterized by a low level of auto-

mation, as the industry relies heavily on manual labour (Sjøbakk et al. 2014; Jo Wessel

Strandhagen et al. 2022). This is due in part to the fact that the benefits of economies

of scale and standardization are not easily applicable in this manufacturing (Jo Wessel

Strandhagen et al. 2022). As a result, the degree of automation in the maritime industry

is limited compared to other manufacturing sectors (Para-González et al. 2020). The pro-

duction of maritime ETO products also involves a wide variety of products, including both

large ships and smaller components and work objects (Bertrand and Muntslag 1993; Jo

Wessel Strandhagen et al. 2022). This requires a high level of coordination and collabor-

ation between the wide network of stakeholders in the supply chain. The engineering and

fabrication of these products are often geographically separated, making communication

and coordination more difficult.

For maritime ETO companies to work towards more sustainability, a large focus on hand-

ling EOL phases of a product’s life and understanding how to prolong their life cycle, and

ultimately, becoming more circular in their supply chain is crucial (Jansson 2016). To

structure the phases of the current linear maritime supply chain, the shipbuilding supply

chain defined by Jo Wessel Strandhagen et al. 2022 in combination with Goltsos et al. 2019

linear supply chain will be used as a basis and tool for visualisation see Figure 5. This

involves five phases; design, supplier and logistics, manufacturing and assembly, product

use and product EOL. As indicated within the defined research scope of this thesis, the

primary focus shall be directed towards the final stage of the supply chain, namely product

use and the EOL phase.

Figure 5: An maritime linear ETO supply chain, adapted from Jo Wessel Strandhagen
et al. 2022 and Goltsos et al. 2019
.

The operational phase of a ship’s lifecycle is the most energy-intensive and contributes to
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marine pollution and emissions, making it a crucial focus for assessing the sustainability

of the maritime industry (Ang et al. 2017; Jo Wessel Strandhagen et al. 2022). This

phase starts as soon as the product is set to use by the customer. During this phase, the

type of fuel used by the ships and their energy efficiency are key considerations (Jo Wessel

Strandhagen et al. 2022). In contrast to products in other sectors, vessels are characterized

by a long operation lifespan, traditionally around 20-25 years (Milios et al. 2019; Hiremath

et al. 2014).

The end-of-life phase of a ship commences once it is taken out of active service. It signifies

the initiation of the final stages of the ship’s life cycle within the linear supply chain, as

the ship’s operational phase concludes and preparations for subsequent phases commence.

Companies produce products which are sold to customers, are used and serviced, and

then retired (through recycling, reuse, remanufacturing or disposal (N. Nasr and Thurston

2006). The growing annual count of decommissioned ships, combined with the inadequate

state of the ship recycling industry, underscores the importance of this phase in attaining

sustainability and transitioning to a CE (Jo Wessel Strandhagen et al. 2022; Alcaide et al.

2017).
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2.3 Circular Economy and Remanufacturing

This section provides an overview of the CE concept, encompassing a concise introduction

to key strategies such as reuse, repair, remanufacture, and recycle. Further, the focus

shifts towards remanufacturing, with a specific emphasis on its application within the

maritime industry. Drawing insights from existing literature, this section further explores

the factors that influence the potential for remanufacturing in this industry context.

2.3.1 Circular Economy

The current linear economy of ”take-make-dispose” is characterized by the presence of

waste: cases where components, products and materials reach their EOL. In this thesis,

waste is defined as material stocks whose value has been temporarily lost due to the lack

of a process to restore its value (Blomsma 2018; Marsh et al. 2022). In recent years,

to address the faults of the linear model and contribute to sustainable development, a

growing interest in the concept of a CE has emerged (Kristoffersen 2021; Blomsma and

Brennan 2017; MacArthur et al. 2013; MacArthur and Waughray 2016). While the origin

of the CE is not clearly proved (Winans et al. 2017), the mainstream concept of CE was

presented in the report entitled ”Towards the Circular Economy”, the report showed the

advantages of a circular business model and the pathways and action for moving towards

a CE (MacArthur et al. 2013).

The CE aims to create an industrial economy that is restorative, relies on renewable energy,

minimizes the use of toxic chemicals, and eliminates waste through careful design (Ma-

cArthur et al. 2013; MacArthur and Waughray 2016). Achieving the aims by maintaining

products, components and materials at their highest utility and value constantly, by per-

forming activities for narrowing, slowing and closing material and energy flows (Bocken

et al. 2016; Kristoffersen 2021). These activities will be elaborated on in section 2.3.2.

Despite the growing attention and interest in the concept of CE, it is still in its early stages

of development, and international standards have only recently begun to emerge (ISO/TC

323 Circular economy n.d.; Kristoffersen 2021). Consequently, a comprehensive definition

of CE is not yet available in the literature (Jabbour et al. 2019; Kirchherr et al. 2017).

Kirchherr et al. 2017 conducted an analysis of 114 definitions and proposed a definition of

CE as,

An economic system that replaces the ‘end-of-life’ concept with reducing, al-

ternatively reusing, recycling and recovering materials in production/distribution

and consumption processes. It operates at the micro level (products, compan-

ies, consumers), meso level (eco-industrial parks) and macro level (city, region,

nation and beyond), with the aim to accomplish sustainable development, thus

simultaneously creating environmental quality, economic prosperity and social

equity, to the benefit of current and future generations.
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Figure 6: The transition from a linear economy to a circular economy (Zuidema 2015).

Thus, the definition of CE can be considered as a concept that encompasses various sub-

concepts, highlighting a shared feature of circular strategies that create more value (Ma-

cArthur et al. 2013, Kristoffersen et al. 2020).

The concept of a CE has recognized the potential for economic, environmental and so-

cial benefits (Fraser et al. 2023, Initiative et al. 2021). However, despite this recognition,

the adoption of circular strategies by the industry has been limited so far (Fraser et al.

2023; Initiative et al. 2021). This is a typical progression for transformative ideas, where

attention shifts from recognizing the potential to developing frameworks, tools, methods,

and approaches to operationalize the concept (Kristoffersen 2021). In McKinsey’s art-

icle on ”The ”how” of transformation”, the article state that the most difficult part of a

transformation is not determining what to do but rather how to do it (Bucy et al. 2016).

Currently, there are a variety of frameworks that can potentially support the vision of a

CE. Circular strategies frameworks, such as the ReSOLVE framework (MacArthur et al.

2013), Cradle to Cradle (McDonough and Braungart 2010) and The Performance Eco-

nomy (Stahel 2010). More recently the focus has been on developing a CE transition

methodology, which includes aspects such as business models (Kvadsheim et al. 2019),

products design, supply chain management (Battini et al. 2017), value chain innovation

and other organizational aspects such as human factors, decision-making processes and

technology (Antikainen et al. 2018; Aldrighetti et al. 2022). These frameworks will further

our knowledge on not what to do to transition from a linear to a CE, but rather how to

do it.
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2.3.2 Circular strategies

This thesis will primarily concentrate on one strategy associated with CE, namely, reman-

ufacturing. As explicitly stated in the introduction, reuse, repair and recycling will not

be the focus of this study, and hence, it will not be extensively explored in the literature

study. However, while examining the literature on remanufacturing, it is inevitable to

discuss these three strategies. Additionally, to provide context and enhance the reader’s

comprehension of CE, the thesis will define the four strategies reuse, repair, remanufac-

ture and recycle. This will enable the reader to distinguish between the various circular

economy strategies. Furthermore, since the objective is to remain applicable to ETO

companies in the maritime sector, examples from this industry will be highlighted.

Figure 7: Reuse, repair, remanufacture and recycle in the CE context, adapted from
Circuleire 2023.

Moving from the traditional linear supply chain to a CE requires the implementation

of new industrial strategies, such as reuse, repair, remanufacture and recycle (Jansson

2016; MacArthur et al. 2013; Bauer et al. 2020). The implementation of circular economy

logic will replace production with sufficiency; reuse what you can, recycle what cannot be

reused, repair what is broken, and remanufacture what cannot be repaired (Stahel 2016).

Adapting circular strategies enables companies not only to act sustainably, but also to

create competitive advantage (Antikainen et al. 2018). Although the concepts of repair

and recycling are commonly known when discussing CE, there is a lack of consensus in

the literature regarding the definition of reuse. As a result, a brief explanation of each

term is provided below. Figure 7 provides a visual representation of the four strategies

within the context of the CE. To gain a better understanding of the application of these

strategies in the maritime supply chain, refer to Figure 8.
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Reuse

The reuse strategy is defined as ”any operation in which products or components that are

not waste are used again for the same purpose for which they were conceived” (Commission

2020b). One can argue that remanufacturing and repair are strategies which also can be

defined as reuse, therefore this thesis will differentiate reuse by specifying reuse as ”directly

reuse” which includes products and components reused by another customer and where the

process only requires light cleaning and testing (Bauer et al. 2020). One way of direct reuse

Milios et al. 2019 highlights is the reuse of ships for the same function. Ships and their

components may be purchased by new owners and placed into similar kinds of services.

From now, the term ”reuse” will be used to refer to ”direct reuse”.

Repair

Repair is defined as the repair and maintenance of a defective product which is still in

good condition and fulfils its original function (Potting et al. 2017). Repair and mainten-

ance of vessels are extensively used in the maritime industry and make up for significant

operating costs (Milios et al. 2019). Ship maintenance and repair services including over-

hauls, servicing programs, and damage repairs of ships and their equipment. These can

both be unplanned, such as in the case of unexpected system failure, or planned, such

as periodical or condition-based servicing. To minimise the time that ships are out of

service, maintenance and repair jobs are often carried out under severe time constraints,

thus requiring the work to be completed as quickly as possible (Shipbuilding (WP6) 2010).

Recycling

Recycling plays a pivotal role in transitioning towards a CE. We define recycling as the

process of returning the raw materials or secondary materials of a product to the economy

(Reichel et al. 2016). At the end of their life ships are dismantled for disposal or recycling.

This approach is particularly significant in the maritime industry because of the high value

of materials used in maritime products. By some estimates, 95% of ships can be scrapped

and recycled (Hossain, Islam et al. 2006), with arguably the large quantity of high-quality

steel being the most important resource (Shipbuilding (WP6) 2010). The recycling process

is extensive as nearly every part of a ship’s hull machinery, equipment, fittings and even

furniture can be recycled (Mikelis 2006). The primary locations for ship recycling include

Bangladesh, India, China, Pakistan, and Myanmar; with Bangladesh holding the largest

share (Shipbuilding (WP6) 2010).

Remanufacture

Remanufacturing is a key strategy within the CE (Jansson 2016). Remanufacturing is

the process of taking a used or end-of-life product, disassembling it, cleaning it, repairing

any damaged parts, testing it, and reassembling the components of a part or product in

order to return it to ”as-new” condition (N. Nasr and Thurston 2006; Milios et al. 2019;

Jansson 2016; Sundin 2004). The process can also involve upgrading the technology or
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components of the product to meet current standards or regulations.

Remanufacturing is considered a more efficient approach to material circulation compared

to recycling, as it preserves a greater amount of the energy initially invested in the pro-

duction process (N. Nasr and Thurston 2006). Similarly, component reuse can lead to

reduced material and energy consumption compared to remanufacturing (N. Nasr and

Thurston 2006). However, the feasibility of component reuse relies on the components

retaining their value and conforming to the necessary standards, without compromising

the durability and reliability of the final product.

Traditionally, remanufacturing also referred to as rebuild, remould, or rewound, has been

a practice that has been industry-specific and involves durable assemblies (Morseletto

2020). Today the use of remanufacturing in the maritime industry is heavily defined by

new owners purchasing ships and placing the product into new kinds of service by replacing

old equipment and prompting retrofitting (Milios et al. 2019). In other industries, such as

the automobile industry, components such as starters, alternators, and water pumps are

routinely remanufactured at the end of their useful lives and returned to service (N. Nasr

and Thurston 2006). More about how the maritime industry has integrated such practices

will be presented in section 2.3.3.

Figure 8: The four CE strategies in the maritime supply chain context, based on Jansson
2016 and Jo Wessel Strandhagen et al. 2022.
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2.3.3 Remanufacturing in the maritime industry today

According to Daniel and S. Lee 2022, a substantial portion of the world’s fleet has reached

the end of its operational lifespan, necessitating replacement and recycling. Additionally,

many mid-life vessels will need to undergo remanufacturing to meet newly implemented

environmental and technological standards (Daniel and S. Lee 2022). The manner in

which the maritime industry manages the EOL phase is crucial in determining its ability

to transition towards a CE (Jansson 2016).

Remanufacturing has been recognized as a suitable practice for the automotive and avi-

ation industries due to their products’ high value at the end of their useful life, longer life

cycles exceeding five years, and distribution through business-to-business channels (Lacy

et al. 2015). In addition, according to CE principles are strategies such as remanufacturing

favourable to prolong the lifetime of marine equipment and delay the inevitable stage of re-

cycling, thus contributing to significant material resources savings and value savings in the

form of labour and energy (Milios et al. 2019). Despite the compatibility of these criteria

with the maritime sector, it has been considerably disregarded in discussions regarding

product life extension operations (Ali et al. 2015). According to a recent European study,

the maritime sector has the lowest intensity within the EU’s remanufacturing activities,

indicating its lack of presence in such operations (Milios et al. 2019; Parker et al. 2015).

One reason for the low level of remanufacturing can be blamed on the characteristics of

ships and their supply chains. Remanufacturing is met with several challenges related

to the infrastructure and reverse supply chains that are required to make the process

financially feasible (Jansson 2016; Ali et al. 2015; Jo Wessel Strandhagen et al. 2022).

Furthermore, the complex and customized nature of ship components and products poses

challenges in integrating practices for remanufacturing and other circular strategies (Jans-

son 2016; Milios et al. 2019; Jo Wessel Strandhagen et al. 2022).

The maritime industry is lacking in transparency about what happens to the products and

components removed from the vessels (Milios et al. 2019). EOL practices today commonly

resort to extensive recycling for vessels that fail to meet regulatory and client requirements

(Jansson 2016). Although, this practice primarily applies to the vessel’s body, mechanical

components, electrical and electronic parts, and other parts possess the capabilities of

being utilised in the same or alternative applications, maintaining their full functionality,

without resorting to recycling (Milios et al. 2019; Allwood et al. 2011).

In the maritime sector, remanufacturing, repair and reuse are critical practices that can

significantly contribute to material and value savings by prolonging the lifetime of equip-

ment and delaying the recycling stage (Milios et al. 2019). Through these activities, the

economic value that would typically be lost in the traditional linear system can be retained

and recaptured (Linder and Williander 2017). As these activities do not involve produ-

cing new products, they require minimal energy, virgin material, and other production

inputs, further reducing their environmental impact by enabling the remanufacturing of
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components for replacement purposes. Therefore, it is crucial to identify opportunities

for remanufacturing of maritime products and components to increase resource efficiency

(Milios et al. 2019). By engaging in product life extension activities, companies can reduce

their environmental impact and promote sustainable development (Jansson 2016; Wahab

et al. 2018).

2.3.4 Factors that determine the potential for remanufacturing

In order to understand the determining factors for remanufacturing, we delve into relevant

literature to gain insights into the various influential elements that need to be taken into

account. This exploration allows us to comprehend the wide range of factors that play a

significant role in the remanufacturing process.

The purpose of this section is to provide an overview of the factors discussed in the

literature that have a significant impact on determining the potential for remanufacturing.

These insights will be compared to the findings obtained from the comprehensive list

generated during the case study, allowing for a thorough examination and comparison in

the discussion section of this thesis.

In a study conducted by Ziout et al. 2014, a holistic examination of these factors was

undertaken to identify the most optimal circular strategies. The authors compiled an ex-

tensive list of factors categorized into four main perspectives: engineering, environmental,

societal, and business. The engineering perspective encompassed technical aspects re-

lated to products and processes, while the environmental perspective focused on resource

conservation and pollution prevention. The societal perspective and business perspective

accounted for factors pertaining to specific target segments, broader societal concerns,

market dynamics, supply and demand, as well as political and legal considerations (Ziout

et al. 2014). Although not all perspectives mentioned fall within the scope of this thesis

there are multiple product factors that remain relevant for this thesis, such as the item’s

useful lifetime, if its standard or interchangeable components, designed for disassembly,

and the value of a used product compared to a new one.

N. Nasr and Thurston 2006 explored the product delivery model, where companies produce

products which are sold to the customer, are used and serviced, and then retired (through

recycling, remanufacturing, or disposal). N. Nasr and Thurston 2006 found that in many

cases, the product manufacturer has no role in the product life cycle, beyond the warranty

period, after the product is sold to the customer. The article’s four factors that determine

EOL options such as remanufacture for each model, component, etc. should be evaluated

after the following criteria:

• Value and cost of the component

• Technical feasibility of remanufacturing

– can the condition be assessed for reuse,
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– can the component be extracted without damage

– is there a known process for restoration to like-new

• Economic feasibility of remanufacturing

– Recoverable value at end-of-life

– Cost to extract from a product and cost to convert to like-new

• Disposal options and environmental impact or legislation

Lund and Hauser 2010 presents six criteria for successful product remanufacturing, draw-

ing on 25 years of research in the remanufacturing industry (Charter and Gray 2008). The

first three criteria focus on the technological aspect of remanufacturing: the availability

of restoration technology without component damage, products composed of standard in-

terchangeable parts, and cost-effectiveness where the used product’s low cost outweighs

savings (Lund and Hauser 2010). The fourth criterion stresses the importance of stable

product technology over multiple life cycles to ensure quality and performance (Lund

and Hauser 2010). The fifth criterion emphasizes sufficient market demand for remanufac-

tured products, providing economic incentives for businesses to engage in remanufacturing

activities (Lund and Hauser 2010). Lastly, evaluating disposal options and considering the

environmental impacts of legislation is crucial in determining a product’s suitability for

remanufacture (Lund and Hauser 2010; Charter and Gray 2008).

According to an article by Russell and N. Z. Nasr 2023, not all circular strategies are suit-

able for every product. The study quantitatively demonstrates that all circular strategies

outperform newly manufactured products in terms of environmental impact, material con-

sumption, and economics. They emphasize that product characteristics and design are

crucial in determining the feasibility and potential of implementing circular strategies

(Russell and N. Z. Nasr 2023).

Lastly, Sundin 2004 identified nine preferable product properties that would fit remanu-

facturing process. Here the remanufacturing process includes inspection, cleaning, disas-

sembly, storage, reprocessing, reassembly and testing (Sundin 2004). The nine properties

are wear resistance and ease of identification, verification, access, handling, separation,

securing, alignment, and stacking. Sundin 2004 concluded, based on multiple case studies,

that ease of access, ease of identification, wear resistance, and ease of handling as the most

frequently important properties.

After conducting research on the topic, a table of product factors has been created, see

Table 5. The relevant aspects are product performance, innovation rate, design, tech-

nical specification, damage, location of product/component, remanufacturing process and

economics.
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Table 3: Product factors determining the potential for remanufacturing based on literat-
ure.

Product factors Description Reference

Product
performance

Product performance is the same as
new product. (Quality, efficiency, ...)

[1], [2]

Quality [2]

Innovation
rate

Market technology change rate [2], [3]
Product technology is stable over
more than one life cycle

[2], [3]

Design for
remanufacturing

Design for disassembly
[1], [2], [4],
[5]

Standards components
[1], [2], [3],
[4], [5]

Technical
specification

Disposal options [1], [2], [3]
Material value [2], [5]
Product documentation [4]
Technical lifetime [2]
Regulations [1]

Level of damage Degree of rust, corrosion, etc. [4]

Location
of
product

Product/component location [2]
Geographical location [2]

Process Established reverse logistics
[1], [2], [4],
[5]

Economic Cost of remanufacturing process [2], [5]
Economic load of new product vs.
used product

[1], [2], [5]

[1]: N. Nasr and Thurston 2006
[2]: Ziout et al. 2014
[3]: Sundin 2004
[4]: Charter and Gray 2008
[5]: Russell and N. Z. Nasr 2023
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2.4 Digital technologies

The term ”digital technologies” has been used as the basis of this thesis, building on the

foundational concept of Industry 4.0 (I4.0) (Kagermann et al. 2013; Kristoffersen et al.

2020).

I4.0 is defined as the fourth industrial revolution, characterized by the integration of

advanced DTs into the manufacturing process (Aldrighetti et al. 2022). I4.0 has enabled

manufacturers to improve their production processes and respond more quickly to changing

market demands (Aldrighetti et al. 2022; Sousa Jabbour et al. 2018; Jo Wessel Strand-

hagen et al. 2022). The application of I4.0 enables real-time monitoring and controlling

of important production parameters such as production status, energy consumption, the

flow of materials, customer orders, and suppliers’ data (Sousa Jabbour et al. 2018). As

a result, organizations can develop products that meet real customers’ needs due to the

connectivity and communication these advanced technologies facilitate (Sousa Jabbour

et al. 2018).

I4.0 technologies emerge as promising means for managing the complexity of an ETO

environment (J. Strandhagen et al. 2019). While research has shown that the application

of I4.0 technologies can significantly improve the performance of a supply chain (POR

2014-2020; Aldrighetti et al. 2022; Dalenogare et al. 2018), the practical use of I4.0 has not

been sufficiently compared to other more repetitive manufacturing (Jo Wessel Strandhagen

et al. 2022). The need for coordination of material and information flows in ETO supply

chains is significant (Mello, Gosling et al. 2017; J. Strandhagen et al. 2019), and tailored

approaches are required for effective and efficient management of manufacturing operations

(Adrodegari et al. 2015).

Industry 5.0 (I5.0) on the other hand is a new development in the field of advanced man-

ufacturing that builds upon the concept of I4.0. It is characterized by the integration of

advanced DTs with human creativity, skills, and knowledge (Xu et al. 2021). This ap-

proach aims to create a more sustainable and equitable manufacturing ecosystem through

collaboration between human workers and intelligent machines. I5.0 emphasizes the hu-

man experience in manufacturing, including the use of advanced technologies to enhance

worker safety, well-being, and job satisfaction (Xu et al. 2021). While I5.0 represents an

important evolution in the field of manufacturing, it is important to note that it goes bey-

ond the scope of this thesis. By focusing on DTs, the thesis seeks to provide insights into

how manufacturers can leverage these tools to ease the implementation of remanufacturing

in their supply chains.

Although DTs are a frequently discussed concept in manufacturing research, there is no

clear consensus in the literature about which types of technologies it includes (Sousa

Jabbour et al. 2018). To determine which technologies to cover in this thesis, the structural

overview for complex ETO companies provided by J. Strandhagen et al. 2019 is used as a

basis, see Table 18. The table is further developed by including technology presented by
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Sousa Jabbour et al. 2018 literature on the CE and I4.0 technology, Rüßmann et al. 2015

nine technologies transforming industrial production, and Zheng et al. 2021 technologies

in a manufacturing context. Additionally, recommendations from emerging technologies in

remanufacturing presented by Kerin and Pham 2019 are included to keep the technologies

within the application area of remanufacturing.

Table 4: Overview and description of digital technologies for remanufacturing in an ETO
environment.

No. Tech.group References

1
Automation and

industrial robots

[1], [2], [3],

[6], [7]

2 Additive manufacturing
[1], [2], [3],

[4], [6], [7]

3 Cyber-physical systems (CPS) [1], [5]

4 Data analytics

[1], [2], [3],

[4], [5], [6],

[7]

5 Integration of IT systems [2], [3]

6 Internet of Things (IoT)

[1], [2], [3],

[4], [5], [6],

[7]

7 Visual technology
[1], [2], [3],

[4], [6], [7]

8 Simulation and modelling
[1], [3], [6],

[7]

9 Cloud Technology
[1], [2], [3],

[5], [7]

10 Blockchain [1], [6]

[1]: Zheng et al. 2021

[2]: J. Strandhagen et al. 2019

[3]: Rüßmann et al. 2015

[4] Jo Wessel Strandhagen et al. 2022

[5]: Sousa Jabbour et al. 2018

[6]: Kerin and Pham 2019

[7]: Sullivan et al. 2020
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Automation and industrial robots

Automation technologies, such as robotic process automation (RPA) and artificial intel-

ligence (AI), can be used to streamline production processes, reduce labour costs, and

improve quality control (Zheng et al. 2021; Jo Wessel Strandhagen et al. 2022). By auto-

mating manual repetitive and dangerous tasks, manufacturers can free up their employees

to focus on more complex and strategic activities (Zheng et al. 2021; Jo Wessel Strand-

hagen et al. 2022). Automation can also improve quality control by reducing the risk of

human error and ensuring consistent output.

Additive manufacturing

Additive manufacturing, also known as 3D printing, is a process of creating three-dimensional

objects by building objects layer-by-layer from a digital design file such as CAD (J. Strand-

hagen et al. 2019). Additive manufacturing enables the production of customized products

with a high degree of precision and accuracy, reducing waste and increasing efficiency

(Sousa Jabbour et al. 2018).

Cyber-physical systems

Cyber-physical systems (CPS) refer to the integration of physical components with com-

putational and networking capabilities, allowing them to sense their environment, process

information, and interact with other systems in real-time (Zheng et al. 2021; Sousa Jab-

bour et al. 2018). This technology has a wide range of applications in manufacturing,

including predictive maintenance, quality control, and production scheduling. With CPS,

manufacturers can predict when maintenance is needed, monitor production processes in

real-time, and optimize operations by predicting demand and managing resources (Zheng

et al. 2021). This is made possible through the use of sensors and actuators that gather

and distribute real-time data for decision-making purposes (Sousa Jabbour et al. 2018).

Data analytics

Big data and analytics, transform data into knowledge and action within a manufacturing

system (J. Strandhagen et al. 2019). Big data analytics involves the collection, processing

and analysis of large and complex data sets (Zheng et al. 2021). In the context of manu-

facturing, big data analytics can optimize production processes, improve quality control,

and enhance supply chain management by processing data in higher volumes, with higher

velocities, and greater variety (Zheng et al. 2021). An example, big data analytics can im-

prove quality control by recognizing patterns and trends that may indicate quality issues

(Rüßmann et al. 2015).

Integration of IT systems

Horizontal and vertical integration of IT systems for production management (PLM, ERP,

MES) (J. Strandhagen et al. 2019). Horizontal and vertical integration of IT systems can

mean that companies, departments, functions, and capabilities will become much more
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cohesive, as cross-company, universal data-integration networks evolve and enable truly

automated value chains (Rüßmann et al. 2015).

Internet of Things

IoT refers to the network of physical devices and appliances embedded with electron-

ics, software, sensors, and connectivity, enabling them to connect and exchange data (J.

Strandhagen et al. 2019; Zheng et al. 2021; Sousa Jabbour et al. 2018). IoT can be

used in manufacturing for real-time monitoring, predictive maintenance, and supply chain

management. Real-time monitoring of production processes is a key application of IoT

in manufacturing (Zheng et al. 2021). This involves collecting and analyzing data from

sensors on machines to identify potential problems before they cause downtime or qual-

ity issues (Zheng et al. 2021), which is also called predictive maintenance. Additionally,

IoT can be used in supply chain management to enable manufacturers to track inventory

and logistics, improving efficiency. The most common resources used in implementing the

IoT are Radio Frequency Identification (RFID) technology tags, sensors, barcodes, and

smartphones (Sousa Jabbour et al. 2018; Da Xu et al. 2014).

Visual technology

Technology to construct a visual representation of an object, in the form of augmented

reality (AR), through computer-generated 3D images in the real world, creating a virtual

reality (VR) or projecting 3D images as holograms (J. Strandhagen et al. 2019). One key

application of AR in manufacturing is maintenance, by overlaying computer-generated

information on top of physical equipment, technicians can quickly identify issues and

make repairs (Zheng et al. 2021). AR can also be used for training, by providing trainees

with virtual simulations of equipment and processes.

Simulation and modelling

Simulation and modelling technologies can be utilized to enhance production processes,

quality control, and reduce wastage (Zheng et al. 2021). Real-time data can be leveraged

to create virtual models of the physical world, including machines, products, and humans,

which allows operators to optimize machine settings for the next product in line before

the physical changeover, resulting in reduced machine setup times and improved quality

(Rüßmann et al. 2015). Manufacturers can enhance their operations and boost overall effi-

ciency while minimizing errors and downtime by utilizing virtual models of manufacturing

processes (Zheng et al. 2021). This enables operators to experiment and enhance machine

settings for the subsequent product in the virtual domain prior to the physical changeover,

ultimately leading to reduced machine setup times and enhanced quality (Rüßmann et al.

2015).

Cloud Technology

Cloud technologies are systems for the provision of online storage services for all applic-

ations, programs and data in a virtual server, without required installation (Zheng et al.
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2021). In manufacturing, cloud manufacturing is a technology that utilizes the internet

to establish a virtual and worldwide platform for manufacturing resources and abilities.

It operates on a service-based concept, which implies that customers and suppliers work

together to offer and purchase various services like designing, simulating, manufacturing

and assembling products (Rüßmann et al. 2015; Sousa Jabbour et al. 2018).

Blockchain

The utilization of blockchain technology can enhance supply chain management by offering

a secure, transparent, and decentralized method to trace goods and transactions (Zheng

et al. 2021). With the help of blockchain, producers can monitor the progress of goods

from their initial raw materials to the final product, and ensure that all participants in

the supply chain are responsible for their actions.

2.4.1 Barriers to the implementation of digital technologies

The rapid evolution of DTs has led to significant transformations across various industries,

with particular attention focused on production and logistics within the realm of digital

advancements. The integration of these technologies holds the promise of numerous bene-

fits, such as enhanced product customization, improved product quality, cost reduction,

increased productivity, shortened product launch cycles, sustainability improvements, en-

hanced process visualization and control, and heightened worker satisfaction (Dalenogare

et al. 2018, Jo Wessel Strandhagen 2022).

However, despite these enticing prospects, numerous barriers hinder companies from ef-

fectively implementing digital technologies. These barriers encompass various aspects,

including governmental regulations, financial constraints, technological complexities, or-

ganizational challenges, and human resource-related factors (Da Silva et al. 2020, Glass

et al. 2018, and Raj et al. 2020). To shed light on these barriers, prior research conducted

by Da Silva et al. 2020; Glass et al. 2018; Raj et al. 2020 is utilized together with the

work of Jo Wessel Strandhagen 2022 to present a table illustrating potential barriers to

the implementation of I4.0 technologies, see Table 5.
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Table 5: Barriers to the implementation of digital technologies in manufacturing (JoWessel
Strandhagen 2022).

Barriers Description

High investment cost
Implementation of digital technologies may require significant capital

investments, which may pose a challenge for companies

Lack of clarity or

understanding of the

economic benefits

Without a clear understanding and proof of the economic benefits of

technology applications, companies may be reluctant to invest in

implementation

Challenges in or lack of

supply chain integration

and collaboration

The realization of certain potential benefits of I4.0 technologies

requires close collaboration and tighter integration across supply chain

actors, which may be both challenging and undesirable.

Low maturity level of

technologies

While the technological developments may have come far, their

industrial application may still be at a low level of maturity, or

technology readiness level (TRL). this may cause reluctance to

implement them

Lack of standards,

governmental regulations,

and policies.

The implementation of rapidly developing advanced technologies may

be hindered by a lack of associated standards, regulations, and policies,

which are developing at a slower pace.

Inadequate technological

infrastructure

The advanced technologies of I4.0 requires a certain level of

technological infrastructure to be applicable in the industrial context.

Accordingly, inadequate technological infrastructure may prevent

technology implementation

Lack of human resources

and digital skills.

A lack of knowledge and skills among employees regarding the use of

digital technologies, and a lack of human resources dedicated to

digitalization-related activities, may impede companies’ ability to use

the desired technologies.

Internal resistance to

change

Resistance or unwillingness of employees to change their way of

working or working methods may be a barrier to implementation, as

new digital technologies may disrupt or require changes in traditional

practices.

Ineffective change

management

The transition to I4.0 technology application may be complex

and challenging and may require highly effective change management

Lack of, or difficulties

in forming, a digitalization

strategy

A comprehensive implementation of and transition to I4.0

technologies can require significant changes to a company’s operations.

Accordingly, a strategy for digitalization may be necessary.
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2.4.2 How digital technologies can impact the maritime industry

DTshave a significant potential to improve industrial performance (Dalenogare et al. 2018).

As previously mentioned in the introduction to this thesis, the maritime industry is lagging

behind other industries in manufacturing regarding digitalization (Jo Wessel Strandhagen

et al. 2022). According to the Maritime21 report, ”digitalization in the maritime industry

is about using technology to ensure efficient operations, reduce costs, enhance safety and

create new services and markets” (Mellbye, Rialland et al. 2016).

This section, explores the technologies identified in the literature from Section 2.4. By

examining these technologies, we will clarify how various technologies can impact and

benefit the maritime sector. Additionally, these insights, combined with other research

findings on DTs, will contribute to a comprehensive understanding of how these technolo-

gical advancements can facilitate the integration of remanufacturing practices within the

maritime industry.

Automation and industrial robots

Robotics, automation and remote control are closely linked (Mellbye, Rialland et al. 2016).

The use of robotics and automated production are promising areas, offering to improve

the quality and reliability of maritime products (Sullivan et al. 2020). This includes the

use of autonomous vessels, and drones for inspections, cargo handling, automation, ro-

botic maintenance and repairs, and unmanned underwater vehicles for subsea exploration

(Shenoi et al. 2015). The use of this type of technology can reduce human risks, and

increase safety and reliability (Mellbye, Theie et al. 2015).

Additive manufacturing

Research into the viability of additive manufacturing for maritime has been ongoing for

over 25 years and indicates that this technology holds significant potential for substantial

cost reductions in shipbuilding and maintenance processes (Sullivan et al. 2020). The

utilization of additive manufacturing technology offers significant advantages in terms

of financial risk reduction during prototype development and decreased costs associated

with spare parts production (Mellbye, Rialland et al. 2016). Additionally, additive man-

ufacturing will provide greater design freedom (Shenoi et al. 2015, which can minimize

transportation within the production chain and enable short production cycles (Sullivan

et al. 2020).

Cyber-physical systems

CPS systems can be used in the maritime industry to monitor ship performance in real-

time and carry out environmental monitoring (Mellbye, Rialland et al. 2016). The ”Global

Marine Technology Trends 2030” report by Lloyd’s Register highlights the increasing con-

nectivity and integration of systems onboard vessels, leading to the emergence of smart

and connected ships. These ships utilize CPS technology to enable seamless communic-
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ation between various onboard systems, sensors, and devices (Shenoi et al. 2015). Other

potential benefits maritime products can get from CPS are enhancing vessel performance,

safety, and operational efficiency (Shenoi et al. 2015).

Data Analytics

Big Data analytics tools make it possible to analyze these large quantities of data use of

sensors and real-time monitoring brings in order to gain insight that supports decision-

making, improve operational efficiency, and risk assessment (Mirović et al. 2018; Shenoi

et al. 2015). Ship performance and navigation information can be used to develop naviga-

tion strategies to improve ship energy efficiency by monitoring fuel consumption, various

emissions, the use of lighting, heating and similar processes (Mirović et al. 2018).

Integration of IT systems

By integrating sensor technology and implementing systematic data management, effi-

ciency can be significantly improved throughout the transport and logistics value chain

(Mellbye, Rialland et al. 2016). This includes various stakeholders such as shipping com-

panies, service providers, ports, authorities, and classification companies (Mellbye, Ri-

alland et al. 2016). Moreover, the growing integration of ship design, construction, and

operation through collaborative platforms involving multiple disciplines enables faster and

more cost-effective development processes (Mellbye, Rialland et al. 2016).

In order to adapt to the rapid integration of new technologies into interconnected systems,

it becomes essential to establish a software and electronics environment that is both flexible

and secure (Shenoi et al. 2015). This adaptation will ensure the seamless integration of

emerging technologies into existing systems and systems of systems (Shenoi et al. 2015).

Internet of things

Another technology that is becoming increasingly important for the maritime industry is

the IoT (Mellbye, Rialland et al. 2016). IoT plays an important role in collecting and

transmitting real-time data from various sensors and devices. It enables remote monitor-

ing, condition-based maintenance, asset tracking, and optimization of vessel performance

and energy efficiency (Shenoi et al. 2015). Additionally, IoT technology holds immense

potential for optimizing planning, proactive incident management, and operational pre-

dictability (Mellbye, Rialland et al. 2016).

Visual Technology

AR and VR technologies possess the potential to revolutionize the maritime industry

by transforming training, facilitating remote inspections and other collaborations, and

maintaining operations (Shenoi et al. 2015).

The utilization of CAD/CAE (Computer-Aided-Design/Computer-Aided-Engineering) has

long been established in vessel development, enhancing various stages of the design process

to ensure shorter lead times (Sullivan et al. 2020). In the current digitally-driven envir-
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onment and with the increasing complexity of system integration, the production, and

operation of CAD/CAE tools and AR become more crucial than ever (Sullivan, 2020).

They support individuals involved in the construction process by enabling tasks such as

assembly, context awareness, and data visualization (Sullivan et al. 2020). By combining

VR applications with traditional design tools like CAD, it becomes possible to design and

allocate onboard equipment while identifying any deviations between a CAD model and

the corresponding assembly part (Shenoi et al. 2015).

Cloud Technology

Cloud computing applications for product data will enable the effective use of resources

internationally and will contribute to greater product mobility, thereby overcoming short-

term localisation constraints (Shenoi et al. 2015). The adoption of cloud computing tech-

nology will provide reliable information and immediate processing for all actors of a supply

chain making a collaborative environment offering cross-border e-maritime services (Del-

lios and Papanikas 2014).

Blockchain

Pu and Lam 2021 presented key features of blockchain technology that hold great relev-

ance for utilization in the maritime industry. The article states potential by leveraging

its distributed nature, immutability, peer-to-peer transmission, time-series data tracking,

visibility, anonymity, and smart contract capabilities. These features can enhance in-

formation sharing, improve efficiency, reduce costs, and increase transparency and trust

among stakeholders, ultimately driving innovation and transforming various aspects of the

maritime sector (Pu and Lam 2021).
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2.4.3 How digital technologies can enable the circular economy

Digitalisation’s role as an important enabler of the CE is widely accepted (Antikainen et

al. 2018; Kristoffersen et al. 2020; Jabbour et al. 2019). Here, digitalisation refers to DTs

that are currently transforming the industry (Antikainen et al. 2018). In the following

paragraphs of this section, you will be presented with a few application areas and remarks

on how they can provide CE benefits.

One of the most significant benefits of DT in the CE is the increased visibility and in-

telligence into products and assets and products. The increasing use of DTs such as AI

and blockchain technology brings novel ways to improve traceability and transparency

throughout product lifetime (Antikainen et al. 2018; Stankovic et al. 2017). This includes

knowledge of the location, condition, and availability of assets and products (Antikainen

et al. 2018).

The real-time knowledge of the product location is critical in enabling increased product

accessibility and improves the possibilities for end-of-life collection, refurbishment, re-

manufacturing, and recycling (Bressanelli et al. 2018). For instance, the IoT can enable

automated location tracking and monitoring of natural capital (Kristoffersen et al. 2020;

MacArthur and Waughray 2016). Technologies such as RFID help to collect information

about how the product has been used, which plays a central role in understanding how we

can monitor product history. This data can be used to estimate the quality of returned

products and facilitate the return flows into product life cycle management (Antikainen

et al. 2018; Pagoropoulos et al. 2017).

In a CE, coordination of material and information flow is crucial (Antikainen et al. 2018).

Information about the quantity and quality of products and their raw materials con-

tents needs to be collected and retained (Antikainen et al. 2018). The IoT is one of the

most significant DTs that can be employed to achieve this. With the help of innovative

applications, IoT can present a common operating picture. This is possible with seam-

less large-scale sensing, data analytics, and information representation using cutting-edge

ubiquitous sensing and cloud computing (Gubbi et al. 2013). With the use of IoT, re-

manufacturers will be able to analyse used products and link the physical conditions of

the assets with sensor data, and ultimately able to interpret usage data to reach more

accurate remanufacturing decisions, which will improve the efficiency of remanufacturing

operations (Okumus et al. 2023).

A digital twin is another method for defining and modelling a physical item’s properties,

characteristics, components, and performance using advanced digital tools (Okumus et al.

2023; Schroeder et al. 2016). The virtual representations of tangible items are enabled

using data collected through IoT infrastructure and data managing hardware such as

sensors and RFID tags implanted in their physical equivalent (Okumus et al. 2023; Tozanlı

et al. 2020). Once invested in equipment and IoT sensors, one can monitor consumption

levels, run cycles and malfunctions during the product’s lifetime and provide precise data
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on the products’ behaviour at the product and component level through the use of digital

twin technology (Tozanlı et al. 2020). Additionally, digital twin models include all relevant

product information, including serial numbers, model names, production dates, bills of

materials, and assembly/disassembly instructions (Alqahtani et al. 2019).

To summarise, digitalisation plays a vital role in enabling the circular economy by provid-

ing increased visibility, traceability, and intelligence into products and assets. DTs such as

AI, blockchain, and the IoT offer novel ways to improve transparency, product accessibility,

and EOL processes. These technologies facilitate real-time knowledge of product location,

automate tracking and monitoring, and collect valuable data on product history and us-

age. The coordination of material and information flow is crucial in the CE, and IoT can

be employed to achieve seamless sensing, data analytics, and information representation.

Furthermore, digital twin technology allows for the precise modelling and monitoring of

physical items, enabling accurate data on product behaviour and comprehensive product

information. Overall, digitalisation contributes significantly to the implementation and

success of the CE. So far, the answers to questions such as in what areas and in which

ways, DTs support for implementing circular strategies for manufacturing have been in-

sufficiently systematized (Kerin and Pham 2019). The discussion chapter of this thesis

aims to make a valuable contribution towards identifying the uncertainties that can be

mitigated through the application of DTs in remanufacturing.
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3 Methodology

This section presents the methods and tactics employed to answer the research questions

and objectives of the thesis. This section is crucial as it allows the reader to assess the

validity and reliability of the study by understanding how the data was collected, analyzed,

and interpreted.

According to Kothari 1993, the methodology is a structured and theoretical analysis of

applicable methods that can be used in a specific field of study to find solutions to research

problems. Although the terms ”methodology” and ”methods” are often used interchange-

ably, Greener 2008 points out that methodology is a comprehensive understanding of

applied methods, while methods refer to specific techniques used for a given task. Re-

search methods refer to the techniques used to gather data and information (Karlsson

2010). Research methodology often involves different research methods. This chapter

aims to discuss the methodological aspects of the research.

3.1 Research methods

Research methods are described as either quantitative or qualitative (Karlsson 2010).

Quantitative research deals with a wide range of situations, where specific results or data

are presented. This data can be based on numerical methods, mathematical models or

laboratory experiments (Greener 2008). It often involves large sample sizes and controlled

experiments produce empirical evidence. Qualitative research is exploratory and sub-

jective, aiming to understand complex social phenomena by analyzing and interpreting

non-numerical data such as text, images, and observations. Qualitative research typically

involves smaller sample sizes and relies on methods such as interviews, focus groups, and

case studies to gather data (Greener 2008).

According to Karlsson 2010 there are three approaches to building a logical argument,

namely deduction, induction and abduction. All three are built on the same three com-

ponents: rule, observation and result. The rule is about how the world is structured and

functions. A second component is a condition that has been empirically observed: the

database or the research material. The third component is the result or conclusion. The

three ways of arguing differ on where they take their starting point and how then the

logic goes on (Karlsson 2010; Greener 2008). How the components are combined into

the different approaches can be seen in Figure 9. This thesis uses an inductive approach,

meaning that the argument starts with something observed empirically, trying conclusions

to find the rule (Karlsson 2010). The qualitative approach is associated with the inductive

approach to generate theory, due to the use of interpretive models that allow for multiple

subjective perspectives and constructing knowledge rather than seeking to find it in reality

(Greener 2008).
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Figure 9: Different logical approach to argumentation, based on Karlsson 2010.

3.2 Mixed-methods research

This master’s thesis utilized a mixed-methods approach, incorporating both a quantit-

ative research method and a qualitative research method. Both approaches have their

strength and limitations but can be used in combination to gain a more comprehensive

understanding of a research question (Greener 2008). The research drew on information

from multiple sources, including interviews, formal discussions, literature study and the

preliminary literature study conducted during the specialization project. As there is min-

imal research on the scope of interest, the focus has not been on confirming the existing

theory, but rather to discover important features not previously studied in the literature.

Therefore, the research of this thesis is closer to an inductive approach than a deduct-

ive one (Karlsson 2010). The following subsections will present the implementation and

utilization of the methods.

3.3 Literature study

A fundamental part of any academic research is reviewing existing literature, establishing

the legitimacy and authority of the research, and understanding the scope of the research

(Croom 2010). To provide a foundation for knowledge on the ETO environment, maritime

industry, CE and DTs a literature study was performed. The literature study was focused

on answering the research questions and used to establish a theoretical base for meeting

the research objectives and identifying research gaps.

Initial searches were conducted to explore the field and identify keywords relevant for

the next stage of the literature study, keyword searching. Due to the limited number

of results, when searching for all three keyword blocks, a concept-related block and two

context-related blocks were created for a sufficient result. The first block contains the CE

term to analyze, namely circular strategies and remanufacturing. The second concept-

related block holds the DTs and the I4.0 paradigm. Lastly, the third and third concept-

related blocks include the ETO environment and the maritime industry. The concept and

two context-related groups were connected with the “AND”-operator, and the keywords

variations within the group were connected with a Boolean operator “OR”.

To facilitate searching for relevant papers, the keywords were identified; see Table 6. The

material collection was gathered from Scopus, Google Scholar and Web of Science. The

search was constrained only to identify papers that contained specific keywords in their
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abstracts, titles or the list of papers list of keywords. This includes scientific journals, book

sections, conference proceedings and company papers. Then, the results of the papers were

exported to EndNote Library, where automated removal of duplicates was performed. The

remaining papers were exported to an Excel sheet to be organized on the title, authors,

and year published and manually screened for duplicates that were not filtered in the

previous automated removal.

Table 6: Defined keywords for literature search

Keywords

Concept-

related

block

“circular supply chain” OR “closed loop supply chain” OR “prolonging product life cycle”

OR “product life cycle” OR “end of product life” OR “circular economy” OR “circularity”

OR “circular supply chain” OR “ closed loop supply chain” OR “closed supply chain” OR

“closed loop” OR “open loop supply chain” OR “loop supply chain” OR “closed

value chain” OR “closed loop value chain” OR “sustainability” OR “sustainable” OR

“self-sufficient” OR “self sufficient” OR “three pillars of sustainability” OR “3 pillars of

sustainability” OR “ reverse logistic” OR “remanufacturing” OR “re manufacturing” OR

“reuse” OR “reusing”OR “remanufacture” OR “recycling” OR “recycle”

AND

Context-

related

block

“industry 4.0” OR “I4.0” OR

“industry 5.0” OR “fourth

industrial revolution” OR

“smart manufacturing” OR

“digitalization” OR “digitalised”

OR “digitized” OR “digitise”

OR “digitize” OR “technology”

OR “tech” OR“smart logistics”

OR “smart factories” OR “smart

factory” OR “digital twin”

OR “automated engineering”

OR”augmented reality” OR

”virtual reality” OR ”automated

robots” OR ”big data” OR ”data

analysis”

OR

engineer-to-order” OR “ETO” OR “engineer to

order” OR “engineered to order” OR

“engineered-to-order” OR “eto” OR ”project

manufacturing” OR”project-manufacturing”

OR “production planning”OR “project-

production” OR ”project-based manufacturing”

OR “Project based manufacturing” OR

“customized production” OR “customised

production” OR “customized manufacturing”

OR “customised manufacturing” OR “make to

order” OR “make-to-order” OR “made to order”

OR “made-to-order” OR “shipbuilding” OR

“maritime supply chain” “maritime sc” OR

“shipbuilding supply chain OR “shipbuilding sc”

Further, titles and abstracts were screened by following, excluding papers that did not

follow the exclusion criteria:

1. Language limited to English.

2. Focusing on topics that are unrelated or vaguely related to ETO or non-repetitive

manufacturing.

3. The year published.
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(a) To ensure the obtainment of relevant and updated information on the topic of

DTs and I4.0, an additional criterion was required to be met. The term I4.0 was

first introduced in 2011, thus research published before 2011 will not consider

this term and therefore less relevant to the topic of this thesis.

(b) For keywords regarding ETO and CE, this criterion was not a requirement.

4. The year the literature was published was limited to 2011-2023.

5. A full-text screening, including titles and abstracts, was performed to exclude papers

that were not related to the main scope of this literature review e.g., papers not

contributing to the theory in the field of supply chain management in ETO situations,

CE or DTs.

The exclusion criterion further considered 152 papers and removed papers from further

review. In addition to the literature study and with the motivation to further enrich

the search results, an additional 24 papers were included from a snowballing strategy.

Snowballing was applied based on references and authors of publications from the result

of the literature study. In total, after the exclusion criterion and the additional papers

included through snowballing, the result of 73 papers was read and analysed.

3.4 Case study

A case study research method has been widely used in operations management as one of

the most powerful research methods (Karlsson 2010). This method is particularly useful

when investigating the ”how” and ”why” of topics (Yin 2009). It is a research strategy

that focuses on understanding the dynamics present in a setting (Tobro 2017). The pro-

cess may encompass one or more cases, employing various techniques to collect data,

examining different levels of analysis, and utilizing either quantitative or qualitative data

that is generated through empirical means (Yin 2009; Voss 2010; Eisenhardt 1989). The

choice of case study as the primary research method in this study was informed by various

advantages. First and foremost, it facilitates the generation of novel theories by identi-

fying patterns and linkages between critical variables (Voss 2010). As the research seeks

to advance the knowledge of how ETO companies can establish remanufacture in their

supply chain, the use of a case study is appropriate as it enables the collection of data

from actual situations. The direct engagement of key employees of each company enables

the answers to questions of what, why, and how, to be answered with comprehensive un-

derstanding (Tobro 2017; Benbasat et al. 1987). The subsequent paragraphs will provide

valuable information regarding the process of case selection, methodologies employed for

data collection, and the procedures utilized for analyzing the gathered data.
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3.4.1 Case selection

As previously indicated, case research can be carried out on single or multiple cases. A

single case study provides an opportunity for an in-depth examination of several contexts

within the case simultaneously. However, its applicability to the generalization of con-

clusions is limited (Voss 2010). More about case study limitations will be presented in

Section 3.6. To address the limitations associated with single case studies, a multiple case

study approach was adopted to facilitate the comparison of results across several cases.

The process of case selection is significant in the development of new theories, as it de-

termines the entities from which the research sample is to be drawn (Eisenhardt 1989).

The experience gained during the specialization project highlighted the importance of con-

sidering perspectives from various stakeholders in the maritime industry, given the close

relationships between large equipment suppliers, other suppliers, shipyards, shipping com-

panies, and classification societies. This was taken into account in the selection of case

study participants. To ensure the case companies selected for this study remained relevant

to the research scope, a specific set of criteria was established. The companies chosen for

the study met all criteria.

Firstly, the company should encompass characteristics as developed from section 2.1. For

the sake of generalizing the conclusion the chosen companies should ideally represent di-

versity among their manufacturing activities and stakeholder position. The visual repres-

entation displayed in Figure 10 illustrates the correlation between the annual production

volume of products/systems on the x-axis, and the level of customization complexity ex-

pressed as the number of engineering hours per product/system on the y-axis. In Table

7, you will find a summary of companies characteristics.

Table 7: Summary of companies characteristics

Company
Volume (quantity

per year)

Duration

(weeks)

Cost per unit

(thousands Euro)

Engineering hours

(hours per unit)

Company A 200 - 300 11 - 50 101 - 1000 101 - 1000

Company B 1 - 10 > 100 50 000 > 30 000

Company C 900 51 - 100 1000 8000

Company D 1 - 10 51 - 100 101 - 1000 1001 - 10 000

Company E - - - -

Company F 10 - 20 12 - 24 1000 - 2000 101 - 1000
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Figure 10: Product-process matrix placing companies, adapted by Tobro 2017

The second criterion is building on the previous criteria, the case company should be

serving the maritime industry, and represent at least one of the five stakeholders in the

maritime industry presented in Section 2.2.2. This way the answers remain relevant within

the same industry and possible examples and experiences can more easily be compared.

The final criterion pertains to the aspect of CE, which requires the company to have

explored CE strategies and reflected on the potential implementation of sustainable de-

velopment in their operations. Without such exploration and understanding of remanu-

facturing’s potential for the company, opinions and arguments would solely be based on

speculation rather than experience.

It is necessary to note that the ETO companies involved in the empirical part of this

thesis deliver products to the maritime industry, which imposes strict rules and legislation

from governmental bodies, classification societies and independent third-party verification

companies (Jünge 2022). Thus, having the perspective of such an organisation was im-

portant for the understanding of how CE strategies could be integrated. Therefore, one

case company is a classification society and does not fulfil the criteria of manufacturing

ETO products.

To ensure effective data collection, it is crucial that the point of contact in each case is
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a knowledgeable informant with an in-depth understanding of the company’s operations.

Ideally, the interviewee should also have a solid grasp of the relevant theoretical aspects

discussed. Measures taken to ensure this will be discussed in Section 3.5.

Table 8: Summary of case companies and interview details

Company Stakeholder position Point of contact
Duration of

interview

Company A
Maritime equipment

supplier
1. Chief Operating Officer 60 minutes

Company B Shipyard
1. Deputy Managing

Director
95 minutes

Company C
Maritime equipment

supplier

1. Manufacturing Network

Manager
60 minutes

Company D Shipping company
1. Board member and

Operations Manager
95 minutes

Company E Classification society
1. Business Lead, Maritime

2. Work Process Manager
60 minutes

Company F Shipyard 1. Sales Manager Retrofit 90 minutes

3.5 Data collection

The companies that were chosen for the research are stakeholders in the maritime industry.

Of the companies interviewed, two are shipyards, two are maritime equipment suppliers,

one is a shipping company and the last is a classification society. More detailed information

about the case companies will be presented in the case study findings in Section 4 and

Table 8 provides an overview of their role in the maritime industry as well as information

about the interviews.

A semi-structured interview style was preferred as it allowed for more flexibility for both

the interviewer and interviewee to develop ideas and questions more widely on the issues

raised in the research (Denscombe 2017; Ali et al. 2015). This approach enabled rep-

resentatives from the companies working within the maritime sector to provide valuable

insights into the topic at hand. The interviews were led by the researcher and followed an

interview guide which can be found in Appendix A.

The information and knowledge shared through the interviews will contribute to further

discussion on how ETO companies can utilise DTs to support the integration of remanu-

facturing in their supply chains. This case study approach is deemed helpful for several

reasons. As CE strategies in the maritime sector are under-researched in academia (Milios

et al. 2019), an exploratory study could be beneficial to seek new insights. Further, the

regulation of remanufacturing depends on the industry in scope, so the experimental ap-

proach will allow for accounting business and policy challenges distinct to the maritime

sector (Milios et al. 2019).

To achieve optimum use of time, an interview guide was developed ahead of time, see

Appendix A. The interview guide was designed for the interviewer, outlining the topics to
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be covered during an interview (Adrodegari et al. 2015). The guide was sent ahead of time

so that the interviewee could read about relevant information and get an insight into what

was set to be discussed in the interviews. This way, the interviewees had time to prepare

if they felt needed. The guide included a set of predetermined open-ended questions used

as a base, with additional questions which resembled a dialogical approach. The questions

were used to promote discussion and to prevent the debate from being interrupted by

irrelevant conversations.

During the interviews, to facilitate the discussion and ensure that it stayed focused on

the research topic, a PowerPoint presentation was created. The presentation included the

relevant information and questions from the interview guide but was presented in a more

visual format. This approach aimed to provide the interviewees with a comprehensive

understanding of the topics being discussed. The presentation can be found in Appendix

B.

Post-interviews, a transcript of answers to the predetermined questions were sent for

validation. The participants were asked to review the statements and give feedback if

something was wrongly interpreted, ensuring the robustness of our final findings after the

literature findings and interviews (Milios et al. 2019).

Following the completion of initial interviews with all the case companies, a questionnaire

containing the compiled list of factors and uncertainties identified during the first round

of interviews was shared with each company via email. The purpose was to request their

input in terms of ranking and recommendations regarding the DTs listed in Table 18. The

document pertaining to the second round of communication can be found in Appendix

C. This approach was employed to ensure the validation of the findings from the initial

interviews, while also utilizing the rankings provided by each company to identify key

factors and gain insights into the maritime industry’s perception of relevant technologies

for remanufacturing purposes.
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3.5.1 Data analysis

In the research process, the activities of conducting a literature study and interviews can

be seen as a cyclical process (Figure 2). The initial literature study was performed to

develop the interview guide and conduct the first pilot interview. Upon identifying new

information from the first interview, additional literature was consulted and the interview

guide was subsequently improved. To ensure data reliability, the interview guide remained

unchanged thereafter.

Figure 11: Methodological approach

The process of analyzing data is crucial to developing new theories (Eisenhardt 1989). The

analytical approach in this study follows the two steps recommended by Eisenhardt 1989.

The first step is within-case analysis, which involves gaining a thorough understanding of

the results for each case individually. The second step is to search for cross-case patterns

that allow for the generalization of conclusions. To test the hypothesis, empirical findings

are compared with existing theories for each case. This is especially important in this

study as it is based on a limited set of cases.

The list of influential factors determining the potential for remanufacturing was exclus-

ively based on the findings obtained from interviews conducted over a period of time. The

questionnaire presented the finalized list to the companies, allowing them to assign scores

to each factor and thereby represent the importance of each factor from their perspect-

ive. Furthermore, the supervisor presented the list at a workshop for external maritime

companies to validate the findings from the case study. The comprehensive list was also

compared with the findings from the literature, which were explored after the list was

completed.
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3.6 Research limitations

This section will present the research limitations and in the following section, we will try

to explain how the research quality is ensured.

3.6.1 Case study

Case studies offer valuable insights into holistic understanding, but they have limitations

that can affect the reliability and validity of findings. Generalizing results from case

studies to larger populations or other contexts can be challenging, especially when the

study involves a small number of cases (Voss 2010). Additionally, case studies can be

subjective, leading to inconsistent results due to researchers’ varying interpretations and

biases. The resource-intensive and time-consuming nature of conducting case studies can

further add to these limitations, especially when collecting data from multiple sources

and stakeholders. Analyzing qualitative data from case studies is also challenging, as it

requires researchers to identify patterns and themes in the data, which can be subjective

and impact the validity of the findings. Furthermore, the lack of control over variables in

case studies can make it difficult to establish causality and draw definitive conclusions.

During the case selection process, specific requirements were set to decide which compan-

ies would be chosen. These requirements stated that the selected companies must have

actively followed circular strategies and considered incorporating sustainable development

principles into their operations. While all the companies met these criteria, their levels of

experience and reflection varied significantly. Some companies had only started integrating

repair and recycling activities, while others had more than 20 years of extensive experience

in remanufacturing. The disparity in their knowledge foundation will pose limitations in

comprehending and effectively responding to the posed questions.

3.6.2 Literature study

Whilst performing literature studies is a recognised method in scientific writing, there are

still limitations to be aware of. The exclusion criterion was set only to include literature

in English. This limits the literature study from including potentially valuable research

published in other languages. Another limitation to acknowledge is the limited number of

sources used. Here, only Scopus, Google Scholar, NTNU Oria and Web of Science were

utilized in the identification process, thus limiting the research from including valuable

literature not available from these resources. Selective outcome reporting is also a ma-

jor threat to a literature study. The possibility of misleading interpretation of evidence

outcomes in a literature study can have implications on the results and claimed research

contributions.

The literature study is bounded by a set collection of keywords being present in the title

50



keywords or an abstract of the document. Alternative terms such as ”closed loop” or

”zero waste economy” may also refer to similar concepts as CE. However, the search does

not include other related terms to avoid potential disputes or misleading results. This is

because there is no agreed-upon definition of CE, and other concepts such as ”cradle-to-

cradle economy” and ”green supply chain management” have distinct differences. Only

including literature that explicitly mentions CE ensures relevance and avoids subjective

attribution of content. The resulting literature study thus presents a basic understanding

and state-of-art within the CE field.

3.7 Research quality

According to Karlsson 2010, there are four specific criteria for assessing the quality of

organizational management (OM) research: construct validity, internal validity, external

validity, and reliability (Jünge 2022).

Construct validity is an important concept in research methodology that refers to the

degree to which a measure accurately measures the concept or construct that it is inten-

ded to measure (Voss 2010). To establish construct validity, various forms of evidence

have been utilized, including observations through interviews and documentation as data

sources. The informants from the companies were able to review the transcript and sum-

mary of the interview. By doing so, the likelihood is that the findings presented in section

4 accurately reflect the case companies.

Internal validity means establishing an accurate causal relationship while avoiding other

possible factors that could explain these relationships (Karlsson 2010; Jünge 2022). To

maintain internal validity, various strategies were implemented, including the utilization

of multiple case study designs to enhance validity. In addition, peer briefing can improve

internal validity through sharing the research findings, interpretations and conclusions

with peers to obtain feedback and criticism (Lincoln and Guba 1985; Jünge 2022).

External validity refers to the generalizability of research findings to other settings, pop-

ulations, and situations beyond the specific context in which the research was conducted

(Karlsson 2010; Jünge 2022). In other words, external validity pertains to the degree to

which the results of a study can be generalized and applied to other settings outside the

particular context in which the research was conducted. There are two forms of gener-

alization: statistical generalization and analytical generalization (Yin 2009). Qualitative

case studies employ analytical generalization, whereby researchers aim to extend the gen-

eralizability of specific findings to a broader theoretical framework (Jünge 2022). In the

context of theory deployment, the analytical approach utilized in this thesis will compare

the empirical findings with the theoretical findings, resulting in analytical rather than

statistical findings.

Lastly, the criteria of reliability pertaining to the degree to which a study can be re-

produced and yield identical outcomes (Voss 2010; Karlsson 2010). The objective is to
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minimize bias and ensure that comparable findings and conclusions can be obtained if the

research is replicated by another researcher (Jünge 2022). The nature of case studies is

context-dependent and rendering exact replication of outcomes is challenging. Therefore,

maintaining reliability in semi-structured interviews necessitates the consistent use of an

interview guide (Yin 2009). In this thesis, two interviewers conducted the interviews,

presenting a challenge to the reliability of the present case study, as personal biases may

influence what is observed, heard and recorded. To mitigate personal bias, case insights

and findings were reviewed with supervisors and co-supervisors.
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4 Case study findings

This chapter will introduce the case companies and present their respective findings. These

results will then be compared and contrasted with the literature review’s findings in the

following chapter.

4.1 Introduction to the case companies

This section will present the case companies, outlining their products and primary oper-

ations. Company E, as a classification society, distinguishes itself from Companies A, B,

C, and F, which are involved in the manufacturing of ETO products. Company D does

not sell the ETO product they manufacture to an external customer and therefore also

differentiates itself from the other companies.

4.1.1 Company A: Maritime equipment supplier

Company A is a leading manufacturer of propulsion systems and thrusters for a wide range

of vessels, including ships, offshore installations, and aquaculture facilities. The company’s

main activities include the design, engineering, production, and service of thruster systems,

propellers, and control systems. Company A’s products either power the ships or keep

them stationary and are designed to last the same lifespan as the ships the products are

installed on, which is typically around 25 years.

4.1.2 Company B: Shipyard

Company B is a shipyard and shipbuilding company with a long history in designing

and building innovative ships for a variety of industries, including offshore oil and gas,

fisheries, and renewable energy. The company offers expertise in the areas of design,

engineering, project management, construction, installation and commissioning. Com-

pany B will provide us with a perspective on the remanufacturing of vessels and onboard

products while serving as the link connecting shipping companies and maritime equipment

suppliers.

4.1.3 Company C: Maritime equipment supplier

Company C is a globally recognised equipment supplier specializing in advanced handling

and lifting solutions. Their main activities include designing, manufacturing and supply-

ing a wide range of solutions for the maritime industry. These solutions include cranes,

winches, launch and recovery systems, and various handling systems. Company C differ-

entiates its supply chain from the other case companies because they have outsourced its
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production to collaborative suppliers.

4.1.4 Company D: Shipping company

Company D is a shipping company that primarily focuses on its own fleet’s operation and

maintenance. The fleet includes six boats, with three actively deployed for fishing oper-

ations. The company engages in the distribution of various products, including fish and

shellfish. Company D possesses a mechanical workshop, warehouse, and sandblasting hall.

The mechanical workshop plays a crucial role in maintaining the main vessels’ operational

efficiency, with any surplus capacity utilized for other boat remanufacturing projects.

Given Company D’s extensive expertise in remanufacturing ships and maritime compon-

ents, Company D is well-positioned to offer valuable insights from a shipowner’s standpoint

on the subject.

4.1.5 Company E: Classification society

Company E, a classification society, has established a significant presence in the maritime

industry, offering a broad spectrum of services to facilitate safe and efficient operations at

sea. Among their principal activities in this industry are the classification and certification

of ships, offshore platforms, and other maritime products, in addition to providing advisory

services concerning risk management, design and engineering, and regulatory compliance.

Through their classification services, Company E assists shipowners and operators in guar-

anteeing that their vessels satisfy international safety and environmental standards and are

appropriate for their intended application. As mentioned in the case selection, Company

E was included in the case study to provide a regulatory perspective. The desire for such

a viewpoint arises from the stringent regulations imposed on maritime companies. Under-

standing classification societies such as Company E’s perspective on the matter provided

us with a broader understanding of the challenges that other companies face through their

standards and requirements.

4.1.6 Company F: Shipyard

Company F is a renowned shipyard operating as a life cycle shipyard, offering comprehens-

ive solutions in the maritime industry. With expertise in new builds, ship recirculation,

and ship remanufacturing, the company excels in various services such as construction,

repairs, rebuilding, and recycling of vessels. Showcasing a rich shipbuilding heritage,

Company F has earned a reputation as a trusted and experienced shipyard. Company

F’s commitment to environmental management and quality assurance is evidenced by

their ISO certifications, ensuring adherence to rigorous quality and sustainable practices

standards.
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4.2 Circular activities of today

This section will explore whether the case companies have integrated reuse, repair, re-

manufacturing, and recycling practices into their operations. This analysis will offer valu-

able insights into their current operational methods and their experiences with circular

strategies. Furthermore, it will shed light on their attitudes towards circular strategies

and remanufacturing, which will be discussed in more detail later on.

4.2.1 Company A: Maritime equipment supplier

CE strategies are a comprehensive discussion in Company A. The company’s environ-

mental footprint is most significant during the production and product use phases because

the propulsion and thruster systems offered by the company are used throughout the entire

lifespan of maritime vessels and therefore contribute to emissions.

At the end of the product’s lifespan, the ship owner who possesses the product determines

the disposal process. Typically, the product is scrapped, and the ship owner is com-

pensated for the materials. However, Company A has observed that the scrapping process

tends to prioritize material value rather than component value. Being a major equipment

supplier, the company relinquishes ownership of the product upon delivery, resulting in a

lack of authority or control over these procedures.

Currently, the company’s circular strategies concentrate on repair as a standard approach

to prolong product life. Repairs are typically performed at the ship’s location, utilizing a

combination of local staff and Company A’s employees. In rare cases where a unit must

be dismantled due to a major accident, the customer is usually given a new product. The

old unit is remanufactured to satisfy new unit requirements, and the customer receives it

as a backup if a similar situation occurs, or it can be installed in another vessel of the

same customer. Although this is considered remanufacturing, these instances account for

a small percentage of the company’s annual volume of production, slightly above 2% or

approximately five cases out of 200-300 units per year.

Regarding reuse, Company A acknowledges the value of the direct reuse of products and

components but has yet to perform any reuse. The company currently have no recycling

activities for its products. However, the company recognizes various materials that can be

recycled, such as bronze, and expects that they will be appropriately handled during the

scrapping or disposal of ships, although the process is beyond the company’s supervision.

In conclusion, Company A’s circular activities currently focus mainly on repairing products

to extend their life. The company has limited circularity related to reuse and recycling, and

some examples of remanufacturing. However, it is important to note that Company A is

aware of the potential for circular activities and acknowledge the potential remanufacturing

has in the maritime industry.
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4.2.2 Company B: Shipyard

Company B has yet to adopt reuse practices in their own operations, they are aware of the

various methods of incorporating reuse in the maritime market. Company B highlights

examples such as shipowners selling their vessels for continued use rather than scrapping

them.

To highlight the potential of product reuse, Company B points to the growing trend in

Norway where older car ferries are being replaced with advanced electric ships. These

retired ferries are finding new markets in Turkey, South America, and West Africa where

there is high demand for used technology, indicating a growing second-life market for

these ships. The fact that these ferries are being utilized for another 10-15 years after

their initial use in Norway demonstrates the benefits of reusing products.

Company B is known for its expertise in the repair and maintenance activities of ships.

The company offers several repair and maintenance services that can help to extend the life

of a ship and avoid the need for a complete replacement. The shipowner has the freedom to

choose between investing in a completely new system or opting for repair and maintenance

services. Repair activities at Company B can include replacing specific components that

are no longer functioning properly, checking that all systems meet current safety and

environmental standards, and ensuring that the ship is in good working condition. By

performing such maintenance work, Company B believes it can help to extend the life of

a ship by another 10-15 years.

Company B currently has limited familiarity with remanufacturing practices. Remanu-

facturing can be a viable solution when a ship is not profitable in its current market or

when there are no potential buyers for it. In such cases, the ship’s hull can be preserved

while the interior is modified to suit new purposes. This form of remanufacturing is most

commonly employed when a ship needs to be adapted to a different market, where the

interior can be altered to meet new requirements and needs. Company B has experience in

converting platform supply vessels that were once used for offshore operations into fishing

vessels, demonstrating an example of this type of remanufacturing.

Company B clarifies that once a ship is constructed and delivered to the customer, the

shipyard bears no responsibility for its EOL phase. Company B states that ”In the mari-

time industry, the decision-making process regarding the disposal of ships can be straight-

forward”. By mentioning that ideally the ship should be sold for reuse or remanufacturing.

However, in cases where the material value of the ship outweighs the value of reuse or re-

manufacturing, the ship is sold for scrap. This is often the case when steel prices are high,

as there is a greater emphasis on recycling to take advantage of the value of steel. On the

other hand, if steel prices are low, ship owners would prefer to keep the ship in operation

by selling it for reuse or remanufacturing, particularly if the ship is of good quality and

can continue to operate effectively.
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4.2.3 Company C: Maritime equipment supplier

Company C, as a maritime equipment supplier, has experience with remanufacturing.

Although these practices occur, they constitute a small part of the company’s turnover

and do not happen every year. When a crane is sold from one vessel to another, Company

C acts as an engineering partner, performing thorough assessments, modifications, and

adjustments to ensure optimal use of the crane in its new application context. This

involves considering the requirements and specifications of the new boat, making changes

to physical mounts, adjusting controls, and adapting systems. By carefully planning

and engineering these adaptations, Company C ensures the transition of the crane to

its new environment. However, due to the infrequency and limited demand for product

remanufacture, the company’s current utilization of reuse and remanufacturing is relatively

low.

Repair is a significant part of Company C’s aftermarket activities and represents an essen-

tial component of their work. The company handles repairs for customers when needed.

While individual repairs may not contribute significantly to the company’s total turnover,

they are regularly carried out to ensure customer satisfaction and maintain the quality and

functionality of Company C’s products. Additionally, annual inspections are conducted

to identify and address any potential issues early on, ensuring that customers benefit from

the guarantee provided by Company C.

However, Company C has limited involvement in recycling processes due to their role as

a supplier and lack of ownership over the products. Since customers own the products,

they are responsible for managing the recycling at the end of the products’ life cycles.

Company C’s business model relies on outsourcing and collaboration with external part-

ners and manufacturers, which means they do not have direct access to the raw materials

used in production. Given their limited control over the product lifecycle and raw ma-

terials, extensive recycling activities are currently not a significant part of Company C’s

operations.

4.2.4 Company D: Shipping company

Company D employs a variety of strategies to minimize waste and maximize the lifespan

of components. Through a restructuring process spanning 15-20 years, the company has

successfully repurposed 15 boats, currently operating with a fleet of three vessels. As

part of their responsible approach, the company has conscientiously disposed of 12 ships

by sending them for scrapping, while salvaging and storing components that meet quality

standards in their warehouse. These salvaged components have been utilized in their three

active operating vessels. As a result, Company D owns a substantial inventory of used

products, comprising of everything from cost-effective to larger premium components.

Company D is the case company that has implemented the CE reuse and repair at the
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highest level, due to the fact that these practices are deeply integrated into the daily

routines of this company. As an example, they have utilized a significant portion of the

steel structure and hull from an old boat purchased from Iceland to construct one of their

fishing vessels. This innovative approach combines new and used parts, resulting in a

remanufactured fishing vessel, one of the first of its kind globally.

Currently, the majority of goods introduced into their supply chain consist of pre-owned

items, with the notable exception of products deemed essential for safety or high-risk

operations. An illustration of this practice can be observed in the operations of Company

D, which effectively reuses steel cables and ropes once they have reached their intended

lifespan, utilizing them in less demanding areas. Furthermore, the company engages in

the remanufacturing of used cranes, employing processes such as sandblasting, hydraulic

replacement, and repair work to restore the cranes to a pristine condition, similar to new

units. The aforementioned instances are just a few among the numerous ongoing circular

activities undertaken by Company D.

The company places a significant emphasis on repair and maintenance, dedicating a few

days at a time to actively operating ships for these purposes. This regular maintenance

routine is essential in prolonging the lifespan of the ship’s components. If any parts on the

vessels need replacement, the company relies on its extensive inventory of used products

from its own warehouse to substitute the damaged components. However, it is important

to note that the decision to use used products or opt for new ones depends on the specific

product type and the level of safety or risk involved. The company mainly perform their

own repair activities.

Although the specific methods employed by the company for recycling activities are not ex-

plicitly outlined, the company mentions other arguments that indicate a level of recycling

undertaken when components cannot be reused, repaired or remanufactured. This is sup-

ported by examples provided, where used products that no longer meet the requirements

for reintegration into the supply chain are instead sold for their material value, possibly

indicating a recycling process. Additionally, the company’s strong emphasis on incorpor-

ating recyclable materials into its products further reinforces the idea of its commitment

to recycling practices.

4.2.5 Company E: Classification societies

Since company E is not a manufacturing company similar to the rest of the case companies

their operation can not integrate reuse, repair, remanufacturing and recycling in methods

comparable to the other companies. This section about Company E will therefore be

based on their experiences working with maritime manufacturers.

One area where reuse can be seen is in the reselling and transfer of vessels between different

owners. Ships can be reused and repurposed, finding new owners who can utilize them for

various maritime operations. This aspect of reuse does exist, albeit not at a substantial
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level.

Repair, in the context of maintenance, is heavily employed within the maritime industry.

Recognizing the importance of keeping vessels in optimal condition, shipowners and oper-

ators prioritize regular maintenance and repair to ensure the safe and efficient operation

of their assets.

When it comes to remanufacturing, Company E observes notable instances of ship re-

building or conversion, particularly in the case of tankers and offshore vessels. These

conversions involve significant modifications and upgrades to the existing vessels, enabling

them to serve new purposes or operate in different capacities. Company E acknowledges

and supports such remanufacturing efforts within its classification and certification pro-

cesses, but mentions that class societies such as themselves will not accept used items that

cannot meet the regulations that new ones meet.

In terms of recycling, there are some practices observed in the maritime industry, par-

ticularly with regard to steel. Vessels that have reached the end of their operational life

are often dismantled and scrapped, with the focus primarily on recovering the value of

the materials. While recycling exists to a certain extent, it is primarily centred around

salvaging valuable materials from decommissioned vessels.

4.2.6 Company F: Shipyard

Company F has implemented a comprehensive range of circular strategies, including reuse,

repair, remanufacturing, and recycling, to effectively manage their operations.

Remanufacturing plays a significant role in the company’s daily operations, accounting for

approximately 50% of their activities. By focusing on remanufacturing, Company F ex-

tends the lifespan of existing vessels, enabling them to be repurposed and meet the specific

needs of customers. This process involves collaborating closely with clients to determine

engineering and design requirements, as well as executing the necessary modifications and

upgrades on either the customer’s existing boat or one procured by the shipyard.

The company also actively engages in ship recycling, which constitutes another 50% of

their operations. Instead of disposing of EOL vessels, Company F employs environment-

ally responsible recycling practices. However, due to market dynamics, the demand for

ship recycling has decreased while new construction has seen an upturn. Consequently,

Company F focuses on finding innovative ways to recycle ships efficiently and diverting

them back into operation whenever possible.

When considering remanufacturing projects, Company F collaborates with customers seek-

ing to repurpose their boats for specific purposes. These conversions may involve trans-

forming offshore vessels into fishing boats or modifying them to serve diverse industries

such as offshore wind, oil, or fish farming. The shipyard addresses customer requirements

by enhancing vessel capacity, integrating new equipment, and providing comprehensive
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upgrades.

The motivation behind operating ships after their end-of-life stage is driven by market

conditions. As certain sectors, like oil and gas, begin to recover, there is a growing demand

for vessels. In response, Company F helps ship owners revitalize their previously slated-

for-recycling boats, ensuring they are fit for market use. While these vessels may appear

worn from a distance due to a backlog of maintenance, closer inspection reveals that their

hulls and equipment possess a substantial remaining lifespan.

When initiating a remodelling project, Company F prioritizes maintenance tasks along-

side engineering and design activities. This parallel approach optimizes project timelines,

allowing for efficient conversion and equipment installation before delivering the reman-

ufactured vessel. Remarkably, the completion time for remanufactured projects, ranging

from 3 to 6 months, stands in contrast to the lengthier timelines associated with new

construction.

To facilitate the remanufacturing process, Company F employs a combination of new

and second-hand equipment. Due to excessively long delivery times for new equipment,

the shipyard incorporates quality, pre-owned components. This approach has yielded

positive results, surprising shipping companies who have expressed satisfaction with the

incorporation of used equipment. The shipyard leverages its extensive network to source

equipment globally and even carries out in-house recycling of certain components, engaging

original suppliers for refurbishment or software upgrades as necessary.

4.2.7 Challenges with integrating circular strategies

Although the case companies share the focus on innovation and sustainability, they face

numerous challenges when it comes to implementing circular economy strategies. While

this thesis does not aim to provide an extensive list of challenges, it is applicable to

highlight the major challenges that surfaced during the interviews.

Company A is facing challenges regarding ownership of the product or component which

is up for remanufacturing. They do not own the product they produce after it is delivered

to the customer. This means they do not have access to the product or its history, making

it difficult to know what can be remanufactured or reused, and which parts need to be

discarded.

Case companies A, B, and C mentions that as a small player in a global industry, they

are faced with a significant obstacle due to the absence of a regulated market for cir-

cular economy strategies. Company A mentions when talking about the integration of

CE strategies, ”There are no advantages, either for reputation or finances, which would

indicate that such an implementation in the value chain is a logical choice.”. Further,

Company A emphasises the fact that the company is a small player in a massive global

industry, which makes it challenging for the company to steer the market towards circular
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strategies without the cooperation of the wider industry.

Despite these challenges, Company A believes that several mechanisms can help promote

circular strategies. International regulations, as well as common laws and regulations from

classification societies, can establish standardized practices and create a more supportive

environment for circular operations in the maritime industry.

One representative from Company E mentions that “The maritime business is extremely

conservative. [They have the mindset of] if it’s working why should we change it? If

you have money today, why should you make any changes?”. The classification company

mentions that while they are part of the conversation, to drive the adoption of circular

strategies in the maritime industry, there needs to be regulatory pressure. Regulations

serve as a catalyst for change and encourage the development of new business models that

incorporate circular strategies to meet these regulations and regulatory measures are often

the driving force behind industry advancements.

Company E highlights the changes that were introduced in the case of emissions. When

organizations like the EU implemented stricter requirements for reducing emissions and

provided a clear pathway, the industry began to take action.

All case companies besides Company D mentions the rules and regulations as a major chal-

lenge for the company to integrate more CE strategies. Company D mentions that close

collaboration with classification societies and experience with identifying which factors

that determine the potential for reuse and remanufacturing makes it possible for the com-

pany to remanufacture used products today.

The next section will identify the key factors that determine the potential for remanufac-

turing, based on answers from the case companies.
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4.3 Factors that determine the potential for remanufacturing

This section will discuss the factors that influence the potential to remanufacture a

product. These factors have been identified by the case companies and organized into

a table, including categories, specific factors, and descriptions for each factor.

After the initial round of interviews, the finalized list was circulated again for ranking.

The aim was to determine which factors are most relevant when assessing the potential for

remanufacturing. As the list evolved through an iterative process over time, the different

editions of the list will not be presented in the results. Instead, the focus will be on the

complete list and the rankings assigned by the companies after reviewing the finalized

version. Furthermore, explanations will be provided for the presence of certain factors on

the list by referring to examples and comments shared by the case companies during the

interviews. This will help illustrate the rationale behind the current composition of the

list.

4.3.1 Company A: Maritime equipment supplier

Company A, which manufactures thrusters and propulsion systems faces challenges related

to the potential remanufacturing of their products due to various factors. Company A has

ranked the different factors which can be found in Appendix D, the ranking will be used

to indicate which factors that are most influential for the company.

One important factor for Company is the level of damage and level of fatigue that their

products may incur. The interview highlights the significant damage caused by corrosion

and exposure to ocean water, which can make remanufacturing difficult. These factors are

both ranked high on the list of factors. The interview specifically mentions the corrosive

effects of seawater, which may render certain components unusable after being submerged

for 25 years. Along the line of conversation about damage and fatigue, the material

composition was also mentioned. Whilst not crucial, the material composition of their

thrusters is also an influential factor.

The technical lifetime of the thrusters is another important factor for Company A. With

a 25-year usage period, the company must carefully evaluate whether remanufacturing

can maintain the required performance and effectiveness over such a long lifespan. If

remanufactured products cannot meet the desired standards in terms of quality, they may

be deemed unsuitable for use. Further, Company A emphasized that it is crucial for

remanufacturing to be an option, the company must be ensured that this is not at the

expense of the product’s quality or technical lifetime.

While the value of the product is not a factor that Company A regards as significant,

the type of product is. Whether the component is mechanical, hydraulic, electric or

software are factors that determine whether the company would consider remanufacturing.

Examples during the interview were regarding electric products and the fast development

62



of these types of products. Company A’s products are built to last the lifetime of a ship

and considering the fast development of electronic components to this day the components

used will not be viable for lasting another 25 years as well as not meet the new standards

and requirements that these products now face.

Ensuring operational efficiency is of paramount importance in determining the potential

for remanufacturing. The interview indicates that new parts have the potential to meet

specific standards that used components may not necessarily fulfil. Consequently, if re-

manufacturing fails to uphold the required operational efficiency, it might be disregarded

in favour of opting for new products. A noteworthy example mentioned by Company A

relates to the fuel efficiency of a recycled product, functioning at 99% of that of a new

product. Given the intended usage duration of 25 years, even a 1% improvement in fuel

efficiency can exert a significant influence on both energy consumption and the product’s

lifespan throughout an extended period.

Two more factors are regarded as highly influential for determining whether to remanufac-

ture or not for Company A. These are the geographical location and the cost of operating.

The distance between the used product and the location of Company A’s manufacturing

operation is highly influential for the company. During the interview, the company ac-

knowledged that determining whether it is more environmentally friendly to transport a

used product back to the factory for remanufacturing and then transport it back to the

customer, as opposed to simply manufacturing a new one, poses a challenging dilemma for

the company. Additionally, one must consider the transportation cost of such a procedure.

Lastly, in the case of remanufacturing propulsion and thruster systems for marine vessels,

the cost of operating plays a significant role. The fuel efficiency of these systems directly

impacts the operational costs for the customers who rely on Company A’s products. Even

a small reduction of just 1% in fuel efficiency can result in substantial economic burdens

over the extended technical lifetime of these maritime products. Therefore, Company A

recognizes the importance of optimizing the cost of operating their propulsion and thruster

systems to ensure long-term customer satisfaction and maintain a competitive edge in the

market.

4.3.2 Company B: Shipyard

During the interview with Company B, a shipyard company, several factors were identified

that determine whether they choose to remanufacture or not. The ranking of the different

factors can be found in Appendix E.

The most relevant factors include the level of damage and fatigue in the vessel. Extensive

damage or fatigue can make remanufacturing less feasible compared to building something

new. Company B mentioned examples of rust and wear and tear when talking about dam-

age and fatigue. Further, another aspect close related to this is the material composition

and material value. Material composition is particularly relevant in ships. Remanufactur-
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ing is more viable if the steel quality is good and there is enough steel remaining in the

hull. However, extensive corrosion caused by water exposure can limit the feasibility of

remanufacturing.

Material value contributes to determining whether to remanufacture, due to the fact that

market prices per tonne significantly influence the choice between recycling and reuse,

particularly in the context of ships, which are often sold based on their material weight.

Company B highlights that remanufacturing is considered when it presents an economic

advantage over recycling, ensuring that the total cost remains lower.

Another economic factor that is a crucial consideration is the cost of operations for a

new product versus a used one and the cost difference between a new product and a

used one. If remanufacturing proves more expensive, it may be more practical to build

a new vessel. Company B provides an example where the total costs need to be below

a certain threshold, usually around 70% of the cost of manufacturing a new product, for

remanufacturing to be considered. Cost savings and economic advantages are key factors

in the decision-making process. For instance, to highlight the cost of operations, Company

B mentions that shipping companies prioritize propeller efficiency. They seek propellers

that can match the efficiency of new products. A reduction of 10% in propeller efficiency

could result in a 10% increase in fuel consumption, which has substantial implications in

various aspects of operations, including economic

Technical specifications, such as the type of product, also influence the potential for re-

manufacturing. Electrical components are generally less suitable for remanufacturing com-

pared to products made of steel and aluminium parts. Electrical components, which have

a higher innovation rate and may become outdated quickly. Another factor that is related

to the type of product is the placement of the product on the vessel. The location of the

product on the vessel will determine which conditions the product has been operating in.

If the product has been submerged in sea water for a long time it goes hand in hand with

the level of damage and level of fatigue. Another aspect that Company B mentions when

talking about product placement is the degree of accessibility for dismantling the product

from the vessel.

Lastly, Company B emphasizes both the significance of designing products for disassembly

and the importance of standardization of products. They highlight how Company B’s

boats are designed to facilitate the removal of components, enabling their replacement

or repair, which is crucial for successful remanufacturing. Additionally, they note that

standard production components are generally easier to use in remanufacturing, and they

mention that certain boats designed by Company B are intentionally created to accom-

modate changes in their life cycle, allowing for the straightforward replacement of major

components. Designing vessels for disassembly is beneficial, as it allows for easier replace-

ment or upgrade of components without extensive modifications.
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4.3.3 Company C: Maritime equipment supplier

During the interview with Company C, several factors that could influence the decision to

remanufacture were discussed. Company C offers a unique perspective on remanufacturing

due to its extensive outsourcing of production activities. Company C score for the different

factors can be found in Appendix F.

One key point emphasized by Company C is the importance of conducting a comprehens-

ive preliminary project to map out the remanufacturing process before commencing any

project. Factors such as transferability, technical complexity, the condition of the product,

and the product type are crucial considerations during the initial stages of a remanufac-

turing project. Cost factors also hold significant weight in Company C’s evaluation of the

potential for remanufacturing. They carefully weigh the cost difference between a new

product and a used one before making a decision.

The condition of products and components emerged as critical factors in the discussion,

taking into account both the level of damage and fatigue. Company C evaluates the

condition of various components within one of their product, such as a crane, to determine

the product’s overall state. They pay particular attention to the expensive components of

the most critical parts. If these are not in the required condition the company mentions

that the likelihood of remanufacturing is negatively affected. Furthermore, the level of

fatigue is more heavily discussed due to the materials Company C uses in their products,

while the company does not have concerns when it comes to materials like aluminium,

which are more susceptible to fatigue over extended periods of use. By comparing the

condition of the expensive critical components to the condition of the smaller less critical

ones, they can make an informed decision whether the condition of the used product is at

the required level for remanufacturing.

During the preliminary project assessment, product documentation plays a vital role.

Company C emphasizes that the availability of comprehensive documentation is considered

essential for remanufacturing. Proper documentation is especially important for Company

C, due to the strict regulations put upon lifting equipment such as cranes. For the reman-

ufactured product to be certified, the need for product documentation is vital to ensure

the longevity of the lifting equipment so that the products are adhering to regulations for

safety and quality standards.

4.3.4 Company D: Shipping company

When determining the potential for remanufacturing, Company D takes several factors

into consideration. In Appendix G you will find an overview of how the company has

ranked each factor. Since Company D have many similarities to the answers of the other

case companies the following paragraphs will also highlight the answers that stick out and

are specific to Company D.
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When considering the purchase of used components for remanufacturing, Company D

takes into account factors such as the level of damage and fatigue. Extensive rust and

fatigue to the main structure are typically deal-breakers. However, they may still consider

purchasing smaller parts that are part of larger components. They try to avoid components

that are obsolete or have parts that are impossible to find, although they can manufacture

some parts themselves in their workshop. Surface rust is one example of the damage that

is of lesser concern to them, as they have a sandblasting hall to perform the necessary

maintenance for the component to look brand new.

To evaluate the condition and quality of the used product, Company D does a physical

inspection and checks for product documentation. They obtain product documentation

from the scrapyard, including information about the original owner and the condition of

the equipment. In some cases, product documentation is mandatory, depending on the

specific component and the regulations imposed by authorities. Making quality, product

documentation and regulations crucial factors for Company D when determining whether

to remanufacture or not.

Although the material value is not a factor that Company D highly regards, the material

composition is important for the company. They prefer materials that can be recycled

and have a longer service life. For example, stainless steel components are favoured due to

their durability and resistance to rust, which is crucial in the harsh marine environment

in which they operate.

Another consideration is economic factors considering product cost. Here the company

mentions that the cost of operations, the cost difference between used and new, and the

value of the product are factors that are highly influential when determining used products

for remanufacturing. The company usually have a threshold of about 70% give and take,

determined by the type of product it is. If the product is critical and related to security,

they want to ensure that the reused component is as good as new to remain the desired

level of performance and reliability. If the cost of remanufacturing a product exceeds this

limit of 70%, the company prefer to purchase a new product instead due to the added

uncertainties that come with a used product.

Product structure is also a factor in their decision-making when determining potential.

Company D considers the design for disassembly, aiming to have components that can be

easily disassembled and reassembled. They also prioritize the transferability of equipment,

aiming to standardize components across their fleet to minimize the need for different spare

parts.

While the placement of the product on the vessel is not crucial for determining the potential

for remanufacturing, Company D is more conservative on the geographical location of the

used product. Company D prefers to source used products from scrapyards that are

relatively close to them and certified. They want to ensure that the sources are reliable

and reputable. For example, they avoid buying from scrapyards in distant locations, such
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as the beaches of India.

4.3.5 Company E: Classification company

Company E, the classification society, considers a different perspective when determining

the factors that influence whether to remanufacture or not. Company F’s scores can be

found in Appendix H. Whilst Company E also considers level of damage and fatigue as

one of the most crucial factors, this will not be heavily highlighted in this section to avoid

repeating arguments.

The classification company considers the product documentation of the history of the

product to be a significant factor. Having proper documentation and knowledge about

the product’s usage, maintenance, and original construction is essential for Company E to

accept and support reuse and remanufacturing initiatives. Safety and quality are signific-

ant considerations, and the availability of detailed information about the product’s history

and compliance with applicable requirements is vital. The decision-making process also

takes into account how the product has been used and maintained. Maintenance records

and operational logs provide valuable information about product lifetime and durability.

To highlight these factors, Company E states,

When considering the use of remanufactured products, it is crucial to ensure

that they meet the same safety standards as new products. This factor holds

significant importance. To achieve this, we require detailed information about

how the products or components were originally built, the applicable require-

ments, and whether third-party verification was conducted during the manu-

facturing process. We also need information about the product’s operational

history, including how it was maintained. These details play a vital role in our

evaluation. If we have access to this information, we can confidently consider

remanufacturing the product.

The design of vessels is also mentioned, Company E emphasise the need for a more modular

approach to ship design to accommodate evolving technologies and industry demands

as well as designing products for disassembly and incorporating standard components

facilitate the remanufacturing process. While designing for flexibility may increase costs,

it is considered important due to uncertainties in regulations and fuel prices.

When it comes to prioritizing which components have a higher potential for remanufac-

turing, Company E focuses on the type of products that are not safety-critical equipment

and components related to the vessel’s safety. The remaining product lifetime, areas of

fatigue, and the regions where the vessels have travelled also influence the potential for

remanufacturing. Corrosion and water damage can hinder the remanufacturing of certain

components. Standardization of components is preferred as it simplifies finding compatible
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vessels for remanufactured products. A product’s original cost and value, as well as over-

all operational costs and maintenance, are considered when evaluating remanufacturing

options.

Lastly, based on experience and stakeholder feedback that Company E, components with

greater potential for remanufacturing are those that offer safety guarantees, economic

viability, and reliable access to spare parts. Company E mentions steel structures as

promising components for remanufacturing.

4.3.6 Company F: Shipyard

Company F, a shipyard company, has found many of the factors relevant for determining

remanufacturing potential, the company’s answers can be found in Appendix I.

Company F places the highest importance on the level of fatigue and compliance with

regulations. Fatigue level indicates the condition and remaining lifetime of the equip-

ment, and critical fatigue may require additional investments in control units or electronic

components.

Part of adhering to regulations is the need for product documentation. These can be from

original drawings from suppliers, original certificates and knowledge about the product use

phase such as running time. Company F highlights the importance of product documenta-

tion and expresses that obtaining the necessary certificates and manuals for a used product

is crucial when purchasing a boat or equipment from scrapping. While certification re-

tention periods exist, finding crucial documentation becomes increasingly problematic,

particularly when it comes to critical components such as rescue equipment.

Compliance with regulations, particularly those set by classification societies such as DNV,

is essential for ensuring the product meets safety and operational standards. Company

F emphasizes the constantly changing nature of rules and certification in the maritime

industry. An example is when introducing old and used equipment on a boat requires

careful consideration of the applicable rules based on the keel laying date of the boat. If

the equipment does not possess the required certification for the specific year, it cannot be

used. Company F also highlights that not all sellers and scrapyards are able to provide the

required documentation, as the history and documentation often remain with the original

shipping companies, which may no longer be involved. While the maintenance system on

board logs the product history this data is usually not accessible through the scrapyards

and sellers of the used components. Company F expresses the need for legislation and

processes to re-certify older components, as the absence of such measures prevents the

reuse and remanufacturing of certain equipment.

Damage level and product documentation play a crucial role in determining the po-

tential for remanufacturing for Company F, the technical lifetime and availability of

standard components simplify the process. Company F identifies technical lifetime as
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a maintenance-oriented term. they explain that while a used product may have a desig-

nated lifetime of, for example, 50 years, the technical lifetime can be no longer than 10.

On the other hand, Company F mentioned that they found a 20-year-old compressor that

was only used for 20 hours, so based on the running time of the product was as good as a

new one.

Company F also takes into consideration other factors that influence the decision, though

with slightly reduced significance. These factors include the geographical location of the

product, placement of the component within the vessel, material composition, material

value, cost of operating used equipment compared to a new, cost difference between new

and used products, product/component value, and design for disassembly. The geograph-

ical location is considered for large components due to potential shipping costs. The

placement of the component within the vessel affects extraction ease. Material compos-

ition and value, along with the cost comparison between new and used equipment, help

determine the financial feasibility of remanufacturing. The value provided by the product

or individual components and the design for disassembly also plays a role in the decision-

making process.

4.3.7 Factors that determine the potential for remanufacturing

In this section, the result of the ranking performed by the case companies will be presented

in Table ??. In this table, the scores given to each factor from each company as well as an

average score are included. This table will be used in the discussion of the next chapter.

It has become evident that numerous factors play a significant role in assessing the po-

tential for remanufacturing a used product. According to the information gathered from

interviews conducted with the case companies, a total of 22 factors were identified. These

factors encompassed various aspects related to product condition, location, technical spe-

cifications, external factors, product cost, product structure, and product performance.

In order to determine which of these factors is more influential in assessing the potential,

the companies were asked to assign scores ranging from 1 to 5, with 5 indicating the highest

relevance and 1 indicating the lowest. To differentiate the factors which are most influential

in the decision-making, average scores for each factor were calculated. The formula used

is provided below. In this formula, the numbers 1 to 6 correspond to companies A to F.

Average score =
1

6

6∑
i=1

xi =
1

6
(x1 + · · ·+ x6)

The chosen threshold of 3 was based on the scoring system provided to the case companies,

where scores ranged from 1 to 5. Factors with an average score above 3 were considered

relevant, suggesting a consensus among the case companies on their importance in the

remanufacturing decision. According to the results, there are a total of 16 factors in this
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category, with five of them having an average score of 4 or higher. These five factors are

deemed highly relevant in the decision-making process regarding the remanufacturing of

used products. The top five factors identified by the companies are:

• Level of damage (score = 4)

• Level of fatigue (score = 4.667)

• Regulations (score = 4)

• Cost of operations for a used product vs. a new. (score = 4.333)

• Quality (score = 4)

These top-ranking factors offer valuable insights into the decision-making process for re-

manufacturing a used product in the maritime industry. The factors ”Level of damage”

and ”Level of fatigue” emerged as key considerations across multiple case companies.

These factors are intertwined, as the level of damage can significantly impact the product’s

fatigue and overall remanufacturing potential. Moreover, regulations were consistently em-

phasized, reflecting the complex regulatory landscape that companies must navigate when

engaging in remanufacturing activities.

Furthermore, Figures 12 and 13 visualize a variation in the scores between case companies.

These provide interesting insights into the diverse perspectives and priorities within the

maritime industry. Each company represents a different stakeholder, such as maritime

equipment suppliers, shipyards, shipping companies, and classification societies. The vari-

ations highlight the unique considerations and priorities associated with different roles in

the industry, shedding light on the multifaceted nature of the decision-making process.

The remaining 11 factors, which also had average scores above 3, encompassed various

aspects such as material value, product documentation, type of product, technical lifetime,

innovation rate, the cost difference between new and used products, standard components,

transferability, technical complexity, fuel efficiency, and operational efficiency. The specific

perspectives of each case company on these factors provide additional insights into the

complexities and considerations involved in assessing the potential for remanufacturing.

The variations in the 16 factors will be further discussed in Section 5.2.
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Figure 12: Significant factors

Figure 13: Significant factors
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Categories Factors Description A B C D E F AVG

Product

condition

Level of damage Extent of rust, corro-

sion, or other forms of

deterioration.

4 5 4 2 5 4 4

Level of fatigue Extent of material fa-

tigue due to wear from

operation.

4 5 5 4 5 5 4.667

Location of

product

Geographical loc-

ation of product

Distance from product

to factory.

5 1 1 4 3 3 2.833

Product place-

ment on vessel

The degree of accessib-

ility for dismantling a

product from the ves-

sel is determined by the

physical location of the

product.

2 4 2 3 3 3 2.833

Technical

specification

Material composi-

tion

Specific types and pro-

portions of materials

or substances used in

product.

2 3 2 4 3 3 2.8333

Material value Value of material. 2 4 5 3 2 3 3.1667

Product docu-

mentation

Overview of product

history (Maintenance

reports, overview of

routes).

1 2 4 4 4 4 3.1667

Type of product Mechanical, hydraulic,

electric or software.

5 5 5 2 4 1 3.6667
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Technical lifetime Refers to the duration a

product remains to be

technically reliable and

capable of fulfilling its

defined scope of pur-

pose.

5 3 3 3 3 4 3.5

Innovation rate Product technology re-

mains current and up

to date for multiple

product lifecycles

5 3 3 3 3 2 3.1667

External

factors

Established re-

manufacture

process

An established system-

atic method for hand-

ling reverse flow and

remanufacturing activ-

ities.

2 2 3 3 3 2 2.5

Regulations Regulations that govern

maritime operations

(classification society,

EU..).

2 4 5 4 4 5 4

Product

cost

Cost of operations

new product vs.

used

The cost of operating a

new product vs. Oper-

ating a remanufactured

one.

5 5 5 5 3 3 4.333

Cost difference

new product vs.

Used product

Cost of manufacturing a

new product vs. Re-

manufacture as used

one.

2 5 5 5 3 3 3.8333

Product/component

value

Where the product is

on the specter from

premium to low-cost

product

1 2 3 5 3 3 2.8333

Product

structure

Design for disas-

sembly

Design for disassembly

and separation.

1 3 2 4 3 3 2.667
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Standard com-

ponents

Interchangeable com-

ponents.

2 4 3 4 3 4 3.333

Transferability Extent to which a

product meets the

necessary compatib-

ility requirements for

successful transfer to

a different location or

system.

2 4 4 3 3 4 3.333

Technical com-

plexity

Degree of intricacy

and sophistication of

its technical aspects,

including component

count, interdependen-

cies, and specialized

knowledge needed for

assembly or mainten-

ance.

2 3 4 4 3 3 3.1667

Product

performance

Quality Degree to which the

product meets require-

ments and standards.

5 4 3 5 3 4 4

Fuel efficiency New product vs. Used

product.

5 3 4 4 4 2 3.6667

Operational effi-

ciency

Compatibility with

performance range of

product.

4 3 4 4 4 3 3.667

Table 9: Factors identified to determine the potential for remanufacturing and their given
scores from case companies.
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4.4 Identified uncertainties that remanufacturing bring to the supply

chain

This section presents the findings from interviews conducted with five companies oper-

ating in the maritime sector: Company A (maritime equipment supplier), Company B

(shipyard), Company C (maritime equipment supplier), Company D (shipping company),

and Company F (shipyard). The interviews aimed to explore the potential integration

of remanufacturing activities and understand the associated supply chain uncertainties

categorized after uncertainty source supply, process, demand, and control.

It is important to note that Company E, classified as a non-manufacturing company, did

not participate in this particular section of the case study. This decision was based on

the fact that the company does not possess a supply chain involving manufacturing activ-

ities. Since the questions specifically focused on the uncertainties related to integrating

remanufacturing into the company’s supply chain, Company E was deemed less relevant

and therefore not included in the questioning.

To initiate this section, it is imperative to highlight a remark made by Company F on

supply chain management with remanufacturing strategies.

It is not a normal supply chain, you cannot take the textbook on supply chain

and then introduce this type of activity [...]. Because it’s not off the shelf and

not a new certified product. You have to have the expertise to make it work.

4.4.1 Supply uncertainties

The interview responses revealed several supply uncertainties when integrating remanu-

facturing activities into a maritime supply chain. These uncertainties include raw material

availability, supply lead time, used product availability, quality of used product, collection

procedure, transportation lead time, and variation in the quality level of used products.

Each company offered unique insights into these uncertainties, highlighting different chal-

lenges and perspectives. Which uncertainties the company identified are visualized in

Table 10.

Table 10: Supply uncertainties identified by case companies

Uncertainty source Uncertainty Company

Supply Raw material availability A, B, D
Supply lead time (schedule adherence) D
Used product availability A, B, D, F
Quality of used product A, B, C, D, F
Collection procedure A, B, D
Transportation lead time D, F
Variation in the quality level of used products C, D

Companies A, B and D emphasized that raw material availability was important. Com-

pany A mentioned while steel-based products were readily available, electronic components
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posed a significant challenge. The scarcity of electronic components after 25 years of op-

eration that is viable for remanufacturing was low and directly due to the fact that these

products usually are outdated with the level that electronics and technology have been

evolving over the last couple of decades. This affects the availability of used products.

Company B shed light on the scarcity of used products available for remanufacturing, in

Company B’s case this was ships. Company B said that:

I think the biggest challenge with remanufacturing will be the supply part.

If you want to remanufacture a ship, then you have to have available used

products that you can remanufacture.

Although numerous shipping companies expressed interest in purchasing used vessels for

remanufacturing purposes, identifying sellers proves to be a challenge. Unlike the central-

ized platform in other consumer markets, such as eBay, the maritime industry lacks an

established marketplace for buying and selling ships, making it difficult to connect buyers

with sellers. Company B suggested that improving access to available ships and facilitat-

ing connections between buyers and sellers could enhance the supply of used products for

remanufacturing. The availability of used boats suitable for remanufacturing is uncertain

due to the lack of a stable supply in the market. This is caused by the fact that shipping

companies are not actively selling their used boats, making it difficult for those who want

to use remanufacturing to find suitable boats.

Company F also underscored the accessibility of used products. In this context, they high-

lighted the availability of used products, which can be attributed to the limited trust placed

in scrapyards nowadays. Furthermore, they emphasized that purchasing used products

relies heavily on accumulated knowledge and expertise over time. Company F buys equip-

ment and ships from shipyards all over the world including South Asia, and stresses the

fact that it is difficult to determine whether one can trust the sellers from these areas.

Company C disagreed with the rest of the companies and said:

Access to used products will not be an uncertainty since if remanufacturing is

to be relevant today, it must be that the customer comes to Company C with

the desire for such a project to be carried out.

Talking about that for the company to perform remanufacturing activities the customer

would have to come to them with a used product which originated from the company for

Company C to initiate such activities.

All companies highlighted the quality of used products as a significant uncertainty. Com-

pany C mentioned the variation in condition among returned components, necessitating

preliminary projects to assess feasibility, cost, and component suitability for reuse and

remanufacturing. The primary objective of these initial assessments is to ascertain which
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components can be utilized, which ones cannot be used, or determine the ones that require

discarding. Company F mentioned that each remanufacturing project is unique due to the

large variation in the used product they use for the remanufacturing of ships. According

to Company D, ensuring the availability of used products that meet the required quality

standards and are compatible is crucial for both the availability of used products and

the overall quality of the remanufactured products. Company C stressed the potential

variation in the quality of used products:

There can be a very large variation in returning products. Here, a preliminary

project must then take place that maps what is to be done, and what it costs,

and check the condition of the components that are returning to map what

can be used and what cannot be used.

Company C meant that developing robust inspection and evaluation processes to identify

viable components would reduce uncertainties associated with varying quality levels. Com-

pany A agrees with the development of such processes but mentions that:

Identifying the history of components is a problem.

Referring to during the customer product use phase, the supplier lacks control over the

product’s operations. However, when the product is returned for remanufacturing, it

becomes important to trace the product’s operational history. Identifying the history of

the product after it has been in operation is crucial to determining whether the product

can be remanufactured, and could provide information on what maintenance has been

performed on the used product.

Company B highlighted the challenges associated with the collection procedure for used

boats. Unlike centralized platforms where cars are gathered from various brokers, the

fragmented nature of boat sales requires potential buyers to contact multiple brokers in-

dividually. This lack of a centralized platform complicates the collection process and

increases lead time. Company F mentioned that the transportation lead time of used

products also can challenge the supply chain of ETO manufacturers. The company men-

tions an example of a 500-ton crane the company is currently trying to transport from the

United Arab Emirates (UAE), which has shown to be a complex and difficult task.
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4.4.2 Process uncertainties

In Table 11, the following process uncertainties identified based on the interview responses

can be found. These were yield and quality, processing times, machine availability, labour

resources, change in production, and lack of competence in remanufacturing.

Table 11: Process uncertainties identified by case companies

Uncertainty source Uncertainty Company

Process Yield and quality B, D
Processing times C, D, F
Machine availability D
Labor resources B, D, F
Change in production B
Lack of competence in remanufacturing B, D, F

The companies highlighted the importance of assessing the quality and condition of com-

ponents to determine their potential for remanufacturing. Company C expressed concerns

about unpredictable changes that may arise during the remanufacturing process, leading to

delays and the need for ordering additional parts. This uncertainty regarding the quality

and condition of components can impact the overall yield of remanufactured products.

Several companies acknowledged that processing times can be influenced by the uncer-

tainty associated with remanufacturing. Companies C and F mentioned the difficulty in

predicting the extent of work required to complete the remanufacture job and the poten-

tial delays caused by ordering replacement parts with long delivery times. This delay can

affect the overall production schedule and lead to customer dissatisfaction.

The companies recognized the significance of skilled labour resources in remanufacturing.

Company B indicated that the work required for remanufacturing varies from ship to

ship leading to uncertainties in determining who should perform which tasks. Company

F highlighted the need for resources with both specific and wide diversity in expertise,

due to the large variations and unique character each project has. The availability of

skilled personnel who possess the necessary expertise in remanufacturing becomes crucial

for executing these activities efficiently.

Furthermore, Company F underscores the significance of expertise in remanufacturing

throughout the remanufacturing operations of the company. They emphasize that suc-

cessful remanufacturing operations require employees with exceptional skills and experi-

ence, not only in sales but also in purchasing. Unlike purchasing new equipment where a

purchasing assistant can handle the process based on specifications, the procurement of

used components is far more intricate. It demands a higher level of expertise to accurately

assess and understand what needs to be purchased and the quality of the items. Lack of

competence in remanufacturing can affect the quality of the final product and increase the

risk of errors.

The integration of remanufacturing activities may require adjustments in the existing

production processes. Companies A, D, and F expressed confidence in their ability to
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adapt to these changes, as they have integrated their manufacturing activities. Company

F stated when answering how to adapt production when each project is unique,

We don’t have serial production or standard products, so this is not a problem.

The remanufacturing is performed with what is available.

While Company B mentioned that the production of new construction is a predefined set

of activities, with remanufacturing it is not. Company B representative stated,

We know what to do, when, how and why, and who’s going to do it. When it

comes to remanufacturing, it is up to the status of the product you collect.

Emphasising the potential need for restructuring and reorganizing production processes

can introduce uncertainties.

Company D highlighted that many suppliers and manufacturers are not equipped to handle

remanufacturing jobs. They often lack a dedicated service department or the expertise

needed for remanufactured components. This lack of competence and focus on remanufac-

turing within the industry may hinder the availability of reliable remanufactured products.

4.4.3 Demand uncertainties

The integration of remanufacturing activities in the maritime industry is subject to a range

of demand uncertainties, as revealed through the interviews. These uncertainties encom-

pass meeting customer requirements, considering quantity, aligning product specifications

with customer preferences, adapting to changing customer preferences, navigating market

competition, addressing customer quality requirements, managing customer perception of

remanufactured products, and economic downturn. The identified uncertainties can be

found in Table 12.

Table 12: Demand uncertainties identified by case companies

Uncertainty source Uncertainty Company

Demand Quantity A, F
Product specification A
Change in customer preference A, C, F
Market competition A, B, F
Customer quality requirements A, B
Customer perception (used products vs. new products) A , B, F
Economic downturn F

One of the key findings is the significant influence of customer preferences and perception

of used products for remanufacturing activities to succeed. Company A emphasized the

importance of customer acceptance and their willingness to consider products containing

used components. The representative stated,
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The big problem is on the customer side. What will be the customer pref-

erences, what will the customer accept from the reuse of materials? If the

customer is not guaranteed a product that is as good as a new one today, the

customer will not accept it.

While Company F’s experience is that customers are not aware of the possibilities with

remanufactured products. The companies note a positive shift in the customer’s perception

when they realize the cost advantages of obtaining parts at a fraction of the price of

new products. Company B emphasized that demand for new construction tends to be

more appealing than remanufactured vessels in the maritime industry. This preference

stems from concerns about the adaptability of remanufactured vessels to their intended

activities. Company B explained when discussing the demand uncertainties in regards to

remanufacturing:

Not because a remanufactured vessel is dated, but because it’s not adapted to

the activity it’s supposed to do 100%.

This uncertainty stems from the customer’s preference for new vessels and the challenges

associated with ensuring that remanufactured vessels meet specific activity requirements.

Furthermore, Company F emphasizes that demand for remanufacturing has evolved over

the years. The company mentions that two years ago, demand for remanufacturing was

nearly nonexistent due to the downturn in the oil industry and the impact of the COVID-

19 pandemic. Company F sees that with the recovery of the oil market, demand has

surged while the supply of used products remains limited. Which noted by Company F

has led to rising prices and a scarcity of available used products in the market. Several of

the case companies mentioned oil prices as uncertainty regarding the economic downturn

which influences the demanded quantity.

Another uncertainty highlighted by the case companies was market competition. Company

C suggested that market competition would not be a significant uncertainty as customer

interest drives the integration of remanufacturing activities for the company. Further-

more, the involvement of the original manufacturer in the remanufacturing process was

highlighted, emphasizing the role of design ownership and the requirement to maintain

certification from classification societies. This was emphasised by the representative from

Company C stating,

If it is our design, then there is no one else who can remanufacture the product

if you are to keep the certificate that classification societies have issued.

In terms of market competition, Company F recognizes their leadership position in the

shipyards sector for remanufacturing. However, in the sales of remanufactured equipment,
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the company mentioned companies from Denmark and parts of Asia, which are longstand-

ing players who have excelled in selling used and remanufactured products.

Additionally, Company F mentioned that the customer base has undergone a shift. Pre-

viously, they primarily attracted customers seeking cost-effective solutions and operating

in the low-end market segment. However, there has been a notable change, with more

high-end customers entering the remanufacturing market. This shift is driven by factors

such as limited access to new equipment, long delivery times, and a strong focus on cost

efficiency. The economic downturn and the need to optimize every penny spent have

forced high-end offshore companies, previously accustomed to purchasing new equipment,

to consider remanufactured alternatives. Which has further influenced the uncertainty on

demand, and more specifically the quantity.

Meeting customer quality and lifetime requirements emerged as a critical demand un-

certainty in the interviews. Company A emphasized the need to ensure that products

with used components meet the same quality and lifetime standards as those with only

new components. However, tracking the history of components with a long lifespan and

providing material certificates pose challenges. Identifying the history of components,

particularly for material certification, was identified as an issue.
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4.4.4 Control uncertainties

Lastly, the supply chain uncertainties identified with introducing remanufacturing are con-

trol uncertainties. These include the accuracy of assessing the used product, the economic

feasibility of remanufacturing, forecasting method, lack of control of the original supplier,

and remanufacture planning with the supplier network. The identified uncertainties are

presented in Table 13.

Table 13: Control uncertainties identified by case companies

Uncertainty source Uncertainty Company

Control Accuracy of assessing the used product B, C, D, F
Economic feasibility of remanufacturing C, D
Forecasting method of returned products D, F
Lack of control of the original supplier B, C, D, F
Remanufacture planning with the supplier network C

One significant uncertainty in integrating remanufacturing activities is the control over

accurately assessing the condition and compatibility of used products. Company F iden-

tified the uncertainty of the possibility to underestimate the extent of a project, leading

to longer-than-expected processing times and delivery times. This can occur when the

complexity and scope of the project are not accurately assessed in the start phase of the

project, which can cause delays in the overall process. The company, for instance, have

experiences where a used product was not accurately assessed leading to a one-month

delay on the project. Similarly, Company C emphasizes the importance of aligning pro-

duction and ordering materials to avoid delays, highlighting the uncertainties associated

with assessing the required work for remanufacturing accurately.

Determining the economic feasibility of remanufacturing introduces uncertainties related

to pricing strategies and cost considerations. Company C emphasizes the challenges of

establishing appropriate pricing for remanufactured products, particularly when relying

solely on hourly rates. They recognize the potential for suppliers to benefit more by

intentionally prolonging the remanufacturing process. The interviewee stated,

Basing the price only on an hourly rate would result in the supplier earning

more by performing the work more slowly.

Company B, on the other hand, utilizes a hybrid contract solution with fixed prices and

additional hourly rates, acknowledging the difficulty in accurately predicting the extent of

the remanufacturing job.

An example is that when we go into a new build project it is based on a fixed

price. When it comes to remanufacturing, we have a hybrid contract, so there

is one part that is fixed price and another part that is something called open-

book or pay-for-hours, where the customer has to pay for the time we use plus

82



margin. The reason is that there is a lot of uncertainty about what kind of

work is needed to remanufacture, these processes vary from vessel to vessel.

These instances underscore the uncertainties associated with accurately assessing the used

product and determining fair pricing policies.

The lack of control over original suppliers of remanufactured products introduces uncer-

tainties in the supply chain. The long life cycles of martime products and vessels introduce

uncertainties in sourcing the original suppliers of used products. Company D, which has

extensive experience in sourcing used products from certified scrapyards have faced chal-

lenges with sourcing the original manufacturer of the products. Issues such as missing

product documents or the original manufacturer no longer existing due to mergers, bank-

ruptcies, or other factors contribute to uncertainties in obtaining necessary parts, inform-

ation, and materials for remanufacturing. This can cause delays in the remanufacturing

process and result in higher costs.

Another aspect of supplier uncertainty is one Company C experiences due to their produc-

tion activities being outsourced to other suppliers. Planning remanufacturing activities

within their supplier network introduces uncertainties related to coordination and commu-

nication. Company D has also experienced communication issues tied to sourcing original

manufacturers of products.

Forecasting demand in a constantly changing market poses a challenge for Company F.

They rely on their expertise and in-depth market knowledge to speculate on demand. An

example mentioned during interviews is when they come across available equipment, such

as cranes, they purchase it based on their anticipation of demand. While they may not

know the specific buyer, they are confident that someone will be interested in acquiring the

product. However, they also acknowledge the need to continuously monitor the market.

As previously mentioned the long delivery times of new components have increased the

demand for remanufactured products, so as new component production increases and

new products meet global demand, the delivery time for new products decreases. In

such scenarios, the ability of Company F to sell its inventory of used equipment might

encounter challenges, underscoring the significance of aligning its forecasting to prevent

products from remaining idle in its inventory.
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4.5 The use of digital technologies to address the uncertainties

Based on the findings of the second round of interviews, the companies provided sugges-

tions for DTs that could be utilized to address the uncertainties identified during the first

round. The tables below present the recommendations from the case companies based on

the identified uncertainties.

The list below is the technologies that can be found in Table 19 in section 2.4.

1. Automation and industrial robots

2. Additive manufacturing

3. Cyber-physical systems

4. Data analytics

5. Integration of It systems

6. Internet of Things (IoT)

7. Visual technology

8. Simulation and modelling

9. Cloud Technology

10. Blockchain

The suggestions made for DTs to use in easing the integration of remanufacturing will be

taken into consideration in the discussion of this thesis but since this part of the second

answering where not heavily focused on the technology part but rather the scores given

to the factors, these lists will not be analysed further in this section.

Table 14: Digital technologies suggested by case companies for supply uncertainties.

Uncertainty

source
Uncertainty A B C D E F

Supply

Raw material availability 2 5 2 - 2,4 1

Supply lead time (schedule

adherence)
- 3 4 - 2, 4, 5 1, 2

Used product availability 3 4, 5, 6 - - 4, 5, 9 4, 9

Quality of used product - 4, 5, 6 8 - 4, 6, 8, 10 1, 7

Collection procedure - - 8 - 1, 4, 5, 9 4, 9

Transportation lead time - 4, 8 4, 8 - 1, 4 5, 9

Variation in the quality level

of used product
4 4, 5 4 - 4, 6, 8 1, 2
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Table 15: Digital technologies suggested by case companies for process uncertainties.

Uncertainty

source
Uncertainty A B C D E F

Process

Yield and quality 4 4, 5 8 - 2, 10 1, 2

Processing times 3 5 8 - 1, 5 1

Machine availability 2, 3 - 8 - 4, 5 4

Labor resoruces 3, 4 5, 8 8 - 1, 3 1

Change in prodcution 3 - 8 - 1, 2 5, 9

Lack of competence in

remanufacturing
3 3 8 - 1, 2, 3 2, 4, 8

Table 16: Digital technologies suggested by case companies for demand uncertainties.

Uncertainty

source
Uncertainty A B C D E F

Demand

Quantity 3 - 4 - 1, 2, 4, 6,9 4, 5, 9

Product specification 3, 4 - 4 - 7, 8 4, 5

Change in customer preference 3 - 8 - 2, 9 4

Market competition - - 8 - 4 9,4

Customer quality requriements 3 - 8 - 4 4,5

Customer perception (used

products vs.new products
3 - 4 - 4, 6, 8, 10 9,8

Economic downturn - - - - - -

Table 17: Digital technologies suggested by case companies for control uncertainties.

Uncertainty

source
Uncertainty A B C D E F

Control

Accuracy of assessing the used product 2 3, 4 4 - 5, 9, 10 -

Economic feasibility 3 - 8 - 4 4,5

Forecasting method of returned products 3 3, 4 8 - 4 4, 5

Lack of control of the original supplier 3 - 4 - 6, 9 5, 9

Remanufacture planning with the supplier

network
3 8, 9 4 - 5, 9, 10 5
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5 Discussion

This section aims to address the research questions presented in section 1.3 by discussing

the findings from both the literature review and case study in relation to each other. The

purpose is to provide a comprehensive analysis of the research questions. As a reminder,

the research questions are:

RQ1: Which digital technologies are suited for remanufacturing in an ETO environment?

RQ2.1: Which factors determine the potential of remanufacturing in an ETO environment?

RQ2.2: Which supply chain uncertainties must ETO companies face when integrating re-

manufacturing practices?

RQ3: How can digital technologies address the uncertainties associated with the integration

of remanufacturing into an ETO supply chain?
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5.1 Digital technologies suited for remanufacturing

This section will try to answer the first research question ”Which digital technologies are

suited for remanufacturing in an ETO environment?”.

Remanufacturing in an ETO environment presents unique challenges and opportunities.

To effectively implement remanufacturing practices in this context, DTs play a crucial role.

Several DTs have been identified in the literature as well-suited for remanufacturing in

an ETO environment, these are presented in Table 18. These technologies offer numerous

benefits and have the potential to transform the remanufacturing process.

Table 18: Overview and description of digital technologies for remanufacturing in an ETO
environment.

No. Tech.group References

1
Automation and

industrial robots

[1], [2], [3],

[6], [7]

2 Additive manufacturing
[1], [2], [3],

[4], [6], [7]

3 Cyber-physical systems (CPS) [1], [5]

4 Data analytics

[1], [2], [3],

[4], [5], [6],

[7]

5 Integration of IT systems [2], [3]

6 Internet of Things (IoT)

[1], [2], [3],

[4], [5], [6],

[7]

7 Visual technology
[1], [2], [3],

[4], [6], [7]

8 Simulation and modelling
[1], [3], [6],

[7]

9 Cloud Technology
[1], [2], [3],

[5], [7]

10 Blockchain [1], [6]

[1]: Zheng et al. 2021

[2]: J. Strandhagen et al. 2019

[3]: Rüßmann et al. 2015

[4] Jo Wessel Strandhagen et al. 2022

[5]: Sousa Jabbour et al. 2018

[6]: Kerin and Pham 2019

[7]: Sullivan et al. 2020

One DT that holds significant promise for remanufacturing in an ETO environment is

CPS. CPS can be used to monitor ship performance in real-time and carry out environ-

mental monitoring (Mellbye, Rialland et al. 2016). The integration of CPS technology

in smart and connected ships enables seamless communication between various onboard

systems, sensors, and devices, enhancing vessel performance, safety, and operational ef-

ficiency (Shenoi et al. 2015). In an ETO environment, CPS can provide real-time data

87



on the condition and performance of remanufactured components, allowing for proactive

maintenance and optimization of operations (Zheng et al. 2021).

The IoT is another DT that holds great potential for remanufacturing in an ETO envir-

onment. By collecting and transmitting real-time data from various sensors and devices,

IoT enables remote monitoring, condition-based maintenance, and optimization of vessel

performance and energy efficiency (Shenoi et al. 2015). In the context of remanufacturing,

IoT can facilitate the collection of valuable data on the history and usage of remanu-

factured components, enabling accurate assessment of their quality and facilitating their

integration into the product life cycle (Antikainen et al. 2018).

Data analytics, powered by big data analytics tools, can also play a crucial role in re-

manufacturing in an ETO environment. By analyzing large quantities of data generated

through sensors and real-time monitoring, data analytics can provide insights that sup-

port decision-making, improve operational efficiency, and enable risk assessment (Mirović

et al. 2018; Shenoi et al. 2015). In the context of remanufacturing, data analytics can help

identify patterns and trends in the performance of remanufactured components, aiding in

quality control and process optimization.

Cloud technology offers significant advantages for remanufacturing in an ETO environment

by enabling the effective use of resources internationally and facilitating greater product

mobility (Shenoi et al. 2015). The adoption of cloud computing technology provides re-

liable information and immediate processing for all actors in the supply chain, creating

a collaborative environment for cross-border e-maritime services (Dellios and Papanikas

2014). In an ETO environment, cloud technology can facilitate the sharing of data and

information between different stakeholders involved in the remanufacturing process, en-

hancing coordination and efficiency.

Blockchain technology, with its distributed nature, immutability, and smart contract cap-

abilities, holds great potential for enhancing information sharing, efficiency, transparency,

and trust among stakeholders in the maritime industry (Pu and Lam 2021). In an ETO

environment, blockchain technology can be utilized to ensure the traceability and authen-

ticity of remanufactured components, enabling better control over the product life cycle

and fostering trust between customers and suppliers.

Implementing DTs in an ETO environment for remanufacturing presents both opportun-

ities and challenges. While these technologies offer significant benefits, it is important to

critically evaluate their suitability and consider potential obstacles. Challenges such as

customization complexity, process variability, infrastructure investment, and compatibility

between different technologies need to be addressed. However, despite these challenges, the

integration of DTs can optimize design and planning phases, enable data-driven decision-

making, enhance remanufacturing efficiency through automation and robotics, and ulti-

mately improve the effectiveness and sustainability of the remanufacturing process in an

ETO context.
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5.2 Factors that determine the potential for remanufacturing

This section will examine the findings of the case study and attempt to interpret the

meaning behind the scores assigned to various factors based on information gathered from

interviews with the case companies. The discussion aims to address research question 2.1:

”Which factors determine the potential of remanufacturing in an ETO environment?”.

Table 16 presents the 16 factors that received a score higher than the average threshold of

3 in terms of relevance. These factors will be dsicussed in the upcoming paragraphs, with

a focus on average scores and variation in the scores given by the case companies will be

highlighted.

Table 19: Relevant factor that determine the potential for remanufacturing

Categories Factors A B C D E F AVG

Product

condition

Level of damage 4 5 4 2 5 4 4

Level of fatigue 4 5 5 4 5 5 4.67

Technical

specification

Material value 2 4 5 3 2 3 3.17

Product documentation 1 2 4 4 4 4 3.17

Type of product 5 5 5 2 4 1 3.67

Technical lifetime 5 3 3 3 3 4 3.5

Innovation rate 5 3 3 3 3 2 3.17

External

factor

Regulations 2 4 5 4 4 5 4

Product cost

Cost of operations new

product vs. used

5 5 5 5 3 3 4.33

Cost difference new product

vs. used product

2 5 5 5 3 3 3.83

Product

structure

Standard components 2 4 3 4 3 4 3.33

Transferability 2 4 4 3 3 4 3.33

Technical complexity 2 3 4 4 3 3 3.17

Product

performance

Quality 5 4 3 5 3 4 4

Fuel efficiency 5 3 4 4 4 2 3.67

Operational efficiency 4 3 4 4 4 3 3.67

The top five factors identified by the companies were the level of damage and fatigue,

regulations, cost of operations for a used product vs. a new one, and the quality of the

used product. These factors are of an intuitive nature and align with the findings from

existing literature. However, there are some companies that deviate from the majority
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opinion.

While the product condition, including the level of damage and fatigue, has an overall

consensus among the companies Company D has scored the level of damage as a 2. One

can argue that this deviating score given by Company D is due to the company not having

to answer to a customer when it comes to their remanufacturing. While they heavily rely

on remanufacturing internally, their products are not sold to external customers. While

the company still has to follow industry regulations, the strict requirements imposed by

external customers on remanufactured products do not apply to Company D.

Another interesting observation from Table 19 is the scores given by the two shipyard

companies for fuel efficiency and operational efficiency. While most companies rated these

factors as 4 or 5, the shipyard companies gave them lower scores. During the company

interviews the different guarantees that the companies had to their customers were high-

lighted. The shipyards, being the companies providing guarantees ranging from none to

one year, had different perspectives on these factors. For Company B the ownership of the

marine vessels they provide their customers are not within their ownership when the vessel

is delivered to the customer, and due to the lack of control of operations, the company

had a guarantee of 1 year. On the other hand, Company F, a shipyard heavily involved

in circular strategies, is unable to provide guarantees for remanufactured vessels due to

the high risk associated with using used products. The companies also highlighted that

whenever new products are introduced they have a guarantee on these products, but most

of the time the guarantee is provided through the maritime equipment suppliers. The

shipyards’ lower scores for these factors can be attributed to the fact that they do not

directly bear the consequences when fuel efficiency and operational efficiency are affected

by remanufactured products or components.

While both the scored factors and the interview findings indicate a general consensus on

the importance of cost of operations and cost differences between remanufactured and

new products, Company F ranked relatively lower than other case companies. It can be

suggested that the reason for the low rating of the product cost factors is the numerous

instances of successful remanufacturing projects observed by Company F. During the in-

terview, the company highlighted that they could estimate a total cost of remanufacturing

of 10-15% compared to building a new vessel from scratch. This is an interesting obser-

vation considering their extensive experience in building new vessels, which allows them

to make a direct comparison. Company A also scored the cost of a product lower than

other companies but gave a score of 5 for the cost of operations. This can be attributed

to the fact that Company A specializes in delivering thruster and propulsion systems to

maritime vessels, and cost of operations, along with fuel efficiency (which they also scored

5), are important factors to stay competitive in the market.

Product documentation was another factor mentioned by the case companies in relation

to remanufacturing. This includes maintenance records, certificates, running time, and

component records. Companies C, D, E, and F emphasized the importance of product
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documentation. Company E, a classification society, highlighted the need to ensure that

remanufactured products meet the same safety standards as new ones. They emphasized

the necessity of detailed information regarding the original construction of the products

and components, applicable requirements, and whether third-party verification was con-

ducted during the manufacturing process. Additionally, the company mentioned that the

product operation history, including maintenance records, is crucial for remanufacturing.

Additionally, they stressed the significance of product operation history and maintenance

records, which are required by regulations and available in the onboard maintenance sys-

tems of ships. Company F mentioned that without proper documentation, they cannot

determine the keel laying date of a boat, and if the equipment does not possess the required

certification for that specific year, it cannot be used. This becomes especially crucial when

considering remanufacturing with used items. Company F shared an example of a used

product without proper documentation that could not be used, despite being in excellent

condition with only 20 hours of running time. The company also noted that products

made today are essentially the same, with the only difference being the documentation

being up-to-date, compared to products manufactured before the 2000s. However, due to

the lack of required documentation for recertification, the product was deemed unsuitable

for remanufacturing.

The type of product was also deemed highly influential in determining the potential for

remanufacturing. Companies A, B, and C all assigned a score of 5 to this factor, indicating

its crucial role in the decision-making process. These companies mentioned that remanu-

facturing steel structures is easier compared to electric products and components, which

have experienced rapid innovation in recent decades. Company A specifically mentioned

that their thruster and propulsion systems, which are submerged in seawater during oper-

ations, pose additional challenges for remanufacturing due to corrosion and wear and tear

over extended periods of use.

A noteworthy finding regarding this factor is the scores assigned by the two companies

with extensive experience in remanufacturing. Company D gave a score of 2, while Com-

pany F gave a score of 1, indicating that they consider this factor to be less relevant or not

relevant at all. Both companies emphasized the challenges associated with reusing and

remanufacturing electric components. The case companies also mentioned the difficulty

with reusing and remanufacturing products that er directly related to risk and safety on

board. The two case companies emphasized that attempting to remanufacture these types

of products had little benefit due to the stringent requirements imposed by classification

companies. Company E, further mentioned that during a study of their collaborative

partners, they found that the type of products that had greater potential for remanu-

facturing are those that offer safety guarantees, economic viability, and reliable access to

spare parts. Examples that were mentioned were steel structures as promising components

for remanufacturing.

Company A, a maritime equipment company, distinguishes itself from other case compan-
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ies in terms of its scores on three factors within the product structure category. While

the other case companies assigned scores of either 3 or 4 for the factors of standard com-

ponents, transferability, and technical complexity, Company A assigned these factors a

score of 2. Although the precise reasons for this differentiation are not explicitly stated

in the case interview with Company A, one can argue that their products’ high level of

complexity, coupled with their experience in handling customized products that are per-

manently welded onto vessels, accounts for this distinction. Despite manufacturing their

customized products using standardized components, the company possesses extensive ex-

perience in managing customized products and maintains a flexible production system

capable of accommodating variations, including ETO products and the unique nature of

remanufacturing used products.

While existing literature covers certain aspects related to product-level considerations,

much of the previous research on this topic takes a holistic approach. As found in the

literature study, Sundin 2004 identified the ease of access, ease of identification, wear res-

istance, and ease of handling as the most frequently important properties. Sundin 2004

findings align with the findings from this case study which emphasize the importance of

product documentation for identification, wear resistance through the technical lifetime,

level of damage and fatigue, and ease of handling are highlighted through standard com-

ponents, type of products and technical complexity. Ziout et al. 2014 holistic approach to

the decision-making for EOL products recovery options presented many factors, but also

some on the product level which is within the scope of this thesis. The proposed factors

such as standard components and the value of a used product compared to a new one are

factors that align with the findings of this case study.

The considerations made by N. Nasr and Thurston 2006 align with the decision-making

and assessment processes conducted by the case companies when determining the poten-

tial for remanufacturing used products. Specifically, the factors examined by N. Nasr and

Thurston 2006 that align with the case companies’ considerations include the innovation

rate of product components, which particularly impacted products with electronic com-

ponents, as well as the value and cost of the components, and the condition of the used

product.
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5.3 Uncertainties that remanufacturing bring

Introducing remanufactured products into an ETO supply chain presents uncertainties and

challenges that must be carefully managed. This section will try to answer RQ2.2, ”Which

supply chain uncertainties must ETO companies face when integrating remanufacturing

practices?”, by utilizing knowledge found in literature, Section 2, and experiences shared

from the case companies in Section 4.

ETO companies, which prioritize customisation and cater to customer-specific require-

ments, face the challenge of handling returned used products when integrating remanufac-

turing. This introduces additional complexity to the supply chain (Goodall et al. 2015).

The lack of information flow between the product use phase and the remanufacturer can

create uncertainties, which need to be addressed to ease the integration of remanufacturing

practices.

5.3.1 Supply uncertainties

ETO companies in the maritime industry integrating remanufacturing practices must ad-

dress several supply uncertainties. These include raw material availability, supply lead

time, used product availability, quality of used product, collection procedure, and trans-

portation lead time. These factors align with the findings from the literature study in

section 2.1.1.

Another significant uncertainty is the availability of used products for remanufacturing.

Companies A, B, D, and F have all mentioned the challenge of finding an adequate supply

of used products. In the case of Company B, which focuses on ship remanufacturing, the

scarcity of used ships is a specific concern. While many shipping companies express interest

in purchasing used vessels for remanufacturing purposes, identifying sellers proves to be

a challenge. Unlike centralized platforms in consumer markets like eBay, the maritime

industry lacks an established marketplace for buying and selling ships, making it difficult to

connect buyers with sellers. Improving access to available ships and facilitating connections

between buyers and sellers could enhance the supply of used products for remanufacturing.

The quality of used products is another major uncertainty. All companies (A, B, C, D, and

F) identified the quality of used products as a significant concern. There is variation in

the condition of returned components, and ensuring compatibility with remanufacturing

processes is crucial. Preliminary assessments are necessary to determine which components

can be utilized, which ones cannot be used, and which ones need to be discarded. Parts

compatibility is also highlighted, as outdated or incompatible components can render

remanufacturing infeasible. The overall quality of the remanufactured products depends

on the availability of used products that meet the required quality standards.

The collection procedure for used products presents additional challenges. Companies

A, B, and D mentioned the difficulties associated with collecting used vessels. Unlike
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platforms where cars can be gathered from various brokers, the fragmented nature of ship

sales requires potential buyers to contact multiple brokers individually. This lack of a

centralized platform complicates the collection process and increases lead time. Similarly,

the transportation lead time of used products is highlighted by Company F as a challenge.

Shipping large and heavy used products, such as cranes, can be a complex and time-

consuming process, particularly when transporting them from distant locations.

5.3.2 Process uncertainties

The literature reveals the complex and diverse nature of processes in the supply chain

which has integrated circular strategies such as remanufacturing. This integration can

lead to variations in yield and quality, processing times, equipment availability, and labour

resources (Goltsos et al. 2019). The findings from the multiple case study align with the

findings from the literature, and the following paragraphs will highlight this.

Company B and F highlight the uniqueness of each remanufacturing project, due to the

wide range of products used and their varying conditions. The literature findings state

that “Companies operating with an ETO supply chain, referred to as ETO companies, are

businesses specializing in creating highly customized products produced on low volumes,

which can lead to one-of-a-kind production scenarios tailored to specific customer require-

ments” (Gosling and M. M. Naim 2009; Powell et al. 2014; Wikner and Rudberg 2005;

Olhager 2003). Given the information presented, it is reasonable to argue that ETO com-

panies are particularly well-suited for the integration of remanufacturing. These companies

possess the knowledge and experience necessary to handle unique projects and one-of-a-

kind production scenarios. Their specialization in creating highly customized products in

low volumes aligns closely with the challenges and requirements of remanufacturing. With

their expertise in tailoring production to specific customer needs, ETO companies are likely

to possess the necessary skills, processes, and adaptability to effectively implement reman-

ufacturing strategies. Company F said it well in the interviews by highlighting that the

ETO production is not serial production of standard components and further emphasizes

that the company remanufactures with what is available of used products. This indicates

the ETO company is used to flexible production and large variations in production.

Labour resources were repetitively mentioned during the case study as an uncertainty

often regarded when talking about introducing remanufacturing. The argument often is

that the employees must have wide and experienced knowledge of how to handle one-of-

a-kind products and remanufacturing situations. ETO production is characterized by the

requirement for highly skilled labour due to the complex and customized nature of the

products (Powell et al. 2014). Whilst these characteristics for ETO production do not

consider the knowledge of remanufacturing and its process, ETO companies have a good

starting point when it comes to the workforce already employed in these companies. While

Company B indicates that the work required for remanufacturing varies from project to

project can lead to uncertainties in the workforce as to who should perform which tasks.
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Due to this variation in tasks, Company B furthers the need for labour resources with both

wide diversity and experience with handling remanufacturing processes. Company A was

fairly confident in the integration of remanufacturing processes in their current workforce

due to the highly skilled workers and the experience these workers had with handling

difficult and challenging manufacturing tasks. The availability of skilled personnel who

possesses the necessary expertise in remanufacturing becomes crucial for executing these

activities not only for the production workers but as highlighted by Company F the sales

representatives and buyers of used products as well. The lack of such competence can

affect the quality of the final remanufactured product and increase the risk of human

errors throughout the remanufacture supply chain.

5.3.3 Demand uncertainties

Understanding the uncertainties is especially important for the source demand for ETO

companies because this type of manufacturing is customer-centric.

Demand uncertainties are an interesting one. Company C mentions that the remanufac-

turing market is not established in the maritime industry, and therefore the demand for

such products can be difficult to imagine. Furthermore, Company A emphasized that

the uncertainties regarding customer preferences, quality requirements and quantity are

factors that are difficult to predict. These uncertainties align with the findings from the

literature study where Goltsos et al. 2019 emphasized examples being customer preferences

and uncertainty in quantity demanded.

Another aspect to consider in ETO companies is the specialized nature of their products

and services, which can contribute to demand uncertainties for remanufactured products.

As company B emphasized that the demand for new construction tends to be more ap-

pealing than remanufactured in the maritime industry. The company highlighted that this

was not because the remanufactured product is dated, but due to the fact that the reman-

ufactured product is customized and adapted to the activity it is supposed to do 100%.

These statements align with the literature findings regarding customer preference and

the challenges associated with ensuring that remanufactured vessels meet the customer’s

requirement.

Another important aspect of ETO companies which also is notable for demand uncer-

tainties is the specialized areas these products and services operate. Such products and

services are usually not flexible and modular to fit other market segments than the one it

is designed for, and therefore arguably being a type of product that can benefit from the

use of remanufacturing to follow the market demand. In the findings from the literature

economic downturn was an uncertainty Goltsos et al. 2019 presented for remanufactur-

ing practices. This aligns with the findings from the case interview where Company F

mentioned that when oil prices go down the demand for recycling vessels goes up as well

as remanufacturing of ships for other maritime segments such as fishery. Examples to
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highlight from the case study are the shipyards that were interviewed, Companies B and

F, both had experience with remanufacturing offshore vessels to become fishing vessels in

periods where macroeconomic factors such as oil prices were low.

Another interesting challenge with the ETO supply chain is the importance of custom-

ers. This type of manufacturing is customer centered making customer perception and

requirements to lifetime and quality heavily weighted when a company decides whether

to integrate remanufacturing or not. An example to highlight from the case study is that

Company C is only driven to remanufacture if there are specific customers that initiate the

interest of remanufacturing products originally made and provided by Company C. Whilst

Company F has managed to integrate such a practice so heavily into their operations that

it can account for 50% of the company’s present operations. Understanding the quality

and technical lifetime of the remanufactured products are crucial for customers to consider

remanufacturing, Company B mentioned that these requirements should meet the same

requirements as new products do for customers to even consider choosing to remanufac-

ture over new products. Here Company F mentioned that the customers that come to

them for remanufacturing are not operating in The North Sea and have lower standards

and requirements for the remanufactured products than what customers operating in The

North Sea do.

While Company D, a shipping company, stated that customer perception was not as rel-

evant to their operations, it remained an uncertainty for other companies. The acceptance

of remanufactured products compared to new ones varies among customers. Overcoming

any negative perceptions regarding remanufactured products and promoting their value

and sustainability benefits is crucial for successful implementation.

Market competition heavily relies on the existence of requirements and regulations gov-

erning the remanufacturing of used products. For companies aiming to remanufacture

products that were not originally manufactured by them, the process becomes consider-

ably challenging. Success in such cases depends on factors such as the type of product,

applicable regulations, and the availability of product documentation. As noted by Com-

pany C, customer preference plays a significant role, as customers generally prefer the

original manufacturer to handle the remanufacturing of used products.

5.3.4 Control uncertainties

Companies that currently have remanufacturing practices integrated into their operations,

such as Company D and Company F, have provided valuable insights into the uncertainties

related to control aspects in the supply chain. On the other hand, companies without prior

remanufacturing experience found it more challenging to grasp the uncertainties that arise

in terms of control.

One significant uncertainty in integrating remanufacturing activities is the control over

accurately assessing the condition and compatibility of used products. Several case com-
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panies, including B, C, D, and F, have highlighted this challenge. Major deviations in the

assessment of the product will have consequences on the company’s ability to control the

supply chain as well as these factors will affect the manufacturing process. Since control

uncertainties often occur from the attempts to manage the uncertainties originating from

supply, process and demand (Mason-Jones and Towill 1997) Control uncertainties can

arise when variations in assessment lead to variations in process uncertainties such as a

change in production, processing times and lack of competence in remanufacturing.

Company F has identified the uncertainty of underestimating the extent of a project,

leading to longer-than-expected processing times and delivery times. This occurs when

the complexity and scope of the project are not accurately assessed in the initial phase,

causing delays in the overall process. Accurately assessing the used product is crucial to

avoid such delays. Similarly, Company C emphasizes the importance of aligning produc-

tion and ordering materials to avoid delays, highlighting the uncertainties associated with

accurately assessing the required work for remanufacturing.

Determining the economic feasibility of remanufacturing introduces uncertainties related

to pricing strategies and cost considerations. Company C emphasizes the challenges of es-

tablishing appropriate pricing for remanufactured products, especially when relying solely

on hourly rates. They recognize the potential for suppliers to benefit more by intentionally

prolonging the remanufacturing process to earn more. On the other hand, Company B

adopts a hybrid contract solution with fixed prices and additional hourly rates to mitigate

this uncertainty. Accurately predicting the extent of the remanufacturing job is crucial for

fair pricing. It can be argued that Company C is more susceptible to challenges related to

pricing strategies and extended supplier timelines since the company has outsourced their

manufacturing activities.

The lack of control over original suppliers of remanufactured products introduces uncer-

tainties in the supply chain. The long life cycles of marine products and vessels contribute

to uncertainties in sourcing the original suppliers of used products suitable for reman-

ufacturing. Company D, which has extensive experience in sourcing used goods from

certified scrapyards, has encountered issues with sourcing the original manufacturer of

used products. Missing product documents or the original manufacturer no longer exist-

ing due to mergers, bankruptcies, or other factors add to the uncertainties in obtaining

necessary parts, information, and materials for remanufacturing. This can cause delays

and result in higher costs.

Planning remanufacturing activities within the supplier network introduces uncertainties

related to coordination and communication. Company C, for example, experiences this

challenge due to their production activities being outsourced to other suppliers. Company

D has also faced communication issues when sourcing original manufacturers of products.

Reluctance from the original suppliers to provide necessary information further compounds

the uncertainty. Effective coordination and communication within the supplier network

are essential to address this uncertainty.
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Forecasting demand in a constantly changing market poses a challenge for Company F.

They rely on their expertise and in-depth market knowledge to speculate on demand.

While they may not know the specific buyers, they are confident that someone will be

interested in acquiring the remanufactured product. However, they also acknowledge

the need to continuously monitor the market. As new component production increases

and new products meet global demand, the delivery time for new products decreases.

This could pose challenges for Company F in selling its inventory of used products and

highlights the significance of aligning forecasting to prevent idle products in its inventory.

Such variations in forecasting demand, with relying on skilled labour can lead to control

uncertainties in the supply chain. Control uncertainties in regards to forecasting demand

align with findings from literature where Goltsos et al. 2019 identified this as a control

uncertainty for the supply chain with remanufacturing practices.
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5.4 Digital technologies to address the uncertainties remanufacture prac-

tices brings

Lastly, the final research question will be answered, ”How can digital technologies address

the uncertainties associated with the integration of remanufacturing into an ETO supply

chain?”. This section will focus on how DTs can ease the integration of remanufacturing by

addressing the uncertainties such practices bring to an ETO supply chain. The following

paragraphs will offer insights into specific solutions for the uncertainties identified in the

case study. It will draw upon recommendations provided by the case companies and

findings from the literature study to propose practical ways in which these technologies

can be utilized.

In order for remanufacturing to be economically feasible, two essential uncertainties need

to be present: The availability of used products and a marked demand for remanufactured

products (Kerin and Pham 2019). Acquiring used products serves as the initial step in

establishing the remanufacturing system. How DTs can affect the supply or availability

of used products will be first discussed.

Case companies B and F shared this concern and stressed the need for a more streamlined

supply of such components. The case study highlighted the absence of a centralized

platform for companies interested in purchasing used products, which makes the process

of finding maritime equipment or used ships straining. As suggested by the case companies,

to address the supply uncertainty, cloud technology can be leveraged to establish a virtual

platform that spans worldwide, facilitating the procurement of used components.

This aligns with the use of cloud technology presented by Rüßmann et al. 2015 and Sousa

Jabbour et al. 2018, such a platform can be service-based, meaning that customers and

suppliers work together to offer and purchase various services such as used goods, but can

also include other services such as designing, simulating, manufacturing and assembling

products. Implementing such a platform can catalyze a more connected maritime industry

and alleviate issues faced by Company B, such as the difficulty of locating available used

products in the market due to a lack of visibility on sellers. By establishing a compre-

hensive platform, access to available used products can be improved, and the process of

connecting buyers and sellers can be facilitated. This initiative has the potential to en-

hance the efficiency of procurement, reduce search costs, and promote collaboration within

the maritime industry.

As Goodall et al. 2015 and literature findings mention the high level of uncertainty associ-

ated with the returned used product complicates remanufacturing compared to traditional

linear manufacturing. Goodall et al. 2015 highlighted the lack of information flow between

early life cycle phases and the remanufacturer to be a reason for uncertainty occurring

with used products.

Further, the case study revealed that the case companies had a lot of concerns handling
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the variation in the quality of the returned used products. The variation in quality has

been discussed as a source of uncertainty in regard to supply, process and control. In

the control uncertainties this was identified as the degree of accuracy of assessing the

condition of the sued products. The variation in supply would lead to constant changes

in production which can have an effect on the yield and quality of the remanufactured

product. These uncertainties pertain to evaluating the quality of the used product and

determining the necessary actions for remanufacturing the used product. Company F

highlighted the uniqueness of each remanufacturing project due to the wide variation in

the used products they employ for ship remanufacturing. As Company C highlighted in

their interview this assessment determines which components can be utilized, which ones

cannot, and which ones require discarding.

To address the uncertainty regarding the assessment of used products in terms of identi-

fying the remanufacture process and quality checking used products several DTs were

recommended. To highlight some suggestions from the case companies, were additive

manufacturing, cyber-physical systems, integration of IT systems, blockchain technology,

simulations and modelling, Internet of Things and data analytics. The following para-

graphs will present some examples of how these technologies can meet the uncertainties

regarding variations between the returned used products.

IoT can be used for real-time monitoring of production processes, this involves collecting

and analyzing data from sensors on machines to identify potential problems before they

cause downtime or quality issues (Zheng et al. 2021). As IoT has the potential to link

suppliers and customers digitally, it can assist in the procurement of used products (Kerin

and Pham 2019). The increase in connectivity achievable with IoT devices, combined with

cloud technology such as a centralized platform as previously suggested could transform

the remanufacturing maritime industry by enabling remote monitoring, condition-based

maintenance on remanufactured products, asset tracking, and optimization of vessel per-

formance (Shenoi et al. 2015). The high level of data collecting can be used in other

technologies such as data analytics, machine learning, creating CPS, and performing sim-

ulation and modelling.

Product history has been a recurring topic for the case companies where several issues

regarding the collection of such data have been highlighted. Company A stated in their

interviews that identifying the history of products is a problem. Antikainen et al. 2018

and Kerin and Pham 2019 suggested the use of simulations in the form of digital twins

as a solution. As Okumus et al. 2023 states ”By almost removing uncertainty about the

state of returned end-of-life cores, digital twins may play a crucial role in supporting rapid

decision-making and planning in used component acquisition.” Digital twins can therefore

be used to estimate the remaining usable life of products based on data received from

IoT for product and component functionality (Okumus et al. 2023). The predictive model

has the capability to anticipate the future condition of both the complete product and

its components during the initial project phase, enabling the estimation of the price of
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remanufacturing services and identifying production processes that the remanufacturing

must include. Such a predictive model can help control uncertainties of both pricing and

assessment of the used product, enabling effective planning and accurate quality control.

The amount of information feedback throughout a product’s useful life will also signific-

antly affect the uncertainty at the remanufacturing stage (Okumus et al. 2023). Findings

from the case study highlighted maintenance records, third-party verification and certi-

ficates, as well as the maintenance system Company F highlighted many sources of data

which can be collected and analyzed to understand the condition of the ship and its equip-

ment. These data collections are in regular contact with the product, through service and

scheduled maintenance, and enable data to be recorded throughout the product use phase.

Using sensors and IoT can enable monitoring during the use phase of its life cycle, thus

allowing for real-time diagnostics (Okumus et al. 2023). This data can through big data

analytics improve quality control by recognizing patterns and trends that may indicate

quality issues (Rüßmann et al. 2015) Which can enable remanufacturers to know the con-

dition of the product prior to its arrival for remanufacture, reducing areas within the

quality of the used product and enabling production processes to be planned ahead of

time and therefore reducing the remanufacturing time and potential errors.

Blockchain technology has the potential to address some of the challenges associated with

the supply of used goods from uncertified scrapyards in South Asia and the Middle East.

By leveraging blockchain, manufacturers and other stakeholders can establish a secure

and transparent supply chain management system (Pu and Lam 2021). One of the key

advantages of blockchain is its ability to provide a decentralized and immutable ledger

that records all transactions and activities related to a particular product. This means

that every step in the supply chain, from the initial raw material extraction to the final

remanufactured product, can be traced and verified (Zheng et al. 2021). This transparency

enables manufacturers to have a clear understanding of the product’s history, including

its source, ownership, and any intermediate processes it has undergone. By having access

to such comprehensive data, manufacturers can better assess the quality and condition

of the used goods sourced from scrapyards. One can utilize this information to make

well-informed choices regarding the suppliers they choose to collaborate with, thereby

minimizing the risks involved in purchasing from unreliable sources. This is particularly

important for Company F as they have encountered instances where the quality of products

differed from what the seller had claimed.

Furthermore, blockchain technology can facilitate the implementation of smart contracts

and automated verification processes. Smart contracts are self-executing agreements that

trigger predefined actions once certain conditions are met. For instance, a smart contract

could be designed to release payment to the scrapyards only after the products have been

assessed and verified as meeting the required standards. This reduces the reliance on

manual verification processes and enhances the efficiency and accuracy of quality assess-

ments. Overall, the utilization of blockchain technology in the supply chain management
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of used goods can provide manufacturers with increased visibility, trust, and control over

their sourcing processes. By leveraging the secure and transparent nature of blockchain,

manufacturers can make more informed decisions, enhance the accuracy of product as-

sessments, and ultimately reduce the risks associated with purchasing from uncertified

scrapyards.

As the interviews reflect demand forecasting plays a crucial role in the maritime ETO sup-

ply chain, especially in the constantly changing market such as the maritime. Company

F, in particular, faces challenges in accurately predicting demand and aligning their fore-

casting to prevent used products and components from remaining idle in their inventory.

Today, Company F rely their forecasting on their expertise and in-depth market know-

ledge to speculate on demand patterns. To address these uncertainties with forecasting

when integrating remanufacturing practices the most recommended technology by the case

companies was data analytics.

By analyzing historical sales data, market trends, and other relevant factors, Company F

can gain valuable insights into demand patterns and make informed decisions regarding

inventory management. Data analytics can transform data into knowledge and action

within a manufacturing system (J. Strandhagen et al. 2019), this also includes a remanu-

facturing one. By identifying seasonal fluctuation, emerging trends, and potential shifts in

customer preference, data analytics and big data can enable the company to adjust their

procurement and remanufacturing practices accordingly. This also includes monitoring

the oil and gas prices to make a prediction as to if the prices are stable or shifting.

The production of maritime ETO products involves a wide variety of products (Bertrand

and Muntslag 1993; Jo Wessel Strandhagen et al. 2022). This requires a high level of

coordination and collaboration between the wide network of stakeholders in the supply

chain. Outsourcing production activities to other suppliers, as experienced by Company

C, introduces additional uncertainties related to coordination and communication within

the remanufacturing process. Planning and managing remanufacturing activities within

a supplier network require effective coordination and communication channels to mitigate

potential disruptions and delays. The case companies suggested multiple DTs when plan-

ning remanufacturing activities with supplier network, some of these included integration

of IT systems and cloud technology. Integration of IT systems and cloud technology can

facilitate seamless communication and information sharing among stakeholders, enabling

better coordination between suppliers and minimizing delays. The integration of IT sys-

tems in both horizontal and vertical dimensions fosters a higher level of cohesion among

companies, departments, functions, and capabilities, enabling seamless data sharing and

collaboration (Rüßmann et al. 2015). Such IT systems can include ERP, MES or PLM

(Jo Wessel Strandhagen et al. 2022).

The production process in a maritime supply chain is characterized by a high level of la-

bour intensity, as it involves a wide variety of skilled labour and is typically non-repetitive

(Bertrand and Muntslag 1993; Jo Wessel Strandhagen et al. 2022; Powell et al. 2014; J.
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Strandhagen et al. 2019), this aligns with the findings from the case study where com-

panies B, D and F emphasized the need for a wide diversity in expertise, due to the large

variations and unique character that each remanufacturing project has. The availability

of skilled personnel becomes crucial for executing these activities efficiently. Company F

stressed that such expertise comes from years of experience. The case companies suggested

automation and industrial robots, cyber-physical systems, data analytics, integration of IT

systems and simulation and modelling for handling uncertainties tied to labour resources.

Some of the technologies will be highlighted in the following paragraphs.

Automation and industrial robots have the potential to revolutionize the remanufacturing

processes in the maritime industry. While Company B stressed that the tasks involved in

remanufacturing can vary from ship to ship, automation can be leveraged to streamline

repetitive or physically demanding tasks (Zheng et al. 2021; Jo Wessel Strandhagen 2022).

Industrial robots can be programmed to perform specific operations with precision, redu-

cing the need for manual labour and enhancing overall efficiency. By automating certain

aspects of the remanufacturing process, companies can allocate skilled labour resources

to more complex and critical tasks, thereby optimizing their expertise and improving

productivity.

Simulation and modelling are vital tools for understanding and optimizing labour resource

allocation in the maritime engineer-to-order supply chain and can be utilized to enhance

the production process (Zheng et al. 2021). By creating virtual representations of the

remanufacturing processes, companies can simulate different scenarios, assess resource

requirements, and optimize labour allocation (Rüßmann et al. 2015). Such simulations

can be used in the preliminary project that Company C highlighted to be required for

remanufacturing to be efficient.

While not highlighted by the case companies, findings from the literature highlight the

use of visual technologies in the form of VR and AR to contribute to labour resources.

Through AR, computer-generated 3D images of the real world, creating a VR can construct

a visual representation of an object (J. Strandhagen et al. 2019), including a used product.

The AR in manufacturing can be used for maintenance, by overlaying computer-generated

information so technicians can identify issues and make repairs (Zheng et al. 2021). AR and

VR technologies can provide immersive training experiences, allowing workers to acquire

and enhance their skills in a virtual environment. These technologies enable hands-on

practice and simulations, replicating real-world remanufacturing scenarios and enhancing

the expertise of the labour force.

In summary, the integration of remanufacturing into an ETO supply chain poses uncer-

tainties that can be mitigated by DTs. Cloud technology can establish a virtual platform

for procuring used components, enhancing supply certainty. Technologies like IoT, data

analytics, and simulation modeling can address uncertainties in assessing product qual-

ity, enabling effective planning and accurate quality control. Blockchain can provide a

secure and transparent supply chain management system, reducing risks associated with
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sourcing from uncertified scrapyards. Data analytics can improve demand forecasting

and coordination within the supply chain. Finally, automation, simulation modeling, and

AR/VR technologies can optimize labor resource management. These digital solutions

offer practical ways to ease uncertainties and enhance efficiency in the remanufacturing

process.
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6 Conclusion

In conclusion, this thesis has explored the integration of remanufacturing practices within

an ETO supply chain in the maritime industry. Through a mixed-method approach in-

volving a literature study and a multiple case study analysis of various stakeholders, sig-

nificant findings and valuable insights have been uncovered.

Firstly, the research has identified 16 key factors that play a crucial role in determining the

potential for remanufacturing at the product level. These factors provide valuable guidance

for companies seeking to incorporate remanufacturing strategies into their operations,

allowing them to assess the viability of remanufacturing within their specific contexts.

Secondly, the study has highlighted the uncertainties that arise when integrating reman-

ufacturing into an ETO supply chain. These uncertainties stem from various sources,

including supply, process, demand, and control. By understanding these uncertainties,

companies can proactively address and manage them, thus enhancing the effectiveness of

their remanufacturing initiatives.

Furthermore, this research has emphasized the role of DTs in addressing the uncertain-

ties associated with remanufacturing integration. By harnessing the power of DTs, such

as data analytics, IoT, simulation and modelling, and cloud technology, companies can

mitigate risks, enhance visibility, and optimize decision-making processes within their re-

manufacturing operations.

Going forward, future research should focus on understanding which uncertainties are

specific for each stakeholder and should be explored by only focusing a case study on

one stakeholder from the maritime industry. The adoption of remanufacturing in the

maritime industry depends on the clear economic benefits of operations and the product

itself, which was demonstrated through the case study. How ETO companies can benefit

from remanufacturing instead of new construction needs to be shown through further case

studies of remanufacturing used products.

The success stories of certain companies can serve as motivation for other companies

facing challenges in envisioning large-scale remanufacturing in the maritime industry. It is

essential to address the obstacles that stakeholders encounter due to existing regulations

in order to enable such a transition. The integration of positive incentives to promote the

adoption of circular strategies and the utilization of remanufactured items is crucial for

the industry to transition to a CE. Policymakers should consider implementing measures

such as tax breaks and schemes to encourage the utilization of remanufactured items.

A comprehensive study that maps the current regulatory barriers and their impacts on

hindering the integration of remanufacturing on a large scale is necessary to demonstrate

the benefits to governmental bodies and policymakers.

By addressing these research questions and shedding light on the potential of DTs, factors

influencing remanufacturing, and supply chain uncertainties, this thesis contributes to the
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growing body of knowledge on sustainable practices within the maritime industry. It is

hoped that the insights gained from this study will inspire and motivate companies to

embrace remanufacturing as a means to achieve sustainability and economic prosperity in

the sector.

6.1 Limitations

It is important to acknowledge the limitations of this study. The level of expertise among

the case companies in integrating remanufacturing varied, which can impact the interpret-

ation of the findings. Certain companies had extensive experience and shared valuable

insights acquired over the years, while others were less experienced, potentially leading to

more speculative viewpoints.

Additionally, the case study suffered from an uneven distribution of stakeholders. Some

stakeholders were represented by multiple companies, while others were represented by

only one. This imbalance may affect the weighting of the results and discussions, as

certain stakeholders possess greater representation than others.
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Appendix

A Interviewguide used in case study

Interview guide and relevant information: 

When reading the relevant information below, please keep the questions below in the back of your 

mind to reflect upon your company’s operations. 

 

Introduction 

1. Thank you for participating and ask if interview can be recorded 

2. Ask whether it is possible to disclose name and professional information in the thesis 

3. Ask interview participant about the professional experience  

4. Ask whether participant can find time to read and confirm interview content after it is 

transcribed 

_____________________________________________________________________________ 

 

1. Information about the company 

- Which type of products do you see as fit for implementing circular activities in? 

- Annual volume of the company (quantity per year)? 

o 1-10 

o 11-100 

o 101-1000 

o 1001-10,000 

o >10,000 

- Duration (weeks per project)? 

o 1-10 

o 11-50 

o 51-100 

o >100 

- Cost per unit? (Thousands euro) 

o 1-10 

o 11-100 

o 101-1000 

o 1001-10,000 

o >10,000 

- Engineering hours (hours pr project)? 

o 0-100 

o 101-1000 

o 1001-10,000 

o >10,000 
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2. Questions about the supply chain 

- To what degree does the company operate with circular economy activities? 

o Reuse 

o Repair 

o Refurbishment/Remanufacturing 

o Reuse  

- What have been the barriers/challenges when adapting the operations to circular 

economy activities? 

o If not, what has been stopping the company from initializing this? 

o E.g., Industry standards, economic reasons, low customer demand 

- What changes must be made to the current operations to ease the implementation of 

circular economy activities? 

- Which circular economy activities is the company most likely to adapt to? 

o Reuse 

o Repair 

o Remanufacturing and refurbishment 

o Recycle 

- What circular activities have the largest potential to give economic benefits to the 

company? 

- What are the financial implications of implementing circular economy activities, and 

how do you mitigate these risks? 

 

3. Uncertainties in a supply chain operating with remanufacturing 

- What are the main uncertainties that you face in your supply chain when implementing 

refurbishment/remanufacturing? 

- How do you manage the uncertainties associated with the quality of returned products? 

- How do you balance the demand for new products and remanufactured products, and 

what are the factors that influence this decision? 

 

4. Remanufacturing/refurbishment 

- What does remanufacturing mean for the company? 

- What does refurbishment mean for the company? 

- How do you define remanufacturing and refurbishment? 

- How is remanufacturing/refurbishment integrated into your engineer-to-order supply 

chain? 

- What are the benefits of remanufacturing compared to other circular economy 

activities? 

o Such as repair, recycle, reuse 

- By adapting will this or has this affected the performance of the company? 



o If yes, then why? 

 

5. Digital technologies 

- How does the company use digital technology today? 

- How have these digital technologies improved your supply chain visibility and 

transparency? 

- How do you use data analytics to manage uncertainties in your supply chain, such as 

demand forecasting or product quality control? 

- How can digital technologies be used to address these uncertainties? 

- Which digital technologies can be used to address the uncertainties and which 

uncertainties do they mitigate? 

- What are the benefits of using digital technologies to support circular economy activities 

in your ETO supply chain? 

 

_____________________________________________________________________________ 

 

Relevant information 
 

Circular Economy: 

Circular economy is an economic model that aims to keep resources in use for as long as possible, 

extracting the maximum value from them while minimizing waste and pollution. It is based on three key 

principles: designing out waste and pollution, keeping products and materials in use, and regenerating 

natural systems. 

To achieve a circular economy, companies can engage in a variety of activities, such as reuse, repair, 

remanufacturing, refurbishment, recycling.  

Reuse: Reuse of discarded yet still usable product, for the same purpose, by a different user. 

Repair: Repair and maintenance of broken or malfunctioning product, to enable continuation of its 

original function. 

Remanufacturing: Refers to the transformation of used products, consisting of components and parts, 

into products that satisfy the same quality and standards as new products. 

Recycle: Refers to the process of converting waste materials into new reusable materials and objects
 

There are examples of engineer-to-order companies that have successfully implemented circular 

economy activities in their supply chain. For example, General Electric (GE), GE has a Remanufacturing 



Program that focuses on the repair, refurbishment, and remanufacturing of various components and 

systems, including aircraft engines, locomotive engines and medical imaging equipment. For both the 

aircraft engines and the locomotive the process involves disassembling the product, inspecting each 

component, and replacing worn or damaged parts. The product is reassembled and tested to meet the 

same standards as a new product. 

 

For a general shipbuilding supply chain, the circular activities may look something like: 

 

 

Supply chain uncertainties 

The supply chain uncertainty circle 

The supply chain uncertainty circle is a model used to explain the different types of uncertainties that 

can arise in a supply chain. The model consists of four types of uncertainties that are interdependent 

and can create a cycle of uncertainty: 

 

Supply uncertainty: Refers to the unpredictability of the availability, quantity, and quality of raw 

materials, components, and finished goods that are needed to meet customer demand. 



Examples: delays in the delivery of critical components or materials, quality issues with parts or 

equipment 

 

Process uncertainty: Refers to the unpredictability of the manufacturing, distribution, and logistics 

processes involved in getting products from suppliers to customers.  
Examples: equipment breakdown, delays in transportation, unexpected changes in production schedules 

Demand uncertainty: This refers to uncertainty in the market demand for a product or service, which 

can make it difficult to forecast future demand. 

Examples: Consumer preferences, market trends
 

Control uncertainty: Refers to the unpredictability of the internal and external factors that affect a 

company's ability to manage its supply chain effectively.  
Examples: Changes in regulations, political instability, or fluctuations in currency exchange rates

 

 

Digital technology 

The Industry 4.0 paradigm with its vision for the future digitized factory was introduced in 2011 and has 

led to a range of technology initiatives to improve manufacturing and operations.  

Industry 4.0 represents the fourth industrial revolution after the mechanization, electrification and 

computerization of production environments (Kagermann, et al., 2013). It focuses on the increasing 

digitization and automation of the manufacturing industry, especially by means of digital value chains 

between products, machines and operators.  

Industry 4.0 is powered by nine foundational technologies: additive manufacturing, atonomous robots, 

cloud computing and manufacturing, cybersecurity, cyber-physical systems, data analytics, horizontal 

and vertical system integration, the Internet of Things, and visual technology.  

Table 1: Overview of Industry 4.0 technology 

Tech. group Description 

Autonomous robots Autonomous robots' devices are programmed to perform tasks with little to 
no human intervention or interaction.  
 
Autonomous robots can be utilized in a supply chain operation that includes 
lower-value, potentially dangerous or high-risks tasks. Manufacturing, final 
assembly, and warehousing are areas where automated robots already have a 
presence. Autonomous robots can be substitutes for advanced software, 
simple machines or tools and human workforce.  
 
Example of autonomous robots are, 
Automatic Guided Vehicles (AGVs) 
Autonomous Mobile Robots (AMRs) 



Collaborative robots (COBOTs) for material handling and performing logistics 
operations. 

  
Additive 
manufacturing (AM) 

Additive Manufacturing (AM) is an appropriate name to describe the 
technologies that produce physical 3D objects by adding layer-upon-layer of 
material, whether the material is plastic, metal, concrete, etc. using 
computer-based 3D design. 
 
There are two main fields of interest: establishing a local supply infrastructure 
for 3D-printed spare parts in major ports to accelerate delivery and exploiting 
the unique capabilities of AM technology to make parts no other 
manufacturing process can produce. 

Cloud manufacturing Cloud computing is the practice of using a network of remote servers hosted 
on the Internet to store, manage, and process data, rather than a local server 
or a personal computer. The same principles of shared information are at use 
with cloud manufacturing. It is a service-oriented business model for sharing 
and exchange of data between systems, sites and companies on a cloud 
platform.  
 
Manufacturers can utilize cloud manufacturing for product planning, 
production and stock tracking (with Enterprise Resource Planning (ERP) 
software), Productivity management to monitor when to change production, 
these are just some of what cloud manufacturing can be used in a supply 
chain. 
 

Cyber security Cybersecurity is part of the information technology term that focuses on 
protecting electronic assets. I the roam of Industry 4.0, this could be data 
collections or digital information. Cyber security is the secure and reliable 
protection of industrial production systems from cyber threats. 
 
Types of cyber security: 
Critical infrastructure security 
Application security 
Network security 
Cloud security 
Internet of Things (IoT) security 

Cyber-physical 
systems (CPS) 

They are systems of collaborating computational entities which are in 
intensive connection with the surrounding physical world and its on-going 
processes, providing and using, at the same time, data-accessing and data-
processing services available on the Internet. 
 
Enables automation, monitoring, and control of processes and objects in real-
time. 

Data analytics The use and collection of operational systems and machine data to find 
improvements in a process. Real-time information allows for enhanced 
decision-making and process improvements, as well as insight into 
troubleshooting assessment and predictive maintenance 



Data analytics allow for real time insights, process improvements, predicitive 
maintenance ++.  
 
Big data, Machine learning, AI (Artificial Intelligence), advanced simulations, 
digital twin 

Integration of IT 
systems 

Horizontal integration of IT systems in industry 4.0 are connected networks of 
cyber-physical and enterprise systems. 
 
Vertical integration in the industry 4.0 of roam aims to tie together all logical 
layers within the organization through all layers of the organizational 
structure and supply chain. 
 
Horizontal and vertical integration of IT systems examples Enterprise 
Resource Planning (ERP), Product Lifecycle Management systems and 
Manufacturing Execution Systems (MES) 
 

Industrial Internet of 
Things (IIoT) 

IIoT (Industrial Internet of Things) is a subcategory of IoT (Internet of Things) 
used in an industrial context. It’s a unique phenomenon where various digital 
tools are used to connect data and machines in factories and throughout the 
supply chain for productivity and quality. These sensors and actuators enable 
storing and exchange of information through network technology.  
 
(IoT describes the network of physical objects embedded with software, 
sensors, and other technologies to connect and exchange data with systems 
and devices over the internet.) 
 
Can be used in combination with several of the other technologies listed to 
name some; data analytics, visual technology, digital twin, CPS, ++ 

Visual technology The visual representation of an object, in the form of augmented reality (AR), 
through superimposing a computer-generated 3D image in the real world, 
creating a virtual reality (VR) or projecting 3D images as holograms. 
 
Application areas: 
Visualization interacts with environment, warehouse management 
Operation and control, assembly 
++ 

 

 

 

 



B Presentation guide used during case study interviews

Towards a circular maritime 
industry

Goal of the conversation

- Map today's initiatives aimed at moving towards a circular economy

- Identify the circular economy activities with the greatest potential in 
the shipbuilding industry

- Identify which factors that determine greatest potential for ETO 
products

- Determine the uncertainties that implementing circular economy 
activities may bring to a shipbuilding supply chain

- Develop strategies to how technology can mitigate those 
uncertainties

Goal of the conversation

- Map today's initiatives aimed at moving towards a circular 
economy

- Identify the circular economy activities with the greatest potential 
in the shipbuilding industry

- Identify which factors that determine greatest potential for ETO 
products

- Determine the uncertainties that implementing circular economy 
activities may bring to a shipbuilding supply chain

- Develop strategies to how technology can mitigate those 
uncertainties

Circular economy in the shipbuilding industry

"The implementation of CE logic will replace production 
with sufficiency; reuse what you can, recycle what 
cannot be reused, repair what is broken, and 
remanufacture what cannot be repaired".
(Stahel, 2016)

Reuse

Reuse of discarded yet still usable product, for the same purpose, by a 
different user.
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Repair

Repair and maintenance of broken or malfunctioning product, to 
enable continuation of its original function.

Remanufacture

Refers to the rebuilding of a product to the specifications of a new 
product using a combination of reused, repaired and virgin materials.

Recycle

Refers to the process of converting waste materials into new reusable 
materials and objects

Information about the company

• Type of products?

• Annual volume of the company? (quantity per 
year)

• 1-10

• 11-100

• 101-1000

• 1001-10,000

• >10,000

• Duration? (weeks per project)

• 1-10

• 11-50

• 51-100

• >100

• Cost per unit? (Thousands euro)

• 1-10

• 11-100

• 101-1000

• 1001-10,000

• >10,000

• Engineering hours? (hours per project)

• 0-100

• 101-1000

• 1001-10,000

• >10,000

Questions about the current supply chain

• What CE activities are in operation today?

• Reuse

• Repair

• Remanufacturing

• Recycle

• Barriers and challenges?

• Which activities have the greatest potential?

Goal of the conversation

- Map today's initiatives aimed at moving towards a circular economy

- Identify the circular economy activities with the greatest potential in 
the shipbuilding industry

- Identify which factors that determine greatest potential for ETO 
products

- Determine the uncertainties that implementing circular economy 
activities may bring to a shipbuilding supply chain

- Develop strategies to how technology can mitigate those 
uncertainties



Supply chain uncertainty circle

• Describes the dynamic relationship between 
different sources of uncertainty in the 
supply chain

• Will be used as tool to identify and separate 
the sources of uncertainty

Supply chain uncertainty circle

• Supply uncertainty: Refers to the 
unpredictability of the availability, quantity, 
and quality of raw materials, components, 
and finished goods that are needed to meet 
customer demand.

• Examples: delays in the delivery of critical 
components or materials, quality issues with 
parts or equipment

Supply chain uncertainty circle

• Process uncertainty: Refers to the 
unpredictability of the manufacturing, 
distribution, and logistics processes involved 
in getting products from suppliers to 
customers.

• Examples: equipment breakdown, delays in 
transportation, unexpected changes in 
production schedules

Supply chain uncertainty circle

• Demand uncertainty: Refers to the 
unpredictability of customer demand for 
products and services.

• Examples: Consumer preferences, market 
trends

Supply chain uncertainty circle

• Control uncertainty: Refers to the 
unpredictability of the internal and external 
factors that affect a company's ability to 
manage its supply chain effectively.

• Examples: Changes in regulations, political 
instability, or fluctuations in currency 
exchange rates

Remanufacturing in the shipbuilding industry

• Remanufacturing to the company

• An integrated part of today's operations?

• Factors that determine the potential for remanufacturing a 
product/component



Categories Factors Description

Product condition Level of damage Extent of rust, corrosion, or other forms of deterioration.

Level of fatigue Extent of material fatigue due to wear from operation.

Location of product Geographical location of product Distance from product to factory.

Product placement on vessel The degree of accessibility for dismantling a product from the vessel is determined by the 
physical location of the product.

Technical specification Material composition Specific types and proportions of materials or substances used in product.

Material value Value of material.

Product documentation Overview of product history (Maintenance reports, overview of routes).

Type of product Mechanical, hydraulic, electric or software.

Technical lifetime Duration that the product is deemed to be technically reliable and capable of fulfilling its 
intended purpose.

Innovation rate Technology change rate in the market.

External factors Established remanufacture process Established systematic method for handling reverse flow and remanufacturing practices.

Regulations Regulations that govern maritime operations (classification society, EU..).

Product cost Cost of operations new product vs. used The cost of operating a new product vs. Operating a remanufactured one.

Cost difference new product vs. Used product Cost of manufacturing a new product vs. Remanufacture as used one.

Product/component value Premium product or low-cost product.

Product structure Design for disassembly Design for disassembly and separation.

Standard components Interchangeable components.

Transferability Extent to which a product meets the necessary compatibility requirements for successful 
transfer to a different location or system.

Technical complexity Degree of intricacy and sophistication of its technical aspects, including component count, 
interdependencies, and specialized knowledge needed for assembly or maintenance.

Product performance Quality Degree to which the product meets requirements and standards.

Fuel efficiency New product vs. Used product.

Operational efficiency Compatibility with performance range of product.

Uncertainties in a supply chain operating with 
remanufacturing
• Main uncertainties

• Supply

• Process

• Demand

• Control

• Uncertainties associated with 
returned products

Supply uncertainty - Raw material availability
- Supply lead time (schedule adherence)
- Used product availability

- Quality of used products
- Collection procedure
- Transportation lead time
- Variation in quality level of used product

Process uncertainty - Yield and quality
- Variation in quality level of used product
- Processing times
- Machine availability
- Batching rules

- Labor resources
- Change in productions schedules
- Lack of knowledge

Demand Uncertainty - Quantity
- Timing
- Locations
- Product specification
- Customer quality requirement

- Change in customer preferences
- Economic downturn
- Market competition
- Product cannibalization
- Customer perception

Control uncertainty - Stock control policy
- Capacity planning decisions
- Accuracy of assessment of used product
- Economic feasibility of remanufacturing

- Legislation and restrictions
- Forecasting method of returned products
- Lack of legislation restriction
- Lack of control of the processes (used/new)
- Supplier network collaboration

Goal of the conversation

- Map today's initiatives aimed at moving towards a circular economy
- Identify the circular economy activities with the greatest potential in the 

shipbuilding industry

- Identify which factors that determine greatest potential for ETO 
products

- Determine the uncertainties that implementing circular economy 
activities may bring to a shipbuilding supply chain

- Develop strategies to how technology can mitigate those 
uncertainties

Digital technologies
Tech. group Description

Autonomous robots and 
industrial robots

Automatic Guided Vehicles (AGVs), Autonomous Mobile Robots (AMRs), and Collaborative robots (COBOTS) for material handling and 
performing logistics operations.

Additive manufacturing 3-D printing of objects layer by layer, based on 3-D models or CAD files of the objects.

Cyber-physical systems Enables automation, monitoring, digital twin and control of processes and objects in real-time.

Data analytics Transforming data into knowledge and actions within a manufacturing system. Big data for analysis of large sets of real -time data, artificial 
intelligence, machine learning and advanced simulations are all part of this group.

Integration of IT systems Horizontal and vertical integration of IT systems for production management (PLM, ERP, MES).

Internet of Things Objects equipped with sensors and actuators enable storing and exchange of information through network technology.

Visual technology The visual representation of an object, in the form of augmented reality (AR) through superimposing a computer-generated 3D image in the 
real world, creating a virtual reality (VR) or projecting 3D images as holograms. (CAD, AR, VR)

Simulations and modelling Technology that mirror the physical world data such as machines and products. E.g. Digital twin.

Cloud Technology Cloud manufacturing is a technology that utilizes the internet to establish a virtual and worldwide platform for manufacturing resources and 
abilities. Cloud-based solutions for sharing and exchange of data between systems, sites, and companies.

Blockchain Provide a transparent and tamper-proof record of the entire supply chain, from raw material sourcing to product delivery. Enables increased 
trust, efficiency, and traceability, reducing fraud, ensuring quality control, and facilitating seamless collaboration between different 
stakeholders.

Digital technologies

• What type of technologies do the company use today?

• Which type of technologies can aid the implementation of 
remanufacturing?



C Questionnaire used in case study

 1 

Enhancing Remanufacturing Potential and Mitigating Uncertainties through 

Digital Technologies 

 

Date: 22.05.20203 

Case company:  Company name   

This document aims to provide valuable insights into enhancing the potential for 

remanufacturing and mitigating uncertainties through the adoption of digital technologies. As 

businesses worldwide increasingly embrace sustainability and circular economy principles, 

remanufacturing has emerged as a viable solution for reducing waste, conserving resources, 

and improving operational efficiency. 

The document is divided into three sections,  

Section 1: Ranking the factors that determine the potential for remanufacturing a used product 

or component. 

Section 2: Providing insights and recommendations on digital technologies that can effectively 

address uncertainties in remanufacturing supply chains.  

Section 3: Open section for additional information. 

The highlighted sections indicate where you can provide your responses. At the end of the 

document, there is an open section where you can share any additional information, if 

available. 

_____________________________________________________________________________ 

Section 1: Factors Determining Remanufacturing Potential 

In this section, we will explore the factors that significantly influence the potential for 

remanufacturing. The factors listed below are identified through interviewing stakeholders of 

the maritime industry. 

We would like you to rank all factors from 1 to 5, with 5 representing the most critical factors 

and 1 the least relevant.  

 

Categories Factors Description Range 
(1-5) 

Example X Factor X Description X X 

127



 2 

Product 
condition 

Level of damage Extent of rust, corrosion, or other forms of 
deterioration. 

           

Level of fatigue Extent of material fatigue due to wear from 
operation. 

          

Location of 
product 

Geographical location 
of product 

Distance from product to factory.           

Product placement on 
vessel 

The degree of accessibility for dismantling a 
product from the vessel is determined by the 
physical location of the product. 

          

Technical 
specification 

Material composition Specific types and proportions of materials or 
substances used in product. 

          

Material value Value of material.           

Product documentation Overview of product history (Maintenance 
reports, overview of routes). 

          

Type of product  Mechanical, hydraulic, electric or software.           

Technical lifetime Refers to the duration a product remains to 
be technically reliable and capable of fulfilling 
its defined scope of purpose. 

          

Innovation rate  Product technology remains current and up to 
date for multiple product lifecycles 

          

External factors Established 
remanufacture process 

An established systematic method for 
handling reverse flow and remanufacturing 
activities. 

          

Regulations Regulations that govern maritime operations 
(classification society, EU..). 

          

Product cost Cost of operations new 
product vs. used 

The cost of operating a new product vs. 
Operating a remanufactured one. 

          

Cost difference new 
product vs. Used 
product 

Cost of manufacturing a new product vs. 
Remanufacture as used one.  

          

Product/component 
value 

Where the product is on the specter from 
premium to low-cost product 

          

Product 
structure 

Design for disassembly Design for disassembly and separation.           

Standard components Interchangeable components.           

Transferability  Extent to which a product meets the 
necessary compatibility requirements for 
successful transfer to a different location or 
system. 

          



 3 

Technical complexity Degree of intricacy and sophistication of its 

technical aspects, including component count, 

interdependencies, and specialized 

knowledge needed for assembly or 

maintenance. 

          

Product 
performance 

Quality Degree to which the product meets 
requirements and standards. 

          

Fuel efficiency  New product vs. Used product.           

Operational efficiency Compatibility with performance range of 
product. 

          



 4 

Section 2: Mitigating Uncertainties through Digital Technologies  
 
During our case interviews, we have identified a diverse set of uncertainties that pose significant challenges to the remanufacturing 
process. This section is meant to offer recommendations on leveraging the digital technologies, listed below, to effectively address 
and mitigate these uncertainties.  
 
If you find any technologies in the provided list that can address the uncertainties listed in Table 2, kindly provide the corresponding 
technology number from the "Tech.group" column in Table 3.  
  
Table 2: Uncertainties found when integrating remanufacturing into the supply chain  
 

Uncertainty 
source  

Uncertainty  Description  Examples  Tech. group  

Source X  Uncertainty X  Description X    E.g. 1, 2,3   

Supply  Raw material 
availability  

Uncertainty regarding the availability 
of raw materials required for the 
remanufacturing process.  

This could be influenced by factors such as 
changes in demand, supplier reliability, or 
disruptions in the supply chain.  

   
                      

   

   Supply lead time 
(schedule 
adherence)  

Uncertainty related to the ability to 
adhere to the planned schedule for 
the supply of remanufactured 
products.   

Delays or unpredictability in the supply lead 
time can impact production planning and 
customer satisfaction.   

   
                        

   

   Used product 
availability  

Uncertainty concerning the availability 
of an adequate quantity of used 
products that can be remanufactured.  

This could be influenced by factors such as 
product usage patterns, return rates, or the 
effectiveness of the collection process.  

   
                       

   

   Quality of used 
product  

Uncertainty regarding the condition 
and quality of the used products 
returned for remanufacturing.   

Variations in the quality of returned products 
can affect the efficiency and effectiveness of the 
remanufacturing process.  

   
                        

   

   Collection procedure  Uncertainty related to the 
effectiveness of the collection 
procedure for used products.   

Issues such as low participation rates, logistical 
challenges, or improper handling can impact the 
quantity and quality of the products collected 
for remanufacturing.  
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   Transportation lead 
time  

Uncertainty associated with the time 
required to transport used products 
from their point of collection to the 
remanufacturing facility.   

Delays or disruptions in transportation can 
affect the overall efficiency of the 
remanufacturing process.  

   
                       

 Process  
  

Variation in quality 
level of used product  

Uncertainty regarding the consistency 
and quality levels of the used 
products received for 
remanufacturing.   

Wide variations in the quality of returned 
products can lead to additional complexities in 
the remanufacturing process and impact the 
overall quality of the remanufactured 
products.  

   
                       

   

  
  

Yield and quality  Uncertainty regarding the level of 
yield and quality achieved during the 
remanufacturing process.   

This uncertainty could arise due to variations in 
the condition of returned products, difficulty in 
assessing the extent of refurbishment required, 
and the effectiveness of remanufacturing 
processes in restoring products to desired 
quality levels.  

   
                        

   

   Processing times  Uncertainty regarding the time 
required to complete the 
remanufacturing process for each 
product.   

Factors such as the complexity of the 
remanufacturing process, variations in product 
condition, availability of necessary components, 
and the expertise of the remanufacturing 
workforce can contribute to variations in 
processing times.  

   
                        

   

   Machine availability  Uncertainty related to the availability 
and reliability of remanufacturing 
machines and equipment.   

This uncertainty could stem from factors such 
as machine breakdowns, maintenance 
requirements, and potential bottlenecks in the 
remanufacturing process.  

   
                        

   

   Labor resources  Uncertainty regarding the availability 
and skill level of the labor force 
involved in remanufacturing 
operations.   

The availability of skilled workers trained in 
remanufacturing processes and their capacity 
to handle variations in product conditions can 
influence the overall efficiency and 
effectiveness of the remanufacturing process.  

   
                        

   

   Change in 
production   

Uncertainty associated with managing 
changes in the production processes 
and systems when integrating 

The introduction of remanufacturing may 
require adjustments in production lines, 
inventory management systems, and quality 
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remanufacturing into the existing 
supply chain.  

control processes, leading to potential 
disruptions and uncertainties.  

   Lack of technology 
available  

Uncertainty resulting from a lack of 
suitable technology and tools to 
support remanufacturing operations.   

The absence of specialized equipment for 
remanufacturing processes may 
obstruct efficiency and quality outcomes.  

   
                       

   

   Lack of competence 
on remanufacturing  

Uncertainty stemming from a lack of 
expertise and knowledge about 
remanufacturing practices within the 
supply chain.   

This can include limited understanding of 
remanufacturing concepts, best practices, and 
the necessary skills and training needed to 
successfully carry out remanufacturing 
operations.  

   
                       

   

Demand   Quantity  Uncertainty about the quantity of 
remanufactured products that 
customers will demand.  

It is challenging to predict the exact number of 
remanufactured products that will be required 
to meet customer needs and preferences.  

   
                        

   

   Product 
specification  

Uncertainty related to the specific 
features and characteristics 
customers desire in remanufactured 
products.   

Customers may have varying expectations and 
preferences for remanufactured products, 
making it difficult to determine the exact 
product specifications that will satisfy their 
needs.  

   
                        

   

   Change in customer 
preference  

Uncertainty regarding potential shifts 
in customer preferences over time.  

Customers' preferences for remanufactured 
products may change due to various factors, 
such as emerging trends, advancements in 
technology, or evolving societal attitudes 
towards sustainability.  

   
                       

   

   Market competition  Uncertainty associated with the 
competitive landscape and the 
actions of rival companies.  

The level of competition in the market for 
remanufactured products can influence 
customer demand and affect the integration of 
remanufacturing into the supply chain.  

   
                       

   

   Customer quality 
requirements  

Uncertainty about the level of quality 
expected by customers for 
remanufactured products.  

Customers may have different quality 
expectations, and meeting those requirements 
consistently can pose challenges in 
remanufacturing operations.  

   
                        

   

   Customer perception 
(used products vs. 
new products)  

Uncertainty regarding how customers 
perceive, and value remanufactured 
products compared to new products.   

Customer perceptions of remanufactured 
products, including trust, perceived value, and 
stigma associated with "used" items, can 
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influence their demand and acceptance in the 
market.  

Control  Raw material stock 
control  

Uncertainty regarding the availability, 
quality, and timely procurement of 
raw materials required for 
remanufacturing processes.  

This includes uncertainties related to sourcing, 
lead times, and supplier reliability.  

   
                       

   

   Accuracy of 
assessment of used 
product  

Uncertainty in accurately assessing 
the condition and quality of used 
products returned for 
remanufacturing.   

This includes uncertainties related to product 
inspection, testing, and grading processes.  

   
                       

   

   Economic feasibility 
of remanufacturing  

Uncertainty regarding the financial 
viability and profitability of 
remanufacturing operations.  

This includes uncertainties related to cost 
estimation, pricing, market demand, and 
competition.  

   
                        

   

   Forecasting method 
of returned products  

Uncertainty in accurately predicting 
the quantity and timing of returned 
products for remanufacturing.  

This includes uncertainties related to customer 
behavior, market trends, product lifespan, and 
end-of-life product management.  

   
                     

   

   Lack of control of 
original suppliers  

Uncertainty regarding the availability, 
reliability, and responsiveness of 
original suppliers of components or 
parts used in the remanufacturing 
process.   

This includes uncertainties related to supplier 
relationships, lead times, and potential 
disruptions in the supply chain.  

   
                       

   

   Price policies of used 
products  

Uncertainty regarding the pricing 
strategies and policies for used 
products that are being 
remanufactured.  

This includes uncertainties related to market 
demand, consumer perception, and 
competitive pricing.  

   
                        

   

   Remanufacture 
planning with 
supplier network  

Uncertainty in effectively planning 
and coordinating remanufacturing 
activities with the supplier network.   

This includes uncertainties related to capacity 
planning, production scheduling, logistics 
coordination, and communication with 
suppliers.  
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Table 3: Digital technology to mitigate the uncertainties found in a supply chain with remanufacturing practices   
 
No.   Tech. group   Description   

1  Autonomous robots 
and industrial robots  

Automatic Guided Vehicles (AGVs), Autonomous Mobile Robots 
(AMRs), and Collaborative robots (COBOTS) for material handling and 
performing logistics operations.   

2  Additive 
manufacturing   

3-D printing of objects layer by layer, based on 3-D models or CAD files 
of the objects.   

3  Cyber-physical 
systems   

Enables automation, monitoring, digital twin and control of processes 
and objects in real-time.   

4  Data analytics   Transforming data into knowledge and actions within a manufacturing 
system. Big data for analysis of large sets of real-time data, artificial 
intelligence, machine learning and advanced simulations are all part of 
this group.   

5  Integration of IT 
systems   

Horizontal and vertical integration of IT systems for production 
management (PLM, ERP, MES).   

6  Internet of Things   Objects equipped with sensors and actuators enable storing and 
exchange of information through network technology.   

7  Visual technology   The visual representation of an object, in the form of augmented 
reality (AR) through superimposing a computer-generated 3D image in 
the real world, creating a virtual reality (VR) or projecting 3D images as 
holograms. (CAD, AR, VR)   

8  Simulations and 
modelling  

Technology that mirrors the physical world data such as machines and 
products. E.g. Digital twin.  

9  Cloud Technology  Cloud manufacturing is a technology that utilizes the internet to 
establish a virtual and worldwide platform for manufacturing resources 
and abilities. Cloud-based solutions for sharing and exchange of data 
between systems, sites, and companies.   

10  Blockchain  Provide a transparent and tamper-proof record of the entire supply 
chain, from raw material sourcing to product delivery. Enables 
increased trust, efficiency, and traceability, reducing fraud, ensuring 
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quality control, and facilitating seamless collaboration between 
different stakeholders.  

   
   

Section 3: Additional information  
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D Factors ranked by Company A

Table 20: Factors ranked by Company A

Categories No. Factors Description
Range

(1-5)

Product

condition

1 Level of damage
Extent of rust, corrosion, or other forms of

deterioration.
4

2 Level of fatigue
Extent of material fatigue due to wear from

operation.
4

Location of

product

3
Geographical location of

product
Distance from product to factory. 5

4
Product placement on

vessel

The degree of accessibility for dismantling a

product from the vessel is determined by the

physical location of the product.

2

Technical

specification

5 Material composition
Specific types and proportions of materials or

substances used in product.
2

6 Material value Value of material. 2

7 Product documentation
Overview of product history (Maintenance

reports, overview of routes).
1

8 Type of product Mechanical, hydraulic, electric or software. 5

9 Technical lifetime

Duration that the product is deemed to be

technically reliable and capable of

fulfilling its intended purpose.

5

10 Innovation rate Technology change rate in the market. 5

External

factors

11
Established remanufacture

process

Established systematic method for handling

reverse flow and remanufacturing practices.
2

12 Regulations
Regulations that govern maritime operations

(classification society, EU..).
2

Product

cost

13
Cost of operations new

product vs. used

The cost of operating a new product vs.

Operating a remanufactured one.
5

14
Cost difference new

product vs. used product

Cost of manufacturing a new product vs.

Remanufacture as used one.
2

15 Product/component value Premium product or low-cost product. 1

Product

structure

16 Design for disassembly Design for disassembly and separation. 1

17 Standard components Interchangeable components. 2

18 Transferability

Extent to which a product meets the necessary

compatibility requirements for successful

transfer to a different location or system.

2

19 Technical complexity

Degree of intricacy and sophistication of its

technical aspects, including component count,

interdependencies, and specialized knowledge

needed for assembly or maintenance.

2

Product

performance

20 Quality
Degree to which the product meets

requirements and standards.
5

21 Fuel efficiency New product vs. Used product. 5

22 Operational efficiency
Compatibility with a performance range of

product.
4

136



E Factors ranked by Company B

Table 21: Factors ranked by Company B

Categories No. Factors Description
Range

(1-5)

Product

condition

1 Level of damage
Extent of rust, corrosion, or other forms of

deterioration.
5

2 Level of fatigue
Extent of material fatigue due to wear from

operation.
5

Location of

product

3
Geographical location of

product
Distance from product to factory. 1

4
Product placement on

vessel

The degree of accessibility for dismantling a

product from the vessel is determined by the

physical location of the product.

4

Technical

specification

5 Material composition
Specific types and proportions of materials or

substances used in product.
3

6 Material value Value of material. 4

7 Product documentation
Overview of product history (Maintenance

reports, overview of routes).
2

8 Type of product Mechanical, hydraulic, electric or software. 5

9 Technical lifetime

Duration that the product is deemed to be

technically reliable and capable of

fulfilling its intended purpose.

3

10 Innovation rate Technology change rate in the market. 3

External

factors

11
Established remanufacture

process

Established systematic method for handling

reverse flow and remanufacturing practices.
2

12 Regulations
Regulations that govern maritime operations

(classification society, EU..).
4

Product

cost

13
Cost of operations new

product vs. used

The cost of operating a new product vs.

Operating a remanufactured one.
5

14
Cost difference new

product vs. used product

Cost of manufacturing a new product vs.

Remanufacture as used one.
5

15 Product/component value Premium product or low-cost product. 2

Product

structure

16 Design for disassembly Design for disassembly and separation. 3

17 Standard components Interchangeable components. 4

18 Transferability

Extent to which a product meets the necessary

compatibility requirements for successful

transfer to a different location or system.

4

19 Technical complexity

Degree of intricacy and sophistication of its

technical aspects, including component count,

interdependencies, and specialized knowledge

needed for assembly or maintenance.

3

Product

performance

20 Quality
Degree to which the product meets

requirements and standards.
4

21 Fuel efficiency New product vs. Used product. 3

22 Operational efficiency
Compatibility with a performance range of

product.
3
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F Factors ranked by Company C

Table 22: Factors ranked by Company C

Categories No. Factors Description
Range

(1-5)

Product

condition

1 Level of damage
Extent of rust, corrosion, or other forms of

deterioration.
4

2 Level of fatigue
Extent of material fatigue due to wear from

operation.
5

Location of

product

3
Geographical location of

product
Distance from product to factory. 1

4
Product placement on

vessel

The degree of accessibility for dismantling a

product from the vessel is determined by the

physical location of the product.

2

Technical

specification

5 Material composition
Specific types and proportions of materials or

substances used in product.
2

6 Material value Value of material. 5

7 Product documentation
Overview of product history (Maintenance

reports, overview of routes).
4

8 Type of product Mechanical, hydraulic, electric or software. 5

9 Technical lifetime

Duration that the product is deemed to be

technically reliable and capable of

fulfilling its intended purpose.

3

10 Innovation rate Technology change rate in the market. 3

External

factors

11
Established remanufacture

process

Established systematic method for handling

reverse flow and remanufacturing practices.
3

12 Regulations
Regulations that govern maritime operations

(classification society, EU..).
5

Product

cost

13
Cost of operations new

product vs. used

The cost of operating a new product vs.

Operating a remanufactured one.
5

14
Cost difference new

product vs. used product

Cost of manufacturing a new product vs.

Remanufacture as used one.
5

15 Product/component value Premium product or low-cost product. 3

Product

structure

16 Design for disassembly Design for disassembly and separation. 2

17 Standard components Interchangeable components. 3

18 Transferability

Extent to which a product meets the necessary

compatibility requirements for successful

transfer to a different location or system.

4

19 Technical complexity

Degree of intricacy and sophistication of its

technical aspects, including component count,

interdependencies, and specialized knowledge

needed for assembly or maintenance.

4

Product

performance

20 Quality
Degree to which the product meets

requirements and standards.
3

21 Fuel efficiency New product vs. Used product. 4

22 Operational efficiency
Compatibility with a performance range of

product.
4
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G Factors ranked by Company D

Table 23: Factors ranked by Company D

Categories No. Factors Description
Range

(1-5)

Product

condition

1 Level of damage
Extent of rust, corrosion, or other forms of

deterioration.
2

2 Level of fatigue
Extent of material fatigue due to wear from

operation.
4

Location of

product

3
Geographical location of

product
Distance from product to factory. 4

4
Product placement on

vessel

The degree of accessibility for dismantling a

product from the vessel is determined by the

physical location of the product.

3

Technical

specification

5 Material composition
Specific types and proportions of materials or

substances used in product.
4

6 Material value Value of material. 3

7 Product documentation
Overview of product history (Maintenance

reports, overview of routes).
4

8 Type of product Mechanical, hydraulic, electric or software. 2

9 Technical lifetime

Duration that the product is deemed to be

technically reliable and capable of

fulfilling its intended purpose.

3

10 Innovation rate Technology change rate in the market. 3

External

factors

11
Established remanufacture

process

Established systematic method for handling

reverse flow and remanufacturing practices.
3

12 Regulations
Regulations that govern maritime operations

(classification society, EU..).
4

Product

cost

13
Cost of operations new

product vs. used

The cost of operating a new product vs.

Operating a remanufactured one.
5

14
Cost difference new

product vs. used product

Cost of manufacturing a new product vs.

Remanufacture as used one.
5

15 Product/component value Premium product or low-cost product. 5

Product

structure

16 Design for disassembly Design for disassembly and separation. 4

17 Standard components Interchangeable components. 4

18 Transferability

Extent to which a product meets the necessary

compatibility requirements for successful

transfer to a different location or system.

3

19 Technical complexity

Degree of intricacy and sophistication of its

technical aspects, including component count,

interdependencies, and specialized knowledge

needed for assembly or maintenance.

4

Product

performance

20 Quality
Degree to which the product meets

requirements and standards.
5

21 Fuel efficiency New product vs. Used product. 4

22 Operational efficiency
Compatibility with a performance range of

product.
4
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H Company E

Table 24: Factors ranked by Company E

Categories No. Factors Description
Range

(1-5)

Product

condition

1 Level of damage
Extent of rust, corrosion, or other forms of

deterioration.
5

2 Level of fatigue
Extent of material fatigue due to wear from

operation.
5

Location of

product

3
Geographical location of

product
Distance from product to factory. 3

4
Product placement on

vessel

The degree of accessibility for dismantling a

product from the vessel is determined by the

physical location of the product.

3

Technical

specification

5 Material composition
Specific types and proportions of materials or

substances used in product.
3

6 Material value Value of material. 2

7 Product documentation
Overview of product history (Maintenance

reports, overview of routes).
4

8 Type of product Mechanical, hydraulic, electric or software. 4

9 Technical lifetime

Duration that the product is deemed to be

technically reliable and capable of

fulfilling its intended purpose.

3

10 Innovation rate Technology change rate in the market. 3

External

factors

4 11
Established remanufacture

process

Established systematic method for handling

reverse flow and remanufacturing practices.
3

12 Regulations
Regulations that govern maritime operations

(classification society, EU..).
4

Product

cost

13
Cost of operations new

product vs. used

The cost of operating a new product vs.

Operating a remanufactured one.
3

14
Cost difference new

product vs. used product
3
Cost of manufacturing a new product vs.

Remanufacture as used one.
3

15 Product/component value Premium product or low-cost product. 3

Product

structure

16 Design for disassembly Design for disassembly and separation. 3

17 Standard components Interchangeable components. 3

18 Transferability

Extent to which a product meets the necessary

compatibility requirements for successful

transfer to a different location or system.

3

19 Technical complexity

Degree of intricacy and sophistication of its

technical aspects, including component count,

interdependencies, and specialized knowledge

needed for assembly or maintenance.

3

Product

performance

20 Quality
Degree to which the product meets

requirements and standards.
3

21 Fuel efficiency New product vs. Used product. 4

22 Operational efficiency
Compatibility with a performance range of

product.
4
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I Company F

Table 25: Factors ranked by Company F

Categories No. Factors Description
Range

(1-5)

Product

condition

1 Level of damage
Extent of rust, corrosion, or other forms of

deterioration.
4

2 Level of fatigue
Extent of material fatigue due to wear from

operation.
5

Location of

product

3
Geographical location of

product
Distance from product to factory. 3

4
Product placement on

vessel

The degree of accessibility for dismantling a

product from the vessel is determined by the

physical location of the product.

3

Technical

specification

5 Material composition
Specific types and proportions of materials or

substances used in product.
3

6 Material value Value of material. 3

7 Product documentation
Overview of product history (Maintenance

reports, overview of routes).
4

8 Type of product Mechanical, hydraulic, electric or software. 1

9 Technical lifetime

Duration that the product is deemed to be

technically reliable and capable of

fulfilling its intended purpose.

4

10 Innovation rate Technology change rate in the market. 2

External

factors

11
Established remanufacture

process

Established systematic method for handling

reverse flow and remanufacturing practices.
2

12 Regulations
Regulations that govern maritime operations

(classification society, EU..).
5

Product

cost

13
Cost of operations new

product vs. used

The cost of operating a new product vs.

Operating a remanufactured one.
3

14
Cost difference new

product vs. used product

Cost of manufacturing a new product vs.

Remanufacture as used one.
3

15 Product/component value Premium product or low-cost product. 3

Product

structure

16 Design for disassembly Design for disassembly and separation. 3

17 Standard components Interchangeable components. 4

18 Transferability

Extent to which a product meets the necessary

compatibility requirements for successful

transfer to a different location or system.

4

19 Technical complexity

Degree of intricacy and sophistication of its

technical aspects, including component count,

interdependencies, and specialized knowledge

needed for assembly or maintenance.

3

Product

performance

20 Quality
Degree to which the product meets

requirements and standards.
4

21 Fuel efficiency New product vs. Used product. 2

22 Operational efficiency
Compatibility with a performance range of

product.
3
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