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Abstract 

The maritime industry, responsible for over 80% of global trade, lags behind other 

transportation sectors in adopting circular economy (CE) principles, which are 

essential for enhancing sustainability and reducing environmental impact. This thesis 

addresses this gap by developing a comprehensive circularity framework tailored 

specifically to the maritime industry, focusing on four key areas. 

First, it identifies the barriers to implementing CE practices in the maritime sector 

through an extensive literature review and stakeholder engagement. By consolidating 

insights from surveys, interviews, and workshops, the study uncovers challenges such 

as regulatory gaps, limited digital infrastructure, and a lack of awareness among 

stakeholders. Moreover, it highlights the potential benefits of circular applications 

such as remanufacturing, reuse, and recycling, drawing comparisons to more advanced 

CE practices in the aviation and automotive industries. These insights underscore the 

urgency for the maritime industry to embrace circularity to minimise waste and unlock 

new revenue streams. 

Second, the thesis presents strategy and technology solutions suited to the unique 

operational environment of the maritime industry. The solutions were developed based 

on identified barriers and validated through case studies and best practices from major 

OEMs. A case study on high-speed marine engine remanufacturing is provided to 

demonstrate the practical benefits of circular practices. The study shows that 

remanufactured engines can deliver equivalent performance to new engines at nearly 

50% of the cost, offering significant financial savings while promoting sustainability. 

This real-world example illustrates the potential for circular practices to reduce costs 

and environmental impacts across the maritime sector. 

Third, the research introduces a first-of-its-kind digital database designed to bridge the 

valuable equipment tracking and supply chain management gap. The developed 

database supports a maritime-specific asset tracking system, facilitating fast and 

transparent information flow between the stakeholders and providing foundations for 

asset tracking infrastructure and a robust reverse supply chain. Through its practical 
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application in a case study, the research demonstrated that this system could increase 

the recovery value of end-of-life vessels by over 80%. The database also facilitates a 

maritime asset tracking (MAT) system, enabling enhanced transparency and 

coordination in CE practices. This offers a critical tool for addressing the inefficiencies 

of reverse supply chains and supporting the industry's transition toward circularity and 

sustainability. 

Finally, the thesis develops 59 tailored circularity metrics specifically designed for the 

maritime industry. These metrics, refined from hundreds of existing metrics from the 

literature, provide a comprehensive framework for maritime stakeholders to assess, 

monitor, and improve their circularity performance. Validated through stakeholder 

workshops and tested in three shipyards, the metrics offer practical guidance on 

enhancing circularity efforts. The research findings provide a roadmap for integrating 

CE principles into the maritime sector, enabling stakeholders to track progress, share 

best practices, and drive the transition towards a more sustainable and resource-

efficient industry. 

This thesis, therefore, represents the first comprehensive maritime circularity 

framework. By addressing gaps in knowledge, proposing tailored solutions, and 

validating findings through empirical evidence, it offers actionable strategies to help 

the industry meet its sustainability goals and thrive in a circular economy. 
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1 Introduction  

"A journey of a thousand miles begins with a single step." 

 

-Lao Tzu 

1.1 Chapter Overview 

This chapter is a summary of the research conducted in this thesis and provides a 

background on the circular economy concept and maritime transport. It also comprises 

the aim and objectives of this PhD study, along with a brief summary of its structure. 

1.2 General Perspectives on Circular Economy 

The circular economy (CE) represents a transformative shift from the traditional linear 

economic model, which has long dominated industrial practices. The linear economy 

operates on a straightforward, yet unsustainable, paradigm: resources are extracted, 

used to produce goods, and discarded as waste at the end of their useful lives. This 

approach has led to significant environmental degradation, resource depletion, and 

increased greenhouse gas emissions, prompting calls for a more sustainable model 

(MacArthur, 2013; Mitchell & James, 2015; Preston, 2012). The circular economy 

addresses these challenges by proposing a systemic approach where the value of 

products, materials, and resources is maintained in the economy for as long as possible, 

minimising waste and reducing the need for new resource extraction (Geissdoerfer et 

al., 2020). 

The core of the CE model lies in its emphasis on closing the loop of product lifecycles 

through greater resource efficiency, reuse, repair, remanufacturing, and recycling. This 

approach conserves resources and fosters innovation, as industries are encouraged to 

redesign products and processes to achieve circularity (Sassanelli et al., 2019; Stahel, 

2010). CE principles have already led to significant advancements in sectors such as 

automotive and aeronautics, contributing to more sustainable industrial practices 

(Gunbeyaz, 2019; McKenna et al., 2012). However, the maritime industry presents a 
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complex and somewhat fragmented picture regarding CE adoption, despite its critical 

role in the global economy. 

Raw material scarcity is an escalating concern that will  increasingly affect various 

industries in the near future, including shipbuilding and the broader maritime sector. 

The depletion of critical resources such as iron, steel, and copper poses substantial 

challenges to the sustainability and productivity of these industries. Steel, for instance, 

is not only fundamental for the construction of ships due to its superior strength and 

durability but is also a material that meets stringent quality standards essential for 

ensuring the safety and longevity of vessels (Pournara & Sakkas, 2021; Yan et al., 

2013). Similarly, copper, a key component in maritime applications, is vital for 

numerous ship systems, including electrical wiring and anti-corrosion measures, which 

are crucial for maintaining the operational integrity of ships over time (Schmidt, 2019). 

However, the growing scarcity of these materials, driven by factors such as over-

extraction, geopolitical tensions, and supply chain disruptions, presents significant 

risks to the maritime industry's ability to meet the increasing demand for new vessels 

and to maintain the existing fleet effectively. 

The implications of raw material scarcity go beyond mere supply chain disruptions; 

they underscore the inherent vulnerabilities of industries that rely heavily on finite 

resources. The maritime sector, in particular, is highly dependent on a stable supply of 

raw materials for ship construction and for the production of advanced onboard 

equipment. Most of the raw materials needed for manufacturing high-tech maritime 

equipment in developed countries are imported. This dependency introduces 

additional risks, as political instability, trade disputes, and economic sanctions can 

aggravate the scarcity and drive-up market prices, making it more challenging to 

sustain production levels. Recent global crises, such as the 2020ï2023 semiconductor 

shortage, which severely impacted the production of high-tech components across 

industries (Mohammad et al., 2022), and the 2022 European energy crisis, which 

disrupted energy supplies and led to significant economic ramifications (Emiliozzi et 

al., 2024), serve as stark reminders of the potential consequences of resource scarcity 

and the importance of developing more resilient and diversified supply chains. 



 

23 

 

The growing concern over the finite nature of Earth's resources has also spurred a 

broader recognition of the need for sustainable resource management. The concept of 

resource scarcity is now seen as a critical factor in assessing the long-term 

sustainability of industrial activities and their impact on the environment. As the global 

population rises, the pressure on natural resources intensifies, necessitating more 

efficient and responsible resource utilisation strategies (Desing et al., 2020; Gupta et 

al., 2023). The escalating competition for these limited resources, particularly in a 

globally interconnected economy, underscores the necessity of transitioning from a 

linear economy to a circular economy. This transition is essential for reducing the 

environmental impact of industrial activities while ensuring that valuable materials are 

retained within the economy for as long as possible (Guo & Guo, 2024; Hrytsiuk et 

al., 2023). 

1.3 General Perspectives on the Maritime Industry  

Maritime transport is the backbone of international trade, responsible for over 80% of 

global trade volume (UNCTAD, 2022b). The industry's importance cannot be 

overstated, as it enables the seamless movement of raw materials, finished goods, and 

other products across the globe, underpinning global supply chains. However, this 

critical sector also faces significant environmental and social challenges. Maritime 

activities contribute considerably to greenhouse gas (GHG) emissions, accounting for 

approximately 3% of global CO2 emissions (Lindstad et al., 2023),  as well as 10-15% 

of anthropogenic sulphur (SOx) and nitrogen oxide (NOx) emissions (Bjerkan & Seter, 

2019). Even though most of the emissions are generated during the ship operation 

stage, equipment manufacturing and shipbuilding stages also contribute to that.  

Furthermore, even though lower carbon intensity is projected for the future, the 

industryôs emissions are expected to intensify unless sufficient measures are taken and 

current practices are improved (Smith et al., 2021). In addition, the industry is a 

significant source of air and water pollution, contributing to the degradation of marine 

ecosystems and the health of coastal communities (Gössling et al., 2021; Li et al., 

2022). Safety concerns, particularly in shipbreaking yards in developing countries, add 

another layer of complexity to the industry's sustainability challenges. 
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The environmental impact of the maritime industry is projected to intensify if current 

practices persist. With trade volumes expected to triple by 2050, the sector faces the 

dual challenge of accommodating increased demand while reducing its environmental 

footprint (OECD, 2023). The maritime industry recently updated its decarbonisation 

goals, which call for at least a 70% GHG emission reduction by 2040 and net-zero 

emissions by or around 2050 (IMO, 2023). This highlights the pressing requirement 

for innovative solutions to harmonise the industry's economic significance with its 

environmental and social obligations. The circular economy offers a solution, 

providing a framework for the maritime industry to transition towards more 

sustainable practices. 

In this context, the maritime industry's focus on decarbonising vessel operations, while 

crucial, must be complemented by a parallel emphasis on maximising raw material 

retention through circular economy principles. The adoption of circular economy 

practices represents a profound shift towards a sustainable and resilient industrial 

model that directly confronts the challenges of resource scarcity. By embracing 

circularity, the maritime industry can enhance its sustainability, reduce its reliance on 

finite resources, and mitigate the risks associated with resource depletion. This dual 

approachðintegrating circular economy principles with decarbonisation effortsðwill 

be critical for the long-term viability of the maritime sector and its ability to navigate 

the complex challenges posed by an increasingly resource-constrained world. 

Despite the potential of CE to address these challenges, its adoption within the 

maritime sector has been slow and limited. The industry has mainly concentrated on 

the recycling phase of the circular economy, specifically on recycling steel from 

decommissioned ships (Fariya et al., 2019; Gunbeyaz et al., 2020). While ship 

recycling is widespread and does contribute to material recovery, it represents only the 

most basic level of circular economy practice. This narrow focus on recycling 

overlooks the broader opportunities presented by other CE principles, such as reuse, 

remanufacturing, and repurposing of high-value onboard components like diesel 

engines, electronics, and navigation systems (Okumus et al., 2022). If properly 

utilised, these components could extend their lifecycle far beyond current industry 
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practices, thereby reducing the need for new production and the associated 

environmental impacts. 

The implementation of CE principles in the maritime industry is challenging. The 

industry is characterised by a diverse range of stakeholders, including ship designers, 

builders, operators, and recyclers, each with different priorities and levels of awareness 

regarding circular economy concepts (Milios et al., 2019). This fragmentation has 

resulted in a lack of coordinated efforts to integrate CE practices throughout the ship 

lifecycle, from design and construction to operation and decommissioning. For 

example, while OEMs (original equipment manufacturers) are beginning to recognise 

the value of CE principles, many other stakeholders still equate the circular economy 

primarily with recycling, missing out on the higher-value opportunities that other CE 

strategies can offer (Okumus et al., 2023c). 

Moreover, the ship recycling process poses significant barriers to the effective 

implementation of CE principles. The current practices in ship recycling yards, 

particularly in regions with less strict environmental and safety regulations, often 

reduce in the quality of materials and components recovered from ships. This 

degradation limits the potential for these materials to be reused or remanufactured, 

thereby diminishing the overall effectiveness of the circular economy in the maritime 

industry (Gilbert et al., 2017; Wahab et al., 2018). There is a pressing need to improve 

the processes and technologies used in ship recycling to better align with CE 

principles, ensuring that valuable materials and components are preserved and can be 

reintegrated into the economy. 

The concept of circularity is central to the circular economy, emphasising the 

importance of designing products and processes that enable materials to be kept in use 

for as long as possible within a closed-loop system (Sassanelli et al., 2019). This 

approach requires fundamentally rethinking how products are designed, used, and 

disposed of. Within the maritime sector, this process could entail designing ships with 

modular components that facilitate easier replacement, repair, and remanufacture, 

ultimately prolonging their utility and decreasing the demand for new resources 

(Blomsma & Tennant, 2020). Additionally, adopting digital technologies such as the 

Internet of Things (IoT) and blockchain could enhance traceability and transparency 
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in the supply chain, enabling more efficient circular economy practices (Wilts & Berg, 

2018). 

To successfully implement CE principles, industries must also develop advanced 

closed-loop supply chains, or reverse logistics systems, that can effectively manage 

the flow of materials and components through their extended lifecycles (Lopes 

de Sousa Jabbour et al., 2018). One of the significant challenges in establishing such 

systems in the maritime industry is the lack of information and coordination among 

stakeholders across the ship's lifecycle. This information gap often leads to 

inefficiencies in the reverse logistics process, reducing the potential benefits of CE 

practices. However, modern digital infrastructures, including information systems and 

technological solutions, have the potential to overcome these challenges by providing 

better visibility and control over the entire lifecycle of maritime assets. 

Furthermore, the current circularity performance of the maritime stakeholders is 

unknown. Monitoring the progress and effectiveness of circular economy adoption in 

the maritime industry is crucial to ensure that the transition towards circularity is both 

successful and sustainable. This requires the development of industry-specific key 

performance indicators (KPIs) that can measure the impact of CE initiatives on various 

aspects of the industry, including environmental performance, economic viability, and 

social responsibility (Saidani et al., 2019). These indicators would provide valuable 

insights for practitioners, policymakers, and decision-makers, helping them to guide 

the industry towards a more circular and sustainable future. 

The potential benefits of transitioning to a circular economy in the maritime industry 

are significant. By adopting advanced CE principles, the industry can not only reduce 

its environmental impact but also enhance its economic competitiveness. For example, 

research confirmed that remanufacturing substantially reduces in manufacturing 

energy consumption and emissions, along with considerable cost savings for various 

engine parts and components (Afrinaldi et al., 2017). The remanufacturing of maritime 

engines has been shown to significantly reduce material consumption and costs, 

offering a compelling economic incentive for the industry to embrace circularity 

(Koehler, 2021; Okumus et al., 2023c). Moreover, applying advanced CE principles 

can contribute to the maritime industryôs progress towards its ambitious 
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decarbonisation targets, thereby contributing to global efforts to combat climate 

change. 

In conclusion, the maritime industry's transition to a circular economy is both a 

necessary and strategic move that promises to deliver significant environmental, 

economic, and social benefits. While the industry currently lags behind other sectors 

in adopting CE practices, the potential for improvement is considerable. By rethinking 

the design, construction, operation, and decommissioning of ships through the CE lens, 

the maritime sector can achieve greater resource efficiency, reduce its environmental 

footprint, and create new economic opportunities. Successfully implementing of CE 

principles will require coordinated efforts from all stakeholders, supported by 

advanced technologies, robust supply chain management, and comprehensive 

monitoring tools. Ultimately, the transition to a circular economy will be critical for 

ensuring the long-term sustainability and resilience of the maritime industry in an 

increasingly resource-constrained and environmentally conscious world. Therefore, 

this PhD research intends to accelerate the maritime industry's transition to circular 

economy principles by promoting material retention and improving the value 

extraction from assets at the end of their lifecycle. 

1.4 Aim & Objectives 

This PhD research aims to facilitate the maritime industry's shift towards circular 

economy principles, promoting material retention and enhancing the value extraction 

from assets at the end of their lifecycle. This aim will be achieved by fulfilling the 

following specific objectives: 

¶ To conduct a literature review on CE within the maritime industry and analyse 

circular practices across various transportation sectors for comparative 

insights. 

¶ To assess current circular practices, gain insights into the overall situation in 

the maritime industry, and identify barriers for maritime circularity. 

¶ To map high-value and high-potential onboard equipment, identifying 

opportunities for implementing CE practices to enhance their lifecycle value. 
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¶ To identify technology and strategy solutions that could enhance maritime 

industryôs circularity, while examining current practices amongst well-known 

manufacturers. 

¶ To conduct a marine engine remanufacturing case study to demonstrate 

firsthand advantages of advanced circular practices, followed by a comparative 

cost-benefit analysis with a new engine. 

¶ To investigate the relationship between CE and digitalisation, with a focus on 

asset tracking systems like material passports to propose solutions for 

integrating digital advancements into the conventional merchant fleet lacking 

smart features. 

¶ To create a robust database design to fill the existing gap for the merchant fleet, 

showcasing the advantages of a passport system through a case study. 

¶ To review existing CE indicators for other industries and develop tailored 

maritime circularity metrics to measure, monitor, and benchmark CE 

performances of key maritime stakeholder groups. 

¶ Overall, to establish a framework for implementing circular economy 

principles in the maritime industry, promoting sustainable practices and 

resource efficiency while enhancing economic growth and competitiveness. 

1.5 Structure of this Thesis 

This section provides a concise overview of the structure and layout of this thesis. In 

the thesis, Chapter 1 is a general introduction to the research topic, where general 

perspectives regarding the CE and maritime industry are briefly explained and 

important elements such as current ship recycling activities, maritime decarbonisation 

goals, raw material scarcity, and closed-loop supply chains are mentioned. In Chapter 

2, detailed information on the evolution of CE and its principles is given. A 

comprehensive literature review focusing on CE in the maritime industry has been 

carried out. Subsequently, the maritime industry has been compared with other 

transportation industries in terms of the adoption of advanced circular practices. 
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Chapter 2 lastly presented the research gaps identified by the literature review and the 

overarching research question. Overall methodology, and the positioning of this PhD 

study are given in Chapter 3. In Chapter 4, barriers and opportunities of the CE in the 

maritime domain were investigated in detail. A comprehensive stakeholder 

questionnaire was conducted to find out the current perceptions and practices of 

stakeholders in the maritime industry towards circular economy principles. Major 

barriers identified are presented, potential opportunities of a circular transition are 

articulated, and a maritime circularity framework is introduced. Chapter 5 focused on 

technology and strategy solutions for a circular maritime industry. After highlighting 

various solutions, Chapter 5 delved into current procedures from well-known maritime 

equipment manufacturers and then examined a case study on marine engine 

remanufacturing. Chapter 6 is concerned with the digital infrastructure required to 

implement advanced CE practices for greater volume. A tailored database structure is 

proposed as an enabler of circular transition to bridge the gap for the existing merchant 

fleet. Chapter 7 developed circularity metrics dedicated to the maritime industry to 

measure the circularity performances of nine key stakeholder groups. Chapter 8 

discusses the achievement of research aims and objectives, the novel contribution to 

the field, and the general discussion. Chapter 9 outlines the conclusions and 

recommendations for future research. 

1.6 Chapter Summary 

This chapter has explained the background of the maritime industry and CE, and 

summarised this PhD study's approach to support the maritime sectorôs circular 

transition. 
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2 Literature  Review 

 

2.1 Chapter Overview 

This chapter aims to provide a comprehensive overview of the state-of-the-art 

literature on the CE and its application within the maritime industry. Its primary 

objectives are threefold: (1) to identify and synthesise key concepts, principles, and 

practices of CE; (2) to highlight the critical gaps in knowledge and practice specific to 

the maritime sector; and (3) to establish a robust foundation for the research questions 

and methodologies pursued in subsequent chapters of this thesis. 

The literature review was conducted systematically to ensure a rigorous and 

transparent process. First, Scopus and Web of Science databases were used to identify 

relevant publications, including journal articles, conference papers, book chapters, and 

review papers. The search queries incorporated the CE concept and its application to 

maritime contexts, focusing on shipbuilding, ship recycling, and other lifecycle stages. 

The search was restricted to English-language publications and employed inclusion 

and exclusion criteria to filter irrelevant or duplicate records. This process resulted in 

a curated body of 50 key publications, which were then reviewed in depth to extract 

insights and identify gaps in knowledge. 

The review process also followed a structured protocol for analysis. Definitions, 

frameworks, and principles of CE were mapped across industries to establish a 

baseline understanding. Then, comparisons were drawn to assess the maritime 

industry's current standing relative to other sectors such as automotive and aviation, 

which are more advanced in adopting CE practices. The review was augmented by 

visual tools, such as trend analysis of publication outputs, to contextualise the maritime 

industryôs trajectory in adopting CE principles. 

By synthesising findings from the literature, this chapter identifies significant gaps in 

knowledge related to the adoption of advanced circular practices in maritime 
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operations. These gaps highlight the need for novel research contributions, such as 

empirical case studies, development of enabling technologies, and metrics tailored to 

the maritime industry. Through addressing these gaps, this chapter sets the stage for 

the overarching research question and the methodological framework that guides this 

thesis. 

2.2 The Circular Economy (CE) Concept 

The circular economy concept emerged as a response to the linear economy (Boulding, 

1966; Pearce & Turner, 1990), which is wasteful and dangerous to the environment 

(Michelini et al., 2017). In the linear economy model, goods are produced from raw 

materials, sold to end-users, and sent to waste once the economic life ends (Jawahir & 

Bradley, 2016), also known as the take-make-use-destroy model (Ghisellini et al., 

2016). One such solution to this phenomenon is the concept of the CE, a transformative 

economic framework aimed at reconfiguring production and consumption practices 

for sustainability (Lehmann et al., 2022). The CE approach focuses on reusing existing 

materials rather than using raw materials (Kok et al., 2013), reduces waste, and 

monitors resource consumption with the closed-loop approach (Govindan & 

Hasanagic, 2018).  

Some of the most prominent and comprehensive definitions of CE in the literature are 

as follows:  

¶ ñan economic system in which resource input and waste, emission, and 

energy leakages are minimised by cycling, extending, intensifying, and 

dematerialising material and energy loops. This can be achieved through 

digitalisation, servitisation, sharing solutions, durable product design, 

maintenance, repair, reuse, remanufacturing, refurbishing, and recyclingò 

(Geissdoerfer et al., 2020; Geissdoerfer et al., 2017). 

¶ "an industrial system that is restorative or regenerative by intention and 

design. It replaces the end-of-life concept with restoration, shifts towards the 

use of renewable energy, eliminates the use of toxic chemicals which impair 

reuse, and aims to the eliminate waste through superior design of materials, 

products, systems, and, within this, business models" (MacArthur, 2013). 
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¶ "an economic system that replaces the end-of-life concept with reducing, 

alternatively reusing, recycling, and recovering materials in production, 

distribution, and consumption processes" (Kirchherr et al., 2017). 

¶ "In a CE, the resource loop would be closed so that large volumes of finite 

resources (metals and minerals, for example) are captured and reused" 

(Preston, 2012). 

All these definitions indicate that CE is a crucial concept with substantial gains 

(Grafström & Aasma, 2021). It is vital for overcoming future resource scarcity and the 

environmental damage the current linear economy approach is causing (MacArthur, 

2013; Mitchell & James, 2015; Preston, 2012). The CE approach focuses on improving 

the utilisation of resources, increased value retention, and extraction through reuse, 

repair, remanufacture, and recycling (Milios et al., 2019; Roos, 2014; Tukker, 2015). 

Resources recovered or retained through these activities minimise the use of raw 

materials, labour, energy, and capital and minimise the environmental impact caused 

during manufacturing operations. In addition to the benefits of resource preservation 

and environmental protection, the circular economy is also expected to create 

economic benefits of up to $1 trillion annually, with the manufacturing industry 

potentially benefiting by up to ú600 billion (Grafström & Aasma, 2021; Kalmykova 

et al., 2018).   

The realisation of closed-loop CE includes CE principles or strategies frequently 

referred to as R-imperatives, R-frameworks, or RE-terms. Various studies put forward 

different R frameworks. Initially, 3R (reduction, reuse, and recycling) principles were 

the dominant approach (Yuan et al., 2006), but increased awareness has added 

recovery, redesign, and remanufacturing to these principles, becoming the 6R (Gong 

et al., 2020; Govindan & Hasanagic, 2018). Some other studies and frameworks can 

be listed as 3R (Ghisellini et al., 2016; Kirchherr et al., 2017), 4R and 6R (Sihvonen 

& Ritola, 2015), 9R (Potting et al., 2017), and 10R (Reike et al., 2018). The CE 

literature comprises numerous alternative re-words in varying combinations in 

different studies. Reike et al. (2018) have listed them alphabetically as ñre-assembly, 

recapture, reconditioning, recollect, recover, recreate, rectify, recycle, redesign, 

redistribute, reduce, re-envision, refit, refurbish, refuse, remarket, remanufacture, 
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renovate, repair, replacement, reprocess, reproduce, repurpose, resale, resell, re-

service, restoration, resynthesise, rethink, retrieve, retrofit, retrograde, return, reuse, 

reutilise, revenue, reverse, and revitaliseò. Such a variation is not surprising 

considering the wide spectrum of industries trying to achieve CE. However, this 

section aims to present the most impactful and widely-used frameworks. For that 

purpose, Figure 2-1 below presents the definitions of popular CE principles while 

Figure 2-2 illustrates one of the most famous CE diagrams out there to visualise the 

principles in an overall system. 

 

Figure 2-1: Circular economy principles in 9R framework, from (Kirchherr et al., 2017).  
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Figure 2-2: CE butterfly diagram showing biological and technological cycles, from (Ellen MacArthur 

Foundation, 2019). 

The CE concept's evolution can be examined in three phases: CE 1.0, CE 2.0, and CE 

3.0 (Razmjooei et al., 2024; Reike et al., 2018). CE 1.0, which covered a timeline 

between the 1970s and 1990s, mainly dealt with waste. The first lifecycle thinking 

concepts were introduced and contributed to system thinking in this phase (Gertsakis 

& Lewis, 2003), while the 3R concept of reduce, reuse, and recycle gained increased 

attention (Reike et al., 2018). During this time, a substantial amount of literature was 

centred around recycling and waste management. In CE 2.0, spanning the 1990s to 

2010, the focus shifted towards integrating input and output strategies for eco-

efficiency. This phase saw the emergence of concepts like industrial ecology and 

integrated life cycle thinking, emphasising a win-win scenario where environmental 

benefits align with economic gains. Businesses have started to recognise the 

advantages of proactive environmental strategies. Finally, CE 3.0, from 2010 onwards, 

combines older elements with a new emphasis on maximising value retention due to 

growing concerns about resource depletion. This phase highlights the urgency of 

decoupling economic growth from resource use, promoting a broader system 

perspective that includes diverse stakeholders such as consumers, NGOs, and 
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governments. CE 3.0 aims to incorporate comprehensive value retention options, 

including remanufacturing, refurbishing, and repurposing, making it a more 

transformative approach towards sustainability (Reike et al., 2018). These concepts 

illustrate how reverse logistics and closed-loop supply chain management are closely 

related to CE (Razmjooei et al., 2024). 

From a system analysis viewpoint, the transition to a circular economy can occur at 

nano, micro, meso, and macro levels. The CE at the nano-level is focused on products; 

the CE at the micro-level (industrial) focuses on companies or consumers (de Oliveira 

et al., 2021). The meso-level deals with industry-level systems such as eco-industrial 

parks or industrial symbiosis. The macro-level covers cities, regions, or nations 

(Kirchherr et al., 2017; Razmjooei et al., 2024). In all levels, CE principles aim to 

minimise waste, extend product life cycles, and optimise resource use by promoting 

CE practices such as recycling, remanufacturing, and sustainable design (Geissdoerfer 

et al., 2020; MacArthur, 2013). By closing the loop, CE reduces the need for new raw 

materials and mitigates the environmental impact of production and consumption 

(Neves & Marques, 2022).  

While CE practices aim to reduce waste and extend product life cycles, some 

researchers caution that an increase in circularity levels may inadvertently lead to 

overconsumption. By making products more environmentally friendly or resource-

efficient, consumers might be encouraged to purchase more, leading to a "rebound 

effect" where overall consumption rises despite the intended resource savings 

(Korhonen et al., 2018). Similarly, Jevon's paradox (Alcott, 2005) can be valid as 

circular products lead to reduced costs, which may encourage higher consumption 

rates, thereby limiting environmental benefits. This tension between circularity and 

sustainability is important to acknowledge, as higher levels of circularity do not 

automatically equate to greater sustainability (Ghisellini et al., 2016). Circularity 

focuses on closing resource loops and reusing materials, but without addressing 

consumption patterns and reducing the overall demand for products, CE can fall short 

of achieving true sustainability. Therefore, long-term sustainability requires a holistic 

approach that not only considers circularity but also tackles consumption behaviours. 

Upon reaching specific levels of circularity, it is essential to integrate sustainable 
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consumption with circular production strategies to secure long-term environmental 

benefits instead of promoting overconsumption (Zink & Geyer, 2017). Managing this 

balance is crucial, particularly in industries with high resource use. 

Reducing natural resource reserves and the environmental damage caused by 

globalisation and consumerism have increased interest in the CE concept. Research on 

the circular economy is constantly evolving (Sassanelli et al., 2019). There is a wide 

range of studies focusing on the circular economy approach in many different areas, 

such as textiles (Jia et al., 2020), manufacturing (Lieder & Rashid, 2016), construction 

(Smol et al., 2015), supply chains (Zhu et al., 2010), and services (Tukker, 2015). 

However, the literature on the circular economy approach to the maritime sector is 

quite limited (Milios et al., 2019; Okumus et al., 2023b). Section 2.3 will specifically 

investigate the situation in the maritime in a great detail.  

 

2.3 CE in the Maritime Industry  and Comparison with Other Industries 

According to the latest June 2024 data, about 108,787 ships are sailing globally, with 

an average age of 22.4 years (UNCTADstat, 2024). Jansson (2016) reported that more 

than half of the fleet was over 15 years old in 2016, and recent reports show similar 

trends as 54.2% in 2023 (UNCTAD, 2023). These ships go through the lifecycle stages 

mentioned in the previous section: design, construction, operation, repair and 

maintenance, and end-of-life stages. Brief definitions of essential end-of-life concepts 

from a technical perspective are as follows:  

Reuse: The European Commissionôs Waste Framework Directive (EC Directive, 

2008) defines reuse as ñany operation by which products or components that are not 

waste, are used again for the same purpose of originò (Milios et al., 2019).  

Remanufacture: Lund refers to remanufacturing as reusing the product or component 

with properties equal to those of a new product after a remanufacturing process (Lund, 

1984; Milios et al., 2019) with the possibility of technological upgrades if necessary 

(e.g., complying with a newer regulation) (Nasr & Thurston, 2006). As a critical CE 
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strategy, remanufactured products offer a warranty equivalent to or better than the 

newly manufactured product (Jansson, 2016; Östlin, 2008).  

Repair: Ship repair is defined as the ñoverhaul, refurbishment, renovation, 

improvement, or alteration of the hull, machinery, equipment, outfits, and components 

of shipsò (MIA, 2018). 

On the other hand, the terms retrofitting or refitting  are more common terminologies 

in the maritime industry for overall vessels than remanufacturing or refurbishment, 

which are not usually associated with ships (Wahab et al., 2018).  

Refit is described as repairing, fixing, and restoring an existing ship inside a shipyard 

to maintain the vessel's systems. It can include relatively minor changes or significant 

changes such as total overhauls or redesign of spaces. On the other hand, retrofit  is 

the adaptation of the ships to the market, emission requirements or regulatory changes 

or necessities (RETROFIT, 2015). 

Recycling is the demolition, decommissioning, dismantling or scrapping of the vessel 

at the end of its economic life to reacquire the materials ï especially steel- onboard the 

ship. Recycling is the most common and environmentally (although contentious) safe 

option compared to shipwrecks, artificial reefs, or abandonment alternatives. As a 

result of the ship recycling operations, valuable material on board the ships, 

equipment, and machinery can be reobtained. In the old times, wood was reobtained, 

and nowadays, steel from vessels is precious. The potential of ship recycling in 

material recovery is vast, considering that 95ï98% of ship materials by weight are 

recycled (Gunbeyaz, 2019; McKenna et al., 2012). As mentioned previously, most of 

a shipôs weight consists of metals (ferrous and non-ferrous). Therefore, the high 

recycling percentage twists the situation and puts the industry in place rather than its 

actual condition. Moreover, the overall perception of the maritime sector in terms of 

circular economy is recycling, and the other aspects are mostly overlooked. 

Recycling or reusing the materials is critical when an asset is at the end of its life, 

considering a potential future mineral scarcity (Henckens et al., 2014). In addition, 

producing steel from scrap requires around 1/5 to 1/3 of the production energy 

compared to hematite ore (Neĸer et al., 2008; Sohn, 2020) and releases almost 1/10 of 
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the carbon dioxide compared to production from the ore  (SSI, 2021). Moreover, from 

a welding and construction perspective, Gilbert et al. (2017) demonstrated that a 50% 

hull reuse could provide a 10% emissions reduction in shipbuilding processes, and the 

emission reduction can be increased further to 29% less CO2 emissions if the entire 

hull is reused. 

In theory, similar to other recycling industries, ship recycling can be considered an 

environment-friendly option and the closest part of the maritime industry to 

implementing the principles of circular economy. There are various valuable 

components on board commercial vessels. In particular, the engine room and bridge 

consist of main and auxiliary engines, hydraulic pumps and motors, compressors, 

navigation equipment, purifiers, electronics, computers, etc. Most of their components 

can be remanufactured, refurbished, or reused under the right circumstances rather 

than directly recycled. However, current practices in the industry prevent the full 

utilisation of the industry's potential, and do not promote more advanced CE strategies. 

As a result, the most common practice in the maritime industry is recycling, which is 

the lowest end-of-life hierarchy in a CE (Gilbert et al., 2017; MacArthur, 2013). It 

causes a reduction in quality and forfeits the remaining usable lifespan (Wahab et al., 

2018) because most of the value-added labour and manufacturing energy are lost in 

the process (Okumus et al., 2023a). Figure 2-3 below illustrates maritime stakeholders 

and CE principles in the maritime industry. 

 

Figure 2-3: Maritime stakeholders and CE principles, from (Okumus et al., 2023b). 
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2.3.1 Approach to CE ï State of the Art  in the Maritime Industry 

Following the Ellen MacArthur Foundation's leading efforts, the circular economy 

concept gained significant traction in 2013. This momentum was reflected in maritime 

literature in 2015, and a double-digit cumulative publication number was reached in 

2018. Especially after 2021, the maritime circular economy literature has grown 

significantly, with a surge in research studies exploring various aspects of circular 

economy principles, as shown in Figure 2-4.  

 

Figure 2-4: Number of unique publications obtained by literature search. 

A comprehensive literature review was carried out within this chapter to capture the 

state of the art. The research protocol was developed by defining the inclusion and 

exclusion criteria illustrated in Table 2-1. The inclusion criteria included a wide range 

of publications: journal articles, review papers, conference papers, books, and book 

chapters; however, only publications written in English were included. 
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Table 2-1: Inclusion and exclusion criteria. 

Inclusion criteria  Exclusion criteria 

Journal articles, review papers, 

conference papers, books and book 

chapters. 

Papers written in English and published 

in Scopus (83) and Web of Science (64). 

Duplicates, full-text-missing 

publications, and papers focusing on 

irrelevant or specialised sectors (e.g., air 

freight, airships, home fabrication, 

chemicals, ocean litter, water treatment 

and agri-food waste). 

 

The Scopus and Web of Science databases were employed for the search. Title, 

abstract, and keywords were included in the search, and the four queries below were 

used to cover the entire maritime industry, including a specific focus on shipbuilding 

and ship recycling operations. The asterisk wildcard was used to capture all spellings. 

The last search execution date is June 11, 2024. 

Query 1: "circular economy" AND "maritime" 

Query 2: "circular economy" AND "ship*build*" 

Query 3: "circular economy" AND "ship*recycl*" 

Query 4: "circular economy" AND "ship*break*" 

These searches returned 147 publications in total. The first step of the filtering process 

in Table 2-2 excluded duplicates and full text missing publications. This has reduced 

the number to 93 publications. Then, their abstracts were read to check their alignment 

with this research. This step excluded 43 publications due to their extremely low 

relevance. These were publications focused on, for instance, water treatment, marine 

litter, air ships, waste plastics, and so on. The remaining 50 publications were fully 

read to capture their key findings and contributions to the field. Figure 2-5 shows the 

number of publications by year after final filtering.  



 

41 

 

Table 2-2: Publication filtering steps. 

First filter  Second filter Third filter  

Duplicates, full-text-

missing publications.  

(147 Ą 93) 

Scan of abstract. 

Publications focusing on 

irrelevant or specialised 

sectors. 

Check that paper meets 

inclusion and exclusion 

criteria. (93 Ą 50) 

Read of full paper (50). 

 

 

Figure 2-5: Number of publications after final filtering by years. 

According to the literature review, the maritime industry is increasingly focuses on 

embracing CE principles to address sustainability and environmental impact 

challenges. Circular practices in the maritime sector involve strategies such as 

recycling, remanufacturing, recovery, and reduction (Razmjooei et al., 2024). These 

practices promote resource efficiency, reduce waste generation, and minimise the 

industry's carbon footprint. 

Milios et al. (2019) have highlighted the adverse environmental effects and health and 

safety issues of widespread ship demolition practices, explored the conditions for 

increased reuse and remanufacturing practices in the Scandinavian maritime sector, 
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stressing the significance of integrating CE practices to drive environmental 

sustainability and economic efficiency. However, Milios et al. (2019) primarily focus 

on a regional context (Sweden and Denmark) which limits the generalisability of their 

findings to the global maritime industry. Furthermore, while their study identifies the 

benefits of reuse and remanufacturing, it stops short of proposing actionable steps to 

implement these practices across diverse geographical and regulatory environments. 

This regional focus highlights a gap in the literature, as similar challenges may 

manifest differently in regions with less stringent regulations or different economic 

incentives. 

Similarly, Tola et al. (2023) reviewed overall ship recycling operations and 

international efforts to support safe recycling, then identified CE as a potential 

leverage to enhance ship recycling practices in Europe. Implementing a circular 

economy model for ships involves strategic planning to address current and future 

challenges, particularly in ship eco-design, life cycle management, and recycling 

practices (Tola et al., 2023). Nevertheless, Tola et al.ôs (2023) research primarily 

examines ship recycling within Europe and does not account for the complex 

variations in regulatory frameworks, technological capabilities, and economic 

conditions outside this region. Their analysis could benefit from a broader perspective 

that considers how CE principles might be applied globally, especially in countries 

where infrastructure for safe and efficient ship recycling is lacking. 

Efforts to promote circular economy principles in the shipping industry are essential 

for enhancing sustainability and reducing environmental impact. Agarwala (2023) 

delves into promoting circular economy practices within the shipping industry, 

emphasising the need for concerted efforts to integrate circularity into the core 

operations of maritime businesses; furthermore, they discuss the material passport 

concept as a must to fully adopt CE in the maritime domain. While Agarwalaôs (2023) 

work highlights the importance of digital tools like material passports, this research 

lacks a comprehensive assessment of how such initiatives could be practically 

implemented and scaled industry-wide, particularly in regions where digital 

infrastructure and data-sharing standards are underdeveloped. This limitation reveals 
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a gap in understanding how digital tools can be scaled effectively across different 

maritime contexts. 

Circular shipbuilding practices are crucial in improving resource efficiency and 

reducing waste in the maritime sector (Scipioni et al., 2023). In their systematic 

review, Scipioni et al. (2023) identified reuse and remanufacturing as key strategies to 

close the supply chain in shipbuilding. However, their review focuses predominantly 

on new shipbuilding projects and offers limited insights on how these circular 

strategies might be applied to existing vessels. Given that a significant portion of the 

maritime industryôs environmental impact comes from legacy fleets, further research 

is needed to adapt these principles to older vessels and end-of-life scenarios, which 

Scipioni et al.ôs analysis does not adequately address. 

Digitalisation has emerged as a key enabler of a maritime circular economy, with 

scholars emphasising its role in enhancing efficiency, transparency, and sustainability 

within the industry (Jensen et al., 2021). The concept of data-driven fleet monitoring 

is also being explored to enhance circular economy practices within the maritime 

industry. Oikonomou et al. (2021) pointed out that leveraging such advanced 

monitoring technology can optimise fleet operations and end-of-life strategies, 

improve fuel efficiency, minimise greenhouse gas emissions, and increase 

sustainability in the maritime sector. Although these studies underscore the benefits of 

digitalisation, they often treat it as a broad concept without providing specific 

frameworks that align digital tools directly with CE principles. Moreover, there is a 

lack of targeted research on how digitalisation can address unique challenges in the 

maritime sector, such as data standardisation across different stakeholder groups and 

the need for asset tracking systems throughout a vesselôs lifecycle. 

Additionally, life cycle assessments play a significant role in evaluating the 

environmental performance of ships and guiding decision-making processes during 

the early design stages. Gualeni and Maggioncalda (2018) introduced a lifecycle ship 

performance assessment framework that integrates cost and environmental aspects to 

inform decision-making in the early ship design stages. However, the effectiveness of 

these assessments is often constrained by data limitations and does not always account 

for the complexities of multi-stakeholder environments that characterise the maritime 
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industry. While LCAs provide valuable insights, they are typically limited to new 

designs and fail to address challenges posed by legacy fleets. With further 

development, such key performance indicators could aid in the circular transition of 

the maritime sector by promoting keeping materials as long as possible in a cycle, 

encouraging maximum value extraction from the materials, and deciding the best end-

of-life options for products. 

Gilbert et al. (2017) discussed the role of material efficiency in reducing CO2 

emissions during the ship manufacturing process, advocating for a life cycle approach 

to boost sustainability in the industry. This focus on material efficiency aligns perfectly 

with CE principles, which aim to minimise material waste and the multiple lifespans 

of products, hence improving resource utilisation. However, the study focuses 

primarily on the hull production phase, leaving out a critical analysis of how material 

efficiency can be enhanced through onboard equipment remanufacturing and recycling 

throughout the ship's lifecycle. By focusing narrowly on hull production, Gilbert et al. 

overlook the potential gains in extending material efficiency across the entire lifecycle 

of ships. 

Steuer et al. (2021) investigated the potential of the CE principles in managing end-

of-life ships, suggesting alternative approaches to handling ship disposal in a more 

sustainable manner. Remanufacturing has emerged as a significant aspect of extending 

the life cycle of marine products and structures, contributing to enhanced reliability 

and safety while supporting the circular economy within the maritime industry (Wahab 

et al., 2018). Similarly, Jansson (2016) emphasised that remanufacturing is a key 

strategy within the circular economy, enabling the reduction of CO2 emissions, saving 

materials, labour, and energy while prolonging the lifespan of products, components, 

and systems. Yet, none of these studies comprehensively evaluate how 

remanufacturing practices can be standardised or scaled across the maritime industry. 

This gap reveals a need for more research into the practicalities of remanufacturing 

within a diverse and complex industry like maritime, where stakeholders may have 

varying levels of awareness and readiness to adopt sustainable practices. 

Understanding the challenges and opportunities specific to the maritime sector is 
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crucial for developing effective strategies to implement remanufacturing on a larger 

scale. 

In summary, although existing research provides valuable insights into the potential of 

CE in the maritime industry, it often lacks comprehensive frameworks that account for 

diverse geographical, operational, and technological variations within the sector. 

These limitations highlight the need for further research to develop adaptable and 

scalable CE frameworks that can be effectively implemented across the global 

maritime industry. This thesis aims to address these gaps by proposing an integrated 

approach to circularity in maritime, incorporating tailored strategies, stakeholder-

driven insights, and digital solutions to meet the unique demands of this industry. 

2.3.2 Approach to CE ï Current Practices in the Maritime Industry 

Stakeholder considerations have also been emphasised in decision-making processes 

related to remanufacturing, underscoring the importance of engaging various 

stakeholders in promoting circular economy practices within the industry (Akano et 

al., 2021). Moreover, perspectives on the CE in different regions, such as Bangladesh, 

have been explored to understand the unique challenges and opportunities for 

implementing circular practices in ship recycling (Ahasan et al., 2021). Bangladesh is 

leading the ship recycling business with around 37.2% market share (UNCTAD, 

2023). The research highlighted the importance of addressing capability and know-

how gaps in ship recycling facilities, demonstrating potential financial gains, and 

developing a market and business model for circular products in the maritime industry 

(Ahasan et al., 2021).  A former major ship recycling country, China, has significantly 

decreased its ship recycling volume due to the waste import ban and decreased scrap 

metal demand in the Chinese economy (MEE, 2018). However, China has an 

important market share and experience in shipbuilding and repair operations with 

significant industrial capacity. Steuer et al. (2021) discussed that Chinese ship 

recycling facilities could have adopted remanufacturing and other advanced CE 

principles if there was such a demand from the modern shipbuilding industry. This 

underlines the importance of alignment between industry stakeholders, as no 
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stakeholder group alone could reach or implement circularity alone (Okumus et al., 

2023c). 

However, the momentum in the literature has not yet driven a corresponding increase 

in the operational implementation of circular economy principles in the maritime 

industry. In practice, ship recycling is one of the most hazardous jobs (ILO, 2004), 

involving a wide range of activities and operations that may expose workers to 

dangerous situations (OSHA, 2010) and harm the environment due to the toxic wastes 

on board ships and substandard procedures. As Kong et al. (2022) stated, the 

mainstream approach to ship recycling, commonly referred to as ship breaking, is 

distant recycling since regulations and policies vary from country to country. So in 

practice, end-of-life vessels were transported to less regulated countries for recycling 

in a dirty and dangerous way, which presents substantial environmental pollution and 

health threat risks to these regions (Hossain et al., 2016; Wan et al., 2016). Currently, 

most ship recycling occurs in developing countries: Bangladesh (37.2%), India 

(32.3%), Pakistan (16.9%), Turkey (6.3%), and China (2.4%) dismantle 95% of the 

total LDT (Devaux & Nicolaï, 2020; UNCTAD, 2023).  

As the current capacity is mainly located in the abovementioned countries, there are 

additional challenges due to a lack of legislation, safety and environmental protection 

measures, and awareness. Local, national, and international stakeholders have severely 

criticised this, which eventually resulted in the development of the International 

Maritime Organizationôs (IMO) Hong Kong Convention (IMO, 2009) and the 

European Unionôs Ship Recycling Regulation (EC, 2016) as new regulations for the 

ship recycling industry.  

Both regulations require ship recycling facilities to comply with the new standards, 

such as appropriate infrastructure, the establishment of procedures and techniques to 

minimise, reduce, and prevent hazards and risks, and systems to control any leakages. 

Although they are not perfect and are frequently criticised, both regulations require 

some changes and investments to be made in the ship recycling yards, improving the 

situation around them.  

At the moment approach to the ship recycling yards is as follows: 
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¶ Ship recycling yards purchase the vessel (it might be directly from the last 

owner or a cash buyer). Following the necessary approvals from the local 

authorities, such as ministries or policymakers (for instance, the "No Object 

Certificate" from the Ministry of Industries in Bangladesh), the ship arrives at 

the ship recycling yard to be inspected for health and safety hazards. Following 

the inspection and cleaning, the cutting operation starts. Parallel to the cutting 

process, the workers remove equipment and machinery from the ship 

(Gunbeyaz, 2019). 

¶ Different countries and ship recycling facilities each take a different approach 

at this stage. Some yards prefer removing the equipment themselves and selling 

it directly to potential customers. On the other hand, some yards prefer 

subcontracting this to third party sellers for removal and reselling. The 

removed equipment is usually separated and stored within the ship recycling 

yard area. However, these storage zones are unorganised, not tracked very well, 

and highly contaminated with various hazardous materials, including 

hydrocarbons, asbestos, and PCBs (polychlorinated biphenyls, e.g., caulk, 

paint, glues, etc.). Sample photographs from ship recycling facilities in 

Bangladesh, India and Turkey can be seen in the following figures: 

 

 

  

Figure 2-6: Pictures from the yards in Chittagong, Bangladesh (Kurt & Gunbeyaz, 2020) . 
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Figure 2-7: Segregation and store zones in a Bangladeshi Ship Recycling yard in Chittagong (Kurt & Gunbeyaz, 

2020). 

 

 

Figure 2-8: Machinery waiting to be sold in the storage zone (Kurt & Gunbeyaz, 2020). 
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Figure 2-9: Alang shipbreaking yards in India, from ©Planet Labs PBC, CC BY-NC-SA 2.0 (2017). 

 

Figure 2-10: Ship recycling yards in Aliaga region, Turkey from (Ship Recyclers' Association of Turkey, 2024) 
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Following removal from ships, equipment and machinery have three options: 

¶ Recycled directly if the condition is poor or if there is no interest in the product 

from the used equipment market. 

¶ Sold:  

o Sold for reuse directly (usually consumer goods ï especially in the 

developing countries, some equipment are bought for home use rather 

than industrial applications). 

o Sold for pieces (some shipowners buy the equipment to be dismantled 

for parts if they have the same equipment) 

¶ Reconditioned or Remanufactured:  Although not common within the industry, 

some equipment is reconditioned and sold back to the consumer or buyer.  

Especially in developing countries, third party shops that sell the items extracted from 

ship recycling yards are ubiquitous. The below pictures were taken in Chittagong, 

Bangladesh, and these stores serve the industry and the local community by selling 

these items. 

 

Figure 2-11: ñSecond-hand shopsò in Chittagong, Bangladesh (IMO-NORAD, 2015). 
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Figure 2-12: ñSecond-hand shopsò in Chittagong, Bangladesh (IMO-NORAD, 2015). 

 

 

Figure 2-13: "Second-hand shops" in Chittagong, Bangladesh (IMO-NORAD, 2015). 
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Figure 2-14: "Second-hand shops" in Chittagong, Bangladesh (IMO-NORAD, 2015). 

 

Figure 2-15: "Second-hand shops" in Chittagong, Bangladesh (IMO-NORAD, 2015). 

While the 6R (redesign, reduce, reuse, recycle, remanufacture, repair) concept has 

become more prevalent in other industries, including automotive and aeronautical 
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transport modes, shipping presents a mixed overview (Gunbeyaz, 2019; McKenna et 

al., 2012).  Ship recycling is a common practice in the maritime industry for end of life 

vessels  (Gunbeyaz et al., 2020; Kurt et al., 2017),  and it has long been viewed as the 

most environmentally friendly option when contrasted with the wasteful alternatives 

of sinking or abandoning vessels   (Gunbeyaz et al., 2020; Kurt et al., 2017). Even 

though ship recycling contributes significantly to reducing the demand for emission-

intensive mining of iron ore and new steel production through the utilisation of steel 

scrap, ship recycling remains a contentious issue. This is due to the poor working 

conditions in terms of health and safety and the damage caused to the environment as 

depicted from Figure 2-6 to Figure 2-15. Moreover, reuse and remanufacturing 

utilisation is very low compared to the other industries due to barriers in the maritime 

sector, which are explained in Section 4 of this thesis.  

On the other hand, the materials used in the ship's hull, such as aluminium or steel, are 

degraded in terms of quality and usability further down in the lifecycle when recycled  

(Wahab et al., 2018). Even though recycling is not commonly considered of as the 

most favourable phase of the circular economy, maritime industriesô approach to CE 

mainly focuses on recycling operations. It appears that there is a lack of understanding 

of the term 'circular economyô, leading the sector to automatically emphasise the 

recycling stage when discussing CE principles. It is essential for the industry to 

prioritise alternative options like reuse, retrofitting, refurbishing, and remanufacturing. 

Currently, these options are mostly overlooked. These approaches extend the lifecycle 

of items and align with the principles of a circular economy, promoting material 

utili sation efficiency and labour and energy conservation. Furthermore, while the 

economic and environmental advantages surpass recycling, they are not widely 

recognised within the maritime sector. Shipping companies and shipyards are currently 

not engaging in the direct reuse of end-of-life equipment and components.  

2.3.3 Application of Advanced CE Principles in Transportation Industries  

Advanced CE principles include superior R-imperatives such as reuse, 

remanufacturing, refurbishing, and repurposing. Although various studies and 

resources define these principles slightly differently, in the literature, reuse and 
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remanufacturing are more commonly used. In the circular economy framework, the 

relationship between remanufacturing and reuse is interconnected and complementary. 

While remanufacturing involves refurbishing products to a high standard, reuse 

emphasises the direct utilisation of products or materials in their existing state, thereby 

promoting resource efficiency and waste reduction. Both practices contribute to the 

CEôs goal of circulating products, components, and materials for as long as possible, 

while remanufacturing mainly involves reusing some parts and components and 

reconditioning others (Aleksiĺ et al., 2022). 

CE promotes closed-loop recycling systems where the material returns to the original, 

same product system (Karvonen et al., 2015). Therefore, remanufacturing requires a 

reverse logistics structure to complete the material cycle. Remanufacturing can be 

defined as a system that consists of external and internal processes (Jansson, 2016). 

Figure 2-16 below depicts how a remanufacturing system functions during the 

circularity journey. The external process corresponds to the acquiring the core 

components and selling the remanufactured (often called "reman") products 

(Karvonen et al., 2015). In contrast, the internal process corresponds to the operation 

of remanufacturing itself. In this notation, the reverse supply chain part covers the flow 

of goods from customers and forms the ñrestorative closed-loop supply chain.  

Therefore, this section will compare the application of advanced CE principles in the 

automotive, aviation, and maritime industries by mainly focusing on remanufacturing. 

 

Figure 2-16: Forward and reverse supply chains in remanufacturing, from (Okumus et al., 2023b) 
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Currently, the total remanufacturing industry provides approximately 180,000 jobs in 

the US and more than 450,000 jobs worldwide (RIC, 2024). On the other hand, the 

European market is currently just under ú30 billion and employs around 190,000 

people. However, recent European market studies estimate the industry volume to 

reach ú90 billion by 2030 and employ around 255,000 people (Circle Economy, 2024; 

CRR, n.d.; ERN, n.d.). Table 2-3 below summarises the current remanufacturing 

activities across various industry sectors in Europe. As clearly indicated in the table, 

the aviation and automotive industries are leading, while the maritime industry lags 

behind heavily (Totaro, 2021). 

Table 2-3: Summary of European Remanufacturing activities across industry sectors, modified from Jansson 

(2016). 

Sectors Turnover 

(úbn) 

Firms Employment 

(ó000) 

Cores 

(ó000) 

Intensity 

Aerospace 12.4 1,000 71 5,160 11.5% 

Automotive 7.4 2,363 43 27,286 1.1% 

EEE 3.1 2,502 28 87,925 1.1% 

Furniture 0.3 147 4 2,173 0.4% 

 4.1 581 31 7,390 2.9% 

Machinery 1.0 513 6 1,010 0.7% 

Marine 0.1 7 1 83 0.3% 

Medical 

Equipment 

1.0 60 7 1,005 2.8% 

Rail 0.3 30 3 374 1.1% 

 

Remanufacturing efforts in the aviation industry 

In the aviation and aerospace industries, the overall design life of an aircraft is typically 

20 to 30 years (DAC, 2019). On the other hand, the average service life of aircraft is 

declining, with planes 15 years old or newer increasingly being scrapped (Jensen & 

Remmen, 2017; Keivanpour et al., 2013). In the next 20 years, an estimated 8,500 to 

12,500 planes are expected to reach their end of life (DAC, 2019; Jensen & Remmen, 
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2017; Van Heerden & Curran, 2011). Consequently, many aviation companies have 

initiated programmes to address this challenge effectively. 

The Aircraft Fleet Recycling Association (AFRA), founded in 2005 by Boeing and ten 

founding partners, "promotes environmental best practices, regulatory excellence, and 

sustainable developments in aircraft disassembly, salvaging, and recycling parts and 

materials" (AFRA, 2022). Since its launch, AFRA has dismantled more than 9,000 

aircraft and grown to include over 40 members, ranging from OEMs to recyclers, from 

insurers to technology developers (AFRA, 2022; DAC, 2019). Alongside AFRA, 

Airbus launched the PAMELA (Process for Advanced Management of End-of-Life 

Aircrafts) project in 2005, which demonstrated the feasibility of recycling plane 

components up to 85% and emphasised the importance of material mapping in the 

design phase to support high-value recycling at the end of an aircraft's life (Airbus, 

2008; Jensen & Remmen, 2017). The impacts of such multi-stakeholder global 

associations are reflected in the aerospace industry's leading performance of ú12.4 

billion turnover, 71,000 employment, and more than 5.1 million cores remanufactured, 

as presented in Table 2-3. 

The remanufacturing process within the aviation industry often involves critical 

aircraft modules such as engines, avionics and landing gear which typically undergo 

remanufacturing at least once during their lifecycle (Wahab et al., 2018). In this 

context, remanufacturing is crucial for ensuring safety and compliance, given the strict 

regulations and the need for certified procedures by qualified personnel (Keivanpour 

et al., 2015). 

Hashemi et al. (2016) developed a mathematical model that accounted for varying 

remanufacturing lead times and defect rates of core components. Their study aimed to 

optimise a closed-loop material cycle in the aerospace sector by focusing on the 

remanufacturing of customer-owned products and components. The results 

highlighted a significant reduction in waste and scrap metal, along with increased 

profits due to reduced costs associated with new material procurement and waste 

disposal. This research underlines the tangible benefits of remanufacturing in terms of 

environmental impact reduction and profitability enhancement. This is particularly 
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relevant in industries where the cost of materials is high and manufacturing processes 

are complex. 

Building on these findings, Hyvärinen et al. (2023) explored closed-loop recycling and 

remanufacturing of polymeric aircraft parts. They developed a prototype part to 

demonstrate the viability of closed-loop recycling by successfully remanufacturing it. 

The study provides a comprehensive look at the possibilities and challenges of 

integrating closed-loop recycling within the aviation industry, suggesting that with 

further development and economic validation, this approach could represent a viable 

path towards more sustainable manufacturing practices. 

According to Jensen and Remmen (2017) a significant challenge within the aircraft 

industry is the absence of specific directives, coupled with the complexity of the 

designs and stakeholder relationships. This issue mirrors similar challenges faced in 

the maritime industry, indicating a broader pattern of complexity in remanufacturing 

practices across different sectors.  

Remanufacturing efforts in the automotive industry 

Automobile parts remanufacturing represents the largest remanufacturing industry 

globally (Wahab et al., 2018), with the global remanufacturing market in the 

automotive sector valued at 60.78 billion US dollars in 2022. It is projected to grow to 

126 billion US dollars by 2030 (Fortune Business Insights, 2024). Remanufacturing in 

the automotive sector involves a standardised industrial procedure where worn-out, 

previously owned, or inoperative automotive parts are restored, reconditioned, rebuilt, 

and transformed into brand-new parts through processes including cleaning, 

disassembly, repair, and replacement of worn or obsolete components. 

The main drive of the remanufacturing market is the anticipated demand for replacing 

end-of-life components or worn-out parts. Leading OEMs such as Bosch, ZF 

Friedrichshafen AG, and others focus on this growing remanufacturing market, 

offering remanufactured products that are both economical and comparable to brand-

new alternatives (Fortune Business Insights, 2024). 
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While average product size and costs are much smaller in the automotive industry 

compared to other sectors, the CE principles are more readily implemented here. 

Automotive remanufacturing is predominantly represented by the Automotive Parts 

Remanufacturing Association (APRA), established in 1941 and now has 2,000 

members globally  (APRA, 2021). APRA champions remanufacturing as an integral 

part of the circular economy and advocates for the interests of the industry, which 

include free trade, an independent aftermarket, and legal certainty. This association 

emphasises the need for remanufacturing to be actively promoted by relevant 

stakeholders, such as politicians, authorities, and companies.  

The average lifetime of vehicles in the EU is 10ï12 years, which is lower than other 

transport industries. However, there are similarities between the products in terms of 

some subcomponents they possess; for example, all of the products have some kind of 

propulsion system involving engines as well as having a fundamental structure (car 

chassis and bodywork, ship hull, or aircraft bodies). In 2019, 6.1 million passenger 

cars, vans, and other light goods vehicles were scrapped in the EU, totalling 6.9 million 

tonnes; 95.1% of the recovered parts and materials were reused, which means that 

89.6% of the recycled materials were reused (EUROSTAT, 2021).  

Remanufacturing automotive subassemblies, such as brake systems, steering 

components, and suspension parts, is a common. This involves disassembly, cleaning, 

repairing, replacing worn parts, reassembly, and testing to ensure they meet 

performance specifications. Remanufactured subassemblies provide a cost-effective 

solution for vehicle maintenance and repair, allowing for the reuse of valuable 

components and reducing the environmental impact of automotive operations 

(Merkisz-Guranowska, 2017). 

Moreover, the remanufacturing of automotive electronics, including control modules, 

sensors, and infotainment systems, is gaining importance. This process involves 

refurbishing and reprogramming these parts to restore their functionality and 

compatibility with modern vehicle systems. Remanufactured automotive electronics 

offer sustainable solutions for repairing and upgrading vehicle electronics, providing 

cost savings and reducing electronic waste in the automotive sector (Siddiqi et al., 

2019). 
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Authorities and the public significantly influence the automotive industry through 

regulations, limitations, rules, and purchasing preferences, much like in other 

transportation industries but with notable contrasts, such as in the maritime industry. 

The EU's Directive on End-of-Life Vehicles  (Directive, 2000) has pressured 

manufacturers to green their processes and supply chains, compelling suppliers to 

reuse, recycle, and adopt other forms of recovery for end-of-life vehicles and their 

components (Masoumi et al., 2019). Figure 2-17 below demonstrates the industry's 

benefit regarding recycled production vs. virgin production of essential raw materials. 

Consequently, remanufacturing has been reported to lower energy consumption by as 

much as 80% compared to manufacturing new parts, requiring 88% less water and 

releasing about 90% fewer chemicals. This approach can reduce waste by 70% 

(Rommel, 2018).  

 

Figure 2-17: Energy required for the basic production of materials in the automotive industry (per kg) (Masoumi 

et al., 2019; Weiss et al., 2000). 

Furthermore, Koehler (2021) showed that remanufacturing could save up from 5% to 

52% of CO2-eq emissions while consuming 29 to 90% less material and 21 to 55% 

less manufacturing energy within the automotive industry, as illustrated in Figure 2-18.  
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Figure 2-18: Energy, material, emissions and transport savings in remanufacturing (vs new product) of 

automotive parts (engine, starter and turbocharger) (Koehler, 2021). 

According to a previous study by Smith and Keoleian (2004), complete engine 

remanufacturing resulted in a 65% to 88% reduction in solid waste generation and 

significant reductions in manufacturing emissions: CO from 48% to 88%, NOx from 

72% to 85%, and SOx from 71% to 84%. On top of that, Zhang et al. (2021) 

demonstrated that remanufacturing significantly outperforms advanced recycling 

systems by preventing material degradation and maintaining the utilisation of valuable 

metals in automotive engines (43 years versus 18 years). 

Overall, both the aviation and automotive industries have formed global associations 

to create awareness, share best practices, and ultimately increase advanced CE 
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principles or R-imperative adoption rates on the path to sustainability. And in 

collaboration with those associations, practical research and case studies have been 

conducted to showcase the benefits of implementing advanced CE principles in both 

industries. These efforts have led to a greater understanding of the potential economic 

and environmental advantages of sustainable practices in aviation and automotive 

manufacturing. These examples clearly show the importance of cooperation and joint 

efforts among stakeholders worldwide to achieve a more sustainable industry. 

Remanufacturing efforts in the maritime industry  

The maritime industry is one of the industries that has yet to reach its remanufacturing 

potential. Reuse and remanufacturing are uncommon in the maritime sector, unlike 

other transportation industries such as aviation and automotive (Milios et al., 2019).  

Research by Milios et al. (2019) indicates that reuse and remanufacturing are 

uncommon in the maritime industry, primarily due to high costs that prohibit the 

uptake of reused and remanufactured components, a lacking and inconsistent policy 

framework, and the absence of organisational competencies to facilitate reuse. This is 

in utter contrast to the proactive remanufacturing practices observed in the automotive 

and aviation sectors. 

The maritime industry's approach is significantly influenced by the potential for high 

penalties or substantial loss of profits due to delays. Shipyards, for instance, often 

refrain from reusing or remanufacturing equipment to prevent legal complications 

during new build, refit, or retrofit operations. Similarly, the offshore oil and gas (O&G) 

industry is hesitant about remanufacturing, as highlighted during discussions with 

industry stakeholders: ñYes, we can install a remanufactured pump on the O&G line 

to save around £25,000. However, if the pump is broken, the hourly loss on the line is 

£100k, which I will not be able to explain to the customer.ò This anecdote clearly 

conveys the prevailing risk-averse mindset in the sector.  A similar conclusion is also 

mentioned by Milios et al. (2019) for the shipbuilding and operation aspects of the 

maritime industry. The barriers to advancing CE in the maritime industry are further 

investigated separately in Section 4 of this thesis.  
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Despite these challenges, there are numerous opportunities for product recovery in the 

maritime sector. For instance, during dry-docking and overhauling, there is a 

heightened potential to exchange old equipment with remanufactured ones (Joensuu 

et al., 2023). Some equipment suppliers, especially engine manufacturers, lead 

remanufacturing efforts for valuable onboard components, including gas and diesel 

engines, transmissions, turbochargers, propeller shafts, and stern drives (Okumus et 

al., 2023c; Wahab et al., 2018). However, remanufacturing activities in the maritime 

industry lag significantly behind those in other transportation sectors, as previously 

outlined in Tables 2ï5. According to the European Remanufacturing Network (ERN), 

the maritime industry's remanufacturing scale is extremely low compared to other 

transport modes, generating only ú0.1 billion in revenue and employing 1,000 workers 

to handle 83,000 cores, in stark contrast to the automotive remanufacturing industry's 

ú7.4 billion, 43,000 workers, and 27,286,000 cores (Parker et al., 2015; Wahab et al., 

2018). 

Despite the low remanufacturing rates (0.3% intensity), the maritime sector does see 

considerable savings in materials and CO2 emissions through remanufacturing efforts. 

Marine remanufacturing companies have managed to save up to 15,000 metric tonnes 

of materials and reduce CO2 emissions by 40,000 metric tonnes (Parker et al., 2015). 

Despite the current numbers showing a smaller scale of remanufacturing within the 

maritime sector compared to other industries, there is huge potential for growth. With 

significant savings in materials and CO2 emissions already being realised, expanding 

remanufacturing efforts in the maritime industry has the opportunity to make a 

substantial impact. By increasing remanufacturing rates and investment in this sector, 

the benefits could be even more significant in terms of revenue generation, job 

creation, and environmental sustainability. Moreover, the remanufacturing process 

involves rigorous inspection, testing, and quality control (Errington & Childe, 2013), 

resulting in products that are at least as reliable or more so than new ones (Brent & 

Steinhilper, 2004; Wahab et al., 2018). It is frequently stated that remanufactured 

products can offer equal or superior quality compared to new alternatives, along with 

appropriate warranty coverage (Fofou et al., 2021; IRP, 2018; King et al., 2006). 
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Ship or offshore platform remanufacturing does not happen on the scale of an entire 

vessel or platform, but occurs more in components, sections, or units. Although the 

current situation is not bright in the maritime industry, component-level 

remanufacturing is also causing some misinterpretations. For example, OEMs, such as 

engine manufacturers, can identify as machinery suppliers to multiple industries. 

Therefore their statistics may ñleakò to other sectors rather than the maritime industry 

(Jansson, 2016). Moreover, the regulatory barriers within the industry prevent the 

direct use of remanufactured items. However, the only exception to this we see in 

practice is storing disassembled components as spare parts for the same vessel or her 

ñsistershipsò (a ship of the same class or design series as another ship) (Okumus et al., 

2022). 

As part of the life cycle, ship repair is an essential part of the industry but is often 

overlooked by circular economy researchers (Gunbeyaz, 2019; Jansson, 2016). 

However, the ship repair industry has several opportunities for remanufacturing. 

Jansson (2016) studied the ship repair activities in small-scale and large-scale ship 

repair to identify the potential of remanufacturing at this stage. Cores could be 

collected from the ship or shipyard during the repair activities and then sent to a 

suitable company for remanufacturing or reconditioning. The resulting product can be 

reused in other ships, shipyards, or even other industries. Table 2-4 below summarises 

the lifecycle activities and potential remanufacturing opportunities in ship repair 

processes and Table 2-5 provides several examples from the industry.  

Table 2-4: Remanufacturing opportunities in ship repairing business (Jansson, 2016). 

Lifecycle 

milestone 

Reman 

opportunity  

Role of ship Role of repair 

yard 

Maintenance Yes Core supplier n/a 

Small-scale 

voyage repairs 

Yes Core supplier n/a 

On-board repair Yes Core supplier n/a 

Planned dry-

docking, ship 

overhaul 

Yes Customers of 

reman parts 

The core collection, 

prepare 2nd life 
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Lifecycle 

milestone 

Reman 

opportunity  

Role of ship Role of repair 

yard 

Large-scale 

retrofit & 

refurbishments 

Yes Customers of 

reman parts 

Remanufacturer 

Modernisation Minor Core supplier Core collector 

Conversion, 

transformation 

Minor Core supplier Core collector 

Emergency & 

damage repair 

n/a n/a n/a 

 

Table 2-5: Remanufacturing in repair (Jansson, 2016). 

Activity  Example 

Small scale repair 

activity  

breakdown maintenance, spare parts and component 

replacement, HVAC system maintenance 

Dry dockings and 

overhauls 

Diesel engine manufacturing ï replacing cylinder 

covers, pistons etc. 

Large scale repair and 

refurbishments 

Cabin refurbishment, bathroom furniture and fittings, 

HVAC, piping etc 

Ship conversions modernisation, extending the shipôs commercial life 

by approx. 20 years and conversion, lengthening, 

transformation to other usages 

 

Even though it is unorganised and has many issues and difficulties, there is a 

significant potential for remanufacturing in the ship repair phase. Ship repair is a 

critical part of the life cycle and essential to keeping ships economically viable and 

safe for crew, environment, and goods carried. Implementing reuse and 

remanufacturing strategies in the maritime industry can extend the lifecycle of marine 

assets, thereby postponing the recycling stage and contributing to energy savings, 

resource efficiency, and reductions in costs and emissions. This approach not only 

aligns with efforts towards decarbonisation but also enhances the value of products 
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through extended lifecycles and corporate social responsibility appeals to shipowners 

(Stahel, 2013). 

Moreover, remanufacturing operations are advantageous for OEMs and independent 

remanufacturers as they provide skilled employment opportunities and contribute to 

economic growth in the surrounding communities (Karvonen et al., 2015; Koehler, 

2021; Linder & Williander, 2017). Additionally, direct labour costs are significantly 

lower in the remanufacturing phase, as the tasksô complexity and manual require 

skilled human operators, unlike in new production, where material, equipment, 

infrastructure, and overhead costs dominate (Koehler, 2021). 

In conclusion, while the maritime industry faces many challenges and currently needs 

to catch up in remanufacturing practices compared to the automotive and aviation 

industries, it holds substantial potential for growth in this area. Efforts to enhance 

remanufacturing could lead to significant environmental benefits and cost savings, 

mirroring the positive impacts seen in other transportation sectors. 

2.4 Research Gap 

The literature on CE in the maritime industry highlights several important initiatives; 

however, there remain significant gaps in knowledge that hinder the comprehensive 

adoption of advanced circular practices specific to maritime assets and stakeholders. 

Although the CE concept has gained traction in other transportation sectors, such as 

automotive and aviation, the maritime sector continues to lag, particularly in 

implementing practices beyond the basic recycling. While recycling in shipbreaking 

yards is common, it remains unclear how more resource-efficient and impactful 

practices such as reuse, remanufacturing, and refurbishing can be systematically 

integrated into maritime operations. 

Below are the gaps in knowledge identified from the literature, which this thesis seeks 

to address: 

 



 

66 

 

¶ What are the real-world benefits and feasibility of advanced circular 

economy practices for the maritime sector? 

While the theoretical advantages of circular economy strategies such as 

remanufacturing, refurbishing, and reuse are documented, the literature lacks 

empirical studies that validate these benefits in a maritime context. The 

predominant focus on recycling in shipbreaking yards has left a gap in 

understanding how more advanced practices can be applied effectively to 

maritime vessels, systems, and components. How can case studies be designed 

to illustrate the operational, financial, and environmental benefits of these 

practices? This remains a significant area where practical evidence is missing, 

and research is needed to provide concrete examples that can guide 

stakeholders in adopting these advanced practices. 

¶ What specific enablers are required for the circular transition in the 

maritime industry? 

Unlike other transportation industries such as aviation or automotive, the 

maritime sector faces unique challenges, including regulatory, operational, and 

logistical barriers that hinder CE adoption. What are the key enablersðsuch as 

reverse logistics, remanufacturing infrastructure, or policy frameworksðthat 

can facilitate this transition? Although the literature highlights some enabling 

factors, the interdependencies between strategy, technology solutions, 

digitalisation, and stakeholder alignment remain underexplored. Future 

research should investigate these enablers in detail, focusing on practical 

implementation and their impact on accelerating the circular transition..  

¶ How can circular economy principles be extended to ageing merchant 

vessels? 

While significant attention is given to newly built ships, the literature does not 

adequately address the inclusion of older ships in circular practices. What 

strategies or infrastructures are needed to retrofit ageing vessels and prevent 

underutilised assets from being prematurely discarded at the end-of-life stage? 

Further research is required to explore scalable solutions for incorporating 
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these vessels into the circular economy, including retrofitting, 

remanufacturing, and lifecycle management. Additionally, how can these 

solutions be applied at scale, and what would be the financial and 

environmental impacts of such initiatives on the global fleet?. 

¶ How can the circularity performance of maritime stakeholders be 

measured and tracked effectively? 

The maritime industry lacks specific frameworks or tools for evaluating 

circularity performance. What methodologies or indicators can be developed 

to provide consistent and actionable assessments of circular practices in the 

sector? While other industries have advanced in defining performance 

indicators for circularity, the absence of maritime-specific metrics creates a 

knowledge gap in how to measure and compare progress effectively. 

Developing tailored metrics, key performance indicators (KPIs), or assessment 

tools for maritime stakeholders is essential to establish benchmarks and 

encourage continuous improvement. 

In summary, although progress has been made in exploring CE principles, these gaps 

in knowledge highlight critical areas that must be addressed to facilitate a 

comprehensive circular transition in the maritime industry. This thesis seeks to 

contribute to filling these gaps by providing new insights, practical solutions, and 

empirical evidence to advance the adoption of CE practices across maritime 

operations. 

2.5 Research Question 

The literature reveals critical gaps in the knowledge necessary for transitioning the 

maritime industry towards a CE. These include the absence of a comprehensive 

maritime circularity framework, insufficient empirical evidence demonstrating 

advanced circular practices, and a lack of enablers such as digital infrastructure and 

stakeholder-specific metrics. Addressing these gaps is essential to reduce waste, 

enhance resource efficiency, increase value extraction, and create a sustainable future 

for the maritime sector. 
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To bridge these gaps, the central research question guiding this thesis is: 

"How can a maritime circular economy framework be developed to enable circular 

practices, integrate digital infrastructure, and align stakeholder efforts for maximising 

resource efficiency and value extraction and therefore contributing to sustainability in 

the maritime industry?" 

This research question reflects the knowledge gaps identified in the preceding section 

and provides a structured approach to addressing them. It serves as a foundation for 

exploring innovative strategies, tools, and case studies that collectively contribute to a 

circular transition in the maritime industry. By answering this question, the thesis aims 

to advance the adoption of CE principles across the sector and deliver practical, 

actionable solutions to its unique challenges. 

2.6 Chapter Summary 

This chapter provided a comprehensive overview of the current state of the literature, 

identified the existing research gaps, and outlined the potential for novel contributions 

to address these gaps. It also provided the overarching research question. 
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3 Methodology 

 

3.1 Chapter Overview 

This chapter first presents a general information on the maritime industry, its 

stakeholders and vesselsô lifecycle. Then, the research methodology and the 

positioning of this PhD study are clearly displayed.  

3.2 Maritime Industry ï General Info on L ifecycle and Industry 

Stakeholders 

Maritime transport is the backbone of the global economy since it moves over 80% of 

world trade by volume (Stopford, 2009; UNCTAD, 2023), which is predicted to triple 

by 2050 (UNCTAD, 2022b). However, with the increasing demand for the maritime 

industry, the emissions caused by the industry will also rise across all stages of the life 

cycle. Recent estimates show that 10-15% of SOx and NOx emissions come from 

shipping, and that number will go up by 2050 unless serious steps are taken (Bjerkan 

& Seter, 2019; Zis & Psaraftis, 2019). Currently, the maritime industry aims to reduce 

its operational global greenhouse gas (GHG) emissions. It is going through a transition 

period to meet the demands of the UK, EU, and IMO on the net-zero targets. Therefore, 

the industry has pledged to lower its operations' GHG emissions by 50% by 2050 

(IMO, 2018b; Milios et al., 2019). It has recently hiked its goal to at least 20% GHG 

emission reduction by 2030 and 70% reduction by 2040, ultimately expecting net zero 

by or around 2050 (IMO, 2023). Currently, the academia mainly focuses on lowering 

emissions and utilising renewable and green fuel sources in the ship operation stage 

by replacing fossil fuels. This is because the majority of GHG emissions are produced 

during the operation. However, this situation should not undermine the importance of 

shipbuilding and circular end-of-life options, as they are vital elements in the maritime 

industry's sustainability. The maritime industry needs to address sustainability, 

especially in conserving limited raw materials, through CE principles throughout the 
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entire lifespan of vessels. The circular economy has gained significant attention as a 

potential answer for the maritime industry's multifaceted challenges. It offers an 

avenue to meet the industry's challenging environmental goals, such as 

decarbonisation or net-zero targets, and opens up new economic opportunities. 

Currently, the shipbuilding industry generates 42,600 jobs and provides £2.8 billion to 

the UK economy (NSO, 2022). The shipbuilding operations mainly involve hull 

construction, outfitting, commissioning, testing and delivery. Even a basic cargo ship 

is equipped with valuable onboard components such as the main engines, auxiliary 

engines, compressors, pumps, navigation equipment, electronics, computers, etc. 

Today, the average economic life of cargo ships is around the 20ï25-year range. For 

instance, Figure 3-1 shows the average age of the merchant fleet, and Figure 3-2 

illustrates the average demolition age on top of the fleet age of containerships, as an 

example.  

 

Figure 3-1: World merchant fleet age by ship types  (Okumus et al., 2024b; UNCTAD, 2022a). 
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Figure 3-2: Average fleet age and demolition age of containerships (Clarksons, 2022). 

The maritime industry is a unique sector comprising various stakeholders that design, 

build, operate and scrap the vessels or other floating bodies, or supply service, 

governance or equipment to these stakeholders (Milios et al., 2019). One unique aspect 

of the maritime industry is that the average lifespan of vessels is significantly longer 

than that of other heavy industries (Gunbeyaz, 2019; Hiremath et al., 2015). In the long 

lifespan of vessels, different stakeholder groups carry out specific functions to ensure 

safe and steady operation. The overall steps of a shipôs life cycle are: 

¶ Initial planning and design, 

¶ Shipbuilding process (Contract, production, equipment purchase, construction 

and delivery) 

¶ Operation  

¶ Repair and Maintenance 

¶ End-of-life 

As shown in Figure 3-3 a linear flow describes the current practices realistically. This 

is due to the reasons explained later in this research. Overall, the link between end-of-

life and new design or construction is missing in the maritime industry due to several 

reasons, including but not limited to lack of awareness in the industry, regulatory 

barriers, the long life of marine assets, the lack of a reliable reverse supply chain, and 
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poor end-of-life practices. Moreover, conflicts arising from diverging interests among 

stakeholders present a significant barrier within the industry.  

These challenges highlight the need for a holistic and comprehensive approach to 

address end-of-life issues in the maritime industry. At this point, Figure 3-4  shows the 

connection between the five main lifecycle stages of vessels (expanded from Montwiğğ 

et al. (2018)) and maritime stakeholder groups (SSI, 2021): In the figure, green 

corresponds to a strong connection, while yellow means a moderate connection, and 

white cells indicate no direct affiliation (DIVEST, 2011). This section will provide a 

concise overview by introducing the lifecycle stages and the roles of corresponding 

stakeholders at each step. 

 

Figure 3-3: Vessels lifespan according to the current practices 
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Figure 3-4: Connection between vessel lifecycle stages and maritime stakeholder groups. 
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3.2.1 Initial Planning and Design 

In this step, the shipowner decides the requirements, such as the type of ship, the route 

it will serve, the conditions under which it will work, the crew size, etc. Following the 

identification of the vessel's needs, the shipowner will start making detailed plans by 

involving naval architects, consultancies, and, in some cases, universities or research 

institutes, design offices, and shipyards. During the design stage, there are two main 

approaches. One is basing the design on similar designs (by incorporating changing 

technology, regulations, or other factors), and the other is creating a new design from 

scratch. The former approach is usually preferred for commercial vessels. At the 

design stage, the overall characteristics and specifications of the vessel are determined, 

including the overall dimensions, speed, layout, and list of equipment and machinery 

(referred to as the makerôs list). 

In some cases, during these discussions, a broker might be involved from both the 

shipowner and the shipyard. It is also essential to investigate the regulations and 

legislation that the ship should follow at this stage. Contacts and meetings with the 

classification society and flag state usually take place to ensure compliance with all 

necessary requirements and standards.  

Apart from finalising technical agreements, securing ship financing becomes 

imperative at this stage due to the substantial investment involved. While the 

negotiation between the shipyard and shipowner takes place, the shipowner also 

negotiates with the financier (e.g., banks, investors, government bodies) to secure such 

financing. After securing funding and finalising the contract with the shipyard, original 

equipment manufacturers (OEMs), including engine and auxiliary systems 

manufacturers, participate in quotations and bids for the specified makerôs list. 

Overall, the stakeholders involved in this stage are: 

¶ Shipowner: Ordering a new ship for the new service 

¶ Design office, naval architects: responsible for the design, equipment, and 

machinery decisions. 
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¶ Consultants, universities, and research associations: supporting the owner 

and designer during the design and research stages. 

¶ Shipyards: involved in the contracts and detail design parts. Once the contract 

is signed between the parties, the shipyard is more involved in the design. 

¶ Original Equipment Manufacturers:  Manufacturers are involved at this 

stage to bid for the equipment on the makerôs list. 

¶ Financers: Grants the necessary financing for the planned ship. 

3.2.2 Construction Stage 

Once the agreement for the ship is done and the contract is signed, the production 

design and detail design stages start with the involvement of the shipyard's design 

team. The detailed plans for the construction, strength elements, outfitting, etc., are 

decided. Classification societies and regulatory bodies are involved at this stage to 

ensure that the ship meets the requirements in terms of safety for the crew, the 

environment, and the goods carried. 

At this stage, the yard also purchases all the equipment and materials in the spec list. 

A mistake at this stage can impact the entire vessel's delivery timeline since all these 

equipment and material installations are tied to each other. Once the materials start to 

arrive, construction begins with the involvement of engineers, subcontractors, 

workers, supervisors, and consultants. 

The launching takes place once the deck sections and the deck are constructed and the 

main machinery and equipment are installed. After this step, installation, painting, 

instrument checking, and other detailed work are completed. After the details are 

finalised, the sea trial and delivery steps take place. 

To summarise, the following stakeholders are involved at this step: 

¶ Shipyards: responsible for the construction and procurement of the material 

and equipment from the OEMs and local suppliers. Also manages the material 

flow within the yard, the arrival and storage of the material, and the equipment 

used in the particular vessel. 
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¶ Subcontractor: Supports the shipbuilding stage through various activities, 

e.g., construction involves supplying workers, consultancy, or expertise. 

¶ Original equipment manufacturers: supply the equipment and machinery of 

the ship, ranging from the main engine to heating, ventilation, air conditioning 

units, electrical equipment, radars, and communication equipment.  

¶ Local suppliers: Local suppliers are involved with the smaller purchases such 

as consumables (welding rods, HSE equipment, ropes, worker clothes, etc.). 

¶ The shipowner or the representative: At this stage, the shipowner checks the 

progress in the building and makes the payments when the necessary 

checkpoints (e.g., keel laying, main engine installation, launching, delivery) 

are agreed upon in the contract. 

¶ Authorities: Authorities check the shipyard for adherence to regulations, HSE 

rules, and other commitments regarding worker rights, taxes, etc. 

¶ Classification society: The classification society checks the design and 

construction and ensures that the vessel meets the required standard. The 

society also ensures that the installed equipment on board the ship does not 

contain hazardous material for HSE. 

¶ Financers: Financers might be involved in financing the shipyardsô operations 

and shipownersô loans at this step. 

3.2.3 Ship Operation Stage 

The ship operation is a complex life cycle step involving various groups. Shipowners 

might have different options for the operation: using the ship for their specific 

operation (e.g., IKEA now employs their container vessels as a response to the 

container shortage) for their own companyôs supply chain; alternatively, shipowners 

might use the ship to carry other customersô cargo through different arrangements, 

which are also known as chartering. Three chartering options exist: trip (or voyage), 

time, or bareboat charter. A trip charter is carrying the cargo for a single voyage, and 

the owner with the sole responsibility operates the ship; a time charter is a ship rented 

for a time period with shared responsibility with the customer; or a bareboat charter is 

the complete rental of the ship to the third party for operation. With all these options, 
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the sole goal of the owner is to get a return on the initial investment, pay back the loan 

if applied for, and make a profit. 

As mentioned above, various stakeholders are involved in this step; 

¶ Owner, Charterer, or Operator: The owner or charterer operates the ship for 

profit or to provide the required transportation service. They are responsible 

for arranging cargo supplies for the crew and the vessel, ensuring the ship is up 

to the standards of the flag state, the port state, and the classification society. 

The owner/charterer is also responsible for the crew's well-being. 

¶ Ship Crew: Responsible for the day-to-day safe operation of the ship in line 

with the rules, with the guidance provided by the owner or the charterer. The 

ship crew is also responsible for onboard repairs in case of a breakdown during 

the voyage. Ships keep an extensive range of spare parts onboard them to 

ensure that essential units are backed up in the case of such breakdowns. 

¶ Ports: Ports serve ships, load and discharge cargo with port equipment (or 

facilitate space for the ship to discharge the cargo using the shipôs own 

equipment onboard), and provide supplies to vessels. The countries (port 

states) in which ports are located regulate them.  

¶ Port state: The port state is the nation's officers that the ships visit. The port 

state has extensive authority over the vessels and has the right to tie the ship if 

a defect or an inconsistency with the regulations is found. Such cases are costly 

for the shipôs operation since they will delay the entire operation and schedule 

and cause demurrage payments to the cargo owners. 

¶ Flag state: Every ship is registered to a nation (not necessarily the nation 

where the ownerôs company is located), and these nations also have 

requirements for crew safety, working patterns, taxes, minimum payments, 

safety, etc. The flag states also have the authority to stop the vessel from 

operating if the standards are not met. On the other hand, registering the vessel 

with nations with less strict requirements, known as flags of convenience, is 

very common in the maritime industry. These flags have less tax and fewer 

regulations for the owner. 
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¶ Authorities and policymakers: The maritime industry is heavily regulated 

due to its reputation for accidents (and heavy consequences for human life and 

the environment) and the hazardous working conditions for the crew. These 

regulations sometimes change to address a need after an accident or 

technological advancements. Whatever the reason, these regulations bring 

essential changes to shipowners for operation or the rest of the stages. 

¶ Brokers: Brokers are intermediary parties that help shipowners find cargo. 

They are paid a percentage of the earned amount. 

3.2.4 Repair and Maintenance 

The repair and maintenance steps are usually taken simultaneously as part of the 

operation step. Still, considering the nature of the tasks involved, the purpose of this 

research, and the circular economy viewpoint, this step is separated to demonstrate its 

importance. 

Ships work in extreme environments during their lifetimes for various reasons, such 

as rough weather conditions, challenging sea states, or hazardous cargo types. As a 

result, regular repair and maintenance are crucial to ensuring the safety, efficiency, and 

longevity of the vessel. Ships go through regular maintenance to make certain that the 

shipôs structure and machinery are up to standards and requirements to be safe for the 

environment and the crew. Every couple of years (depending on the flag, class society, 

and ship type), ships head to shipyards (to graving docks, floating docks, or berths) for 

maintenance and surveys. During this visit, the ship's hull is cleaned and repainted if 

necessary, machinery and equipment are inspected, and the ship's hull is inspected in 

detail for corrosion or other defects to ensure its water tightness and strength to 

withstand natureôs forces. These operations are usually conducted at ship repair yards. 

In addition to the repair and maintenance, ships might also visit the ship repair yards 

for refitting or repurposing. For example, with the recent regulation change on NOx or 

ballast water treatment, many ships had to be refitted with the necessary equipment 

(such as scrubbers and ballast water treatment systems) to comply with the changing 

regulations. In addition to regulatory considerations, shipowners may find it necessary 

to modify their vesselsô primary objective or purpose in certain situations. KPS vessels 
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are good examples of this. Karadeniz Powership Series are power barges converted 

from general cargo carriers to power ships to supply electricity to the power grid in 

various countries lacking infrastructure (Dasgupta, 2019). 

Table 3-1 presents ship repair and maintenance activities and summarises their 

frequency, location, and durations as a reference (Jansson, 2016). And stakeholders 

involved in this stage are: 

¶ Owner or Charterer: The owner or charterer is the decision-maker for the 

maintenance schedules, repair intensity, refit decisions, and the operation's 

funder. 

¶ Classification Societies: Surveyors from the societies are responsible for 

inspecting and identifying the condition of the ship, its equipment, and 

machinery. 

¶ Ship repair yards: Repair yards are responsible for docking, inspecting, 

repairing, and maintaining vessels. If the ship is in the yard for refit or 

repurpose, their responsibilities include these. The shipyard's design team 

might also be involved in the refit scenario. 

¶ OEMs: Similar to the shipbuilding stage, OEMs supply the equipment and 

machinery for the ship. 

¶ Engineering consultant and designers if refit: If the ship is refitted or 

repurposed, this might include profound changes that need to be inspected in 

detail or bring additional design changes. Therefore, these parties are involved 

if the vessel is refitted. 

¶ Ship crew: The shipôs crew takes part in ship repair and refit operations since 

they are running the vessel and are familiar with the systems. They liaise with 

the company contact, providing reports to the owner or charterer. 

Table 3-1: Different types of ship repair activities, their frequency, typical location and durations, from Jansson 

(2016). 

Milestones of ships 

lifecycle 

Frequency Location Duration 

Maintenance Continuous Any n/a 

Small-scale voyage repairs Occasionally At sea Hours 
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Milestones of ships 

lifecycle 

Frequency Location Duration 

Onboard repair Occasionally Harbour Hours, days 

Planned dry-docking, ship 

overhaul 

Two times in 5 

years 

Repair yard ~ 2 weeks 

Large-scale retrofit & 

refurbishment 

After 10-15 years 

of operation 

Repair yard ~ 3-4 weeks 

Modernisation (extends 

commercial life by another 

20 years. 

The first lifetime is 

usually 20-30 years 

Repair yard ~ 3-4 weeks 

Conversion, lengthening, 

transformation to another 

usage 

n/a Repair yard ~ 1-3 months 

Emergency repair & 

damage repair 

No schedule Any variable 

3.2.5 End-of-L ife (EoL) Stage 

End-of-life is, unfortunately, the most ignored part of the ship lifecycle investigations. 

After the ship's economic life, when repairs or retrofits can no longer keep the vessel 

financially viable or safe, the ship is "recycled." This operation takes place at ship 

recycling yards, usually located in developing countries that need steel for 

infrastructure, construction, or other projects. 

The end-of-life phase may not solely result from ageing but can also be influenced by 

global economic conditions or regulatory alterations. For example, during COVID-19, 

many cruise vessels younger than ten years old were sent to recycling due to financial 

concerns (high maintenance costs and bad publicity at the beginning of the pandemic) 

(NGO Ship Breaking Platform, 2022). Moreover, during the 2008 global crisis, many 

new ships were sent to scrap to minimise the financial losses. Another example would 

be the past prohibition of single-hull tankers, which compelled shipowners to dispose 

of these vessels at ship recycling facilities. Therefore, the decision to send to scrap is 

not simple; it is tied to several criteria and scenarios. In these cases, the shipowner 

sells the ship for recycling to minimise the losses by earning from the steel tonnage. 
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Unfortunately, the ship recycling industry is one of the most problematic parts of the 

maritime sector, with the hazards involved in the tasks, the vast range of hazardous 

materials from end-of-life ships (e.g., asbestos, TBT, PCB, heavy metals), the lack of 

awareness of the yard owners and the workers, and the damage caused to the 

environment due to irresponsible ship recycling practices. Even though, weight-wise 

98% of the vessel is recycled, this number twists the situation and puts the industry in 

a place rather than its actual condition since most of a shipôs weight comes from steel 

(Gunbeyaz, 2019; McKenna et al., 2012; van t'Hoff & Hoezen, 2021). Many types of 

equipment, machinery, and onboard items go underutilised due to a lack of knowledge 

among the ship recyclers. In fact, recycling is the lowest hierarchy of end-of-life in a 

circular economy (Gilbert et al., 2017; MacArthur, 2013). IMOôs Hong Kong 

Convention and EU ship recycling regulation aim to improve the overall situation 

(Solakivi et al., 2021). The practical improvement, however, expected to take a long 

time. 

In this step, the following stakeholders are involved:  

¶ Owner: Gives the decision to scrap the vessel. The owner's decision is critical 

regarding where to send the ship since environmentally friendly and safer 

options generate less income for the shipowner. The owner might choose to 

sell to the cash buyer as well. 

¶ Cash buyers: Cash buyers are the intermediaries or middlemen in the industry 

who buy the ship from the shipowner and sell it to the ship recycling facilities 

to overcome the legal barriers brought in by the Basel ban and the IMO. 

¶ Ship recycling yards: Ship recycling facilities are responsible for the safe 

dismantling of the vessel, the treatment of hazardous materials, and the 

downstream management of the items on board the vessel. 

¶ Local community: affected by the practices around the ship recycling 

facilities due to the pollution and contaminated food chain, but when conducted 

safely, the industry creates employment. 

¶ Policymakers: Regulates the industry for health and safety compliance and 

adherence to the regulations. 

¶ OEM: Their equipment ends up on the shores of the ship recycling facilities. 
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¶ Steel/metal producers/melters: Steel from the yards is delivered to this 

industry, and depending on the need, the steel is rerolled, melted, or directly 

reused. 

The ship lifecycle is sophisticated and influenced by many of factors, elements, and 

stakeholders that interact throughout the process. Each stakeholderôs behaviour affects 

the implementation of the principles of circular economy in the maritime industry, 

along with the barriers created by regulatory, economic, and infrastructure challenges. 

In response to public and industry stakeholders' concerns, ship recycling operations 

have been undergoing significant transformations. Table 3-2 below shows the 

legislation and regulations in recent years that cover the end-of-life stage of ships. 

  

Table 3-2: Policies on waste management and end-of-life.  

Policymaker Year 

proposed 

Regulation Status 

International 

Maritime 

Organization 

2009 Hong Kong Convention for the 

Safe and Environmentally 

Sound Recycling of Ships 

Coming into 

force Jun 26, 

2025. 

European 

Commission 

2013 The European Union Ship 

Recycling Regulation No 

1257/2013 (European 

Commission, 2013)  

It came into 

force in 2018 

Basel 

Convention 

1989 Basel Convention on the 

Control of Transboundary 

Movements of Hazardous 

Wastes and their Disposal 

(1992)  

Effective 1992 
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3.3 Methodology 

While some of the chapters (6 and 7) present their individual methodologies and 

approaches, this chapter employs a comprehensive approach to present the entire study 

and establish the relationships between the chapters. Accordingly, Figure 3-5 depicts 

the general methodology followed in this thesis. The methodology of this PhD research 

consists of two phases. The Phase I includes a literature review (Chapter 2), initial 

stakeholder engagement events to collect insights from industry stakeholders, and 

barrier and opportunity identification stages (Chapter 4) of the study. Phase II, on the 

other hand, is positioned as the implementation phase, where the proposed solutions 

(Chapters 5, 6, and 7) are developed and tested based on the findings from Phase I. 

This structured approach ensures a systematic and thorough exploration of the research 

problem and facilitates a well-rounded analysis of the data collected throughout the 

study. 

As shown in the figure, the study begins with a literature review presented in Chapter 

2. The literature review first delved into the CE literature and defined the circularity 

concept, its principles, and R-imperatives. The evolution of the CE concept, beginning 

from the 1970s to the present, is traced, highlighting key milestones and developments 

in the field. After that, CE practices in the maritime industry and other transportation 

industries are investigated. First, a comprehensive literature review was carried out 

regarding maritime circularity in Section 2.3.1, and then the current situation at ship 

recycling facilities in popular ship recycling countries was presented in Section 2.3.2. 

The application of advanced CE principles in the aviation and automotive industries 

was presented separately, and findings were used to compare the three industries in 

2.3.3. Consequently, this chapter presented research gaps identified in the literature 

and concludes with the overarching research question.  

Following the literature review, intensive stakeholder engagement events in the form 

of online and in-person workshops, semi-structured interviews, and questionnaires 

were held between 2021 and 2024 during this study. These industry interactions 

support the following chapters as they provide up-to-date insights from the broad 

maritime sector. The details of each engagement event in Phase I are summarised, and 
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each event is associated with chapters in Phase II as presented in Table 3-3. The 

questions asked in those events are also enclosed in Appendix F. 

Lastly, in Phase I, Chapter 4 focused on the barriers and opportunities of CE in the 

maritime industry. A comprehensive stakeholder engagement survey was prepared, 

reaching out to a substantial number of stakeholders to reveal the industryôs current 

position. With a broad range of perspectives gathered, the chapter highlights key 

challenges and potential gains for advancing circular economy practices in the 

maritime sector. The findings in this section were combined with the identified 

research gaps in the literature review to develop novel solutions in Phase II that address 

the barriers and capitalise on the opportunities for implementing circular economy 

principles in the maritime industry. In fact, Section 4.5 introduces the maritime 

circularity framework proposed to address these challenges and promote sustainable 

practices within the industry. This framework provides a comprehensive guide for 

stakeholders to navigate the complexities of transitioning towards a circular economy 

model in the maritime sector. Phase II aims to comprehensively identify and pilot these 

solutions in real-world settings to test their effectiveness and feasibility, ultimately 

paving the way for widespread adoption of circular economy principles in the 

maritime. 

Table 3-3: Stakeholder engagement event details in Phase I. 

Stakeholder Engagement Events in Phase I 
Associated research strands 

in Phase II Event Date Description 

Questionnaire  

Between 

09/2021 and 

12/2021 

¶ 83 participants 

¶ Findings presented in Chapter 4 

and support all strands in the Phase 

II.  

¶ Chapter 5 (solutions & 

remanufacturing case 

study) 

¶ Chapter 6 (database and 

asset tracking) 

¶ Chapter 7 (metrics)  

In-person 

interview  

30/06/2022 

@Tuzla, 

Istanbul 

¶ 9 participants (4 from OEMs, 3 

from shipyards, 2 from 

consultants). 

¶ Regarding advanced CE practices, 

digital infrastructure and 

remanufacturing. 

¶ Chapter 5 (solutions & 

remanufacturing case 

study) 

¶ Chapter 6 (database and 

asset tracking) 

Online 

workshop  
12/12/2022 

¶ 51 participants. 

¶ Outputs include an industry gap 

analysis, SWOT and PESTEL. 

¶ Chapter 6 (database and 

asset tracking) 

¶ Chapter 7 (metrics) 
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Stakeholder Engagement Events in Phase I 
Associated research strands 

in Phase II Event Date Description 

In-person 

workshop 1 

23/01/2023 @ 

Watermenôs 

Hall, London 

¶ 14 participants 

¶ Regarding CE enablers, asset 

tracking and CE metrics 

¶ Chapter 6 (database and 

asset tracking) 

¶ Chapter 7 (metrics) 

In-person 

workshop 2 

20/02/2023 @ 

Cranfield 

University 

¶ 8 participants from academia and 

consultancy backgrounds 

¶ Regarding decarbonisation and 

circularity transition of the 

maritime 

¶ Chapter 6 (database and 

asset tracking) 

¶ Chapter 7 (metrics) 

Online 

interview 
14/10/2023 

¶ 12 participants from ship repair and 

recycling industries 

¶ Regarding the equipment tracking 

and database systems 

¶ Chapter 6 (database and 

asset tracking) 

 

As the first stand of Phase II, in Chapter 5, technology and strategy solutions for a 

circular maritime industry have been explored in depth. Then, current practices 

regarding CE amongst well-known marine engine OEMs are examined, and the overall 

engine remanufacturing process is presented. Furthermore, an engine remanufacturing 

case study was carried out to provide real-world examples of how the restorative cycle 

can be achieved effectively. The case study provides the financial implications of 

implementing circular economy practices in the maritime sector, shedding light on the 

potential cost savings and long-term benefits for businesses. Additionally, it offers 

insights into the environmental impact of engine remanufacturing, showcasing the 

importance of sustainability in the industry. 

Further in Phase II, Chapter 6 presents a novel database design that enables material 

passports to advance circular practices in the maritime industry. The database and the 

maritime asset tracking system concepts developed could serve as a bridging solution 

for existing merchant fleets and onboard assets. Before delving into the specifics of 

the proposed database, this chapter provides a stakeholder needs analysis, followed by 

a CE and digitalisation section. Moreover, a case study is provided to showcase the 

practicality of the database and then estimate the potential financial impact of 

implementing material passports in the maritime industry. This comprehensive 

approach highlights the potential benefits of integrating circular economy principles 
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into traditional maritime practices, paving the way for a more sustainable and efficient 

industry. 

The development of maritime stakeholder-focused circularity metrics is presented in 

the final strand of Phase II in Chapter 7. This chapter includes a comprehensive review 

of existing circularity metrics in the literature, followed by a stakeholder-focused 

circularity assessment to identify which CE themes should be monitored for each 

stakeholder group in the maritime industry. Then, definitions of each circularity metric 

developed are given, and the overall metric structure is associated with five major 

industry aspects. Lastly, Chapter 7 involves a case study demonstrating how circularity 

metrics can be utilised. The case study focused on ship recycling yards as a stakeholder 

group and applied to three shipyards. Lastly, their circularity performance scores were 

calculated, and their respective performances were compared with one another. 

Chapters that form Phase II (5, 6, and 7) altogether form the maritime circularity 

framework created within this PhD research. Case studies in these sections focused on 

different maritime stakeholder groups, namely OEMs, ship owners, and ship repair 

yards, to touch as many stakeholder groups as possible during this research. Table 3-4 

illustrates the details of case studies conducted in Phase II, including the verification 

approaches adopted. This approach ensured that the framework was not only 

theoretically sound but also feasible and relevant for real-world implementation within 

the maritime industry.  

Table 3-4: Case study details in Phase II. 

Phase II chapters Case studies 
Data input for the case 

study 

Result validation 

method 

Chapter 5 

(solutions & 

remanufacturing 

case study) 

Main engine 

remanufacturing  

Engine factory specs from 

OEM 

Remanufactured engine test 

results and cost breakdown 

from the dealer. 

Brand new and 

remanufactured unitsô 

performance comparison. 

Cost/benefit analysis 

based on present value of 

acquisition costs. 
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Phase II chapters Case studies 
Data input for the case 

study 

Result validation 

method 

Chapter 6 

(database and 

asset tracking) 

Asset tracking 

using developed 

database   

Vessel details from ship 

owner. 

Onboard equipment 

information (condition, 

working hours etc.) from 

the shipôs engineer. 

Validation workshop with 

12 experts from shipyards, 

ship owners, OEMs, and 

recycling facilities 

(enclosed in Appendix B). 

Chapter 7 

(maritime 

circularity 

metrics) 

Tailored metrics 

application for 

shipyards 

2023 business results 

including sales, waste 

generation, emissions, and 

lead times from ship repair 

yards. 

Validation workshop with 

27 experts from nine 

maritime stakeholder 

groups (enclosed in 

Appendix E) 

Five expert opinions using 

AHP for the case study 

(presented in Section 

7.6.2) 

 

Finally, the thesis is completed after presenting the discussion, and conclusions and 

future recommendations which are presented in Sections 8 and 9, respectively. 
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Figure 3-5: General methodology of the thesis.
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3.4 Positioning of the Research 

This research adopts Saundersô Research Onion framework to systematically position 

and explain its methodological approach, ensuring transparency and coherence across 

its design (Saunders et al., 2019). The frameworkôs layers guide the progression from 

philosophical foundations to specific data collection techniques, aligning the research 

process with the objectives of addressing CE challenges in the maritime industry as 

shown in Figure 3-6. 

 

Figure 3-6: Research óonionô, adapted from (Saunders et al., 2019) 

The research philosophy underpinning this study is critical realism, which focuses on 

uncovering the underlying structures and mechanisms driving the barriers and 

opportunities for CE adoption in the maritime industry. Critical realism bridges the 

gap between observable phenomena (e.g., stakeholder actions, industry practices) and 

the deeper systemic factors (e.g., regulatory, technological, and logistical dynamics) 

that shape these phenomena (Archer et al., 2013). This philosophy enables the 

integration of empirical observations with theoretical insights, facilitating a nuanced 

understanding of complex challenges and informing actionable solutions. 
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The study employs an abductive approach to theory development, which combines 

elements of deductive reasoning and inductive inquiry (Folger & Stein, 2017). The 

research begins with established theoretical frameworks related to CE and 

sustainability and iteratively refines them through insights derived from empirical 

findings, including stakeholder surveys, interviews, and case studies. This cyclical 

process of moving between theory and data ensures that the developed maritime 

circularity framework is both theoretically grounded and practically relevant. 

A mixed-methods complex design forms the methodological backbone of this 

research, integrating both qualitative and quantitative methods to capture the 

multifaceted nature of CE in the maritime industry. Quantitative surveys provide a 

broad and generalisable understanding of stakeholder perceptions, industry practices, 

and key barriers, while qualitative methodsðsuch as semi-structured interviews, 

workshops, and case studiesðoffer deeper, context-specific insights into the 

operational and strategic dimensions of CE adoption. This methodological 

combination enhances the robustness of the findings and allows for a comprehensive 

exploration of the research problem. 

The primary research strategies employed are surveys and case studies. Surveys were 

distributed to diverse maritime stakeholders, including original equipment 

manufacturers (OEMs), shipyards, and shipowners, to collect data on their awareness, 

attitudes, and readiness for CE transition. Case studies, on the other hand, provided a 

detailed examination of specific scenarios, such as the remanufacturing of marine 

engines. These case studies served to demonstrate the practical feasibility, financial 

benefits, and environmental implications of adopting circular practices, offering 

concrete evidence to support the theoretical arguments. 

The research adopts a cross-sectional time horizon, capturing data at a specific point 

in time to reflect the current state of CE adoption and stakeholder perspectives within 

the maritime industry. This approach provides a snapshot of prevailing attitudes, 

practices, and challenges, which serves as a foundation for proposing actionable 

strategies and future directions. 
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Data collection and analysis in this research were designed to be multimodal, 

combining structured surveys, semi-structured interviews, stakeholder workshops, and 

detailed case study examinations. Quantitative data were analysed using statistical 

techniques to identify trends, relationships, and significant findings, while qualitative 

data were subjected to thematic analysis to uncover deeper insights into stakeholder 

experiences and perceptions. In the case studies, financial modelling and comparative 

analysis were employed to quantify the economic benefits of CE practices, adding an 

additional layer of rigour and practicality to the findings. This multimodal approach 

ensures the triangulation of data, enhancing the validity and reliability of the results. 

By situating the research within Saundersô Research Onion framework, this study 

demonstrates a coherent and well-structured methodological approach. Each layer of 

the framework aligns with the overarching goal of developing a maritime circularity 

framework that facilitates the transition to CE practices, addressing the specific 

challenges and opportunities unique to the maritime industry. 

 

3.5 Chapter Summary 

The methodology and the positioning of this PhD research were presented in this 

chapter. 
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4 Barriers and Opportunities of the 

CE in Maritime Industry  

 

4.1 Chapter Overview 

This chapter, being the last stage of Phase I of the research, delves into the barriers and 

opportunities of advanced circularity in the maritime industry. A thorough maritime 

stakeholder survey is presented, and its findings are used to identify and articulate 

barriers by referencing the literature and questionnaire results. Finally, the potential 

opportunities of CE principles were clearly outlined, directly linked to the 

identification of high value and high potential onboard equipment in the maritime 

sector. This chapter has been partly presented in the Transportation Research Arena 

2022 international peer-reviewed conference (November 2022) and published in the 

Transportation Research Procedia (2023) volume 72 as follows: 

Okumus, D.; Gunbeyaz, S.A.; Kurt, R.E.; Turan, O. Circular economy approach in the 

maritime industry: Barriers and the path to sustainability. Transportation Research 

Procedia 2023, 72, 2157-2164. https://doi.org/10.1016/j.trpro.2023.11.701 

Additionally, this chapter's content has been partly discussed in a white paper 

published by the University of Warwick as part of the Circular Economy Network in 

Transportation Systems (CENTS) initiative: 

Okumus, D.; Gunbeyaz, S. A.; Karamperidis, S. Potential Impact of the Circular 

Economy Concept in Maritime Transport. White Paper - Circular Economy Network+ 

in Transportation Systems, University of Warwick. 2023. 

https://warwick.ac.uk/fac/sci/wmg/research/materials/smam/cents/activities/whitepap

ers/maritime.pdf   
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4.2 Comprehensive Questionnaire for CE Barriers and Opportunities 

Stakeholder engagement events, such as questionnaires, workshops, and interviews, 

are essential for identifying barriers and uncovering potential benefits in the transition 

to a circular economy. Opferkuch et al. (2023) highlight that the circular economy 

necessitates significant shifts in business models, supply chains, and consumer 

behaviour, which can only be effectively addressed through collaboration with 

industry stakeholders. These interactions help reveal the specific challenges and 

obstacles faced by stakeholders, allowing the development of frameworks that are 

tailored to address these issues. Through engagement with stakeholders, researchers 

can also uncover the overall industry perception, concerns, and expectations from the 

circular practices, ensuring that the frameworks developed are grounded in real-world 

conditions and increasing the likelihood of successful adoption (Mishra et al., 2022). 

This collaborative approach enables a deeper understanding of the barriers to CE 

transition, leading to the solutions proposed in the thesis. 

4.2.1 Purpose and Structure 

As part of this PhD research, a comprehensive questionnaire was designed to capture 

the current situation in the broad maritime industry regarding the CE principles. This 

part of the study presented in this section had been funded by the UK's EPSRC 

(Engineering and Physical Sciences Research Council) and the CENTS (Circular 

Economy Network in Transportation Systems) network (Okumus et al., 2022). The 

questionnaire consisted of a wide range of questions to capture the following points: 

¶ Awareness of advanced CE principles other than traditional recycling and 

shipbreaking operations, 

¶ Current and potential advanced circular practice rates, 

¶ Barriers to the successful implementation of CE principles in the maritime 

industry, 

¶ Revealing the industry's capabilities and willingness towards CE principles, 

¶ High-potential onboard components that are suitable for restorative operations, 

¶ Industry perceptions of remanufactured parts and components, 
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¶ Concerns about circular products and equipment, 

¶ Existing reverse supply chain practices, 

¶ Current demand for used equipment. 

This comprehensive questionnaire included shipowner/operator companies, new 

building and repair shipyards, ship design professionals, OEMs, ship recyclers, 

classification societies, academia, and local or international authorities, reaching out 

to 83 participants. The average participant has 10.5 years of experience in the sector, 

and Figure 4-1 represents the number of participants from different stakeholder 

categories. As shown in the figure, there is a diverse representation of stakeholders in 

the survey, indicating a wide range of perspectives and expertise contributing to the 

research. The experts were contacted through the author's network and the broader 

network of the University of Strathclydeôs NAOME department via email, social 

media, and phone calls. All the data was collected during the period between 

September and December 2021. The geographic locations of the participants are also 

quite diverse: there were participants from the UK, Greece, Turkey, South Korea, 

Bangladesh, Malta, Germany, Denmark, the Netherlands, Norway, and Switzerland. 

 

Figure 4-1: Distribution of the participants by their stakeholder groups. 

The questionnaire had 33 questions in total, and it was tailored according to 

participantsô backgrounds to discover the perspectives of different stakeholders. No 

question was designated mandatory in the survey; in this way, participants were 
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allowed to skip questions on topics they did not feel competent. The questionnaire 

began with general questions; all participants could respond to the initial seven 

questions. Subsequently, each stakeholder group faces distinct questions, and the 

number of questions varies based on their responses. They are structured with follow-

up questions to delve into the participantsô viewpoints and identify conflicts. For 

instance, while an OEM participant would encounter (re)manufacturing capability-

focused questions, a shipowner is questioned about their perception of remanufactured 

components. When shipowners express a preference against remanufactured products, 

this initiates two follow-up questions designed to pinpoint the primary reasons for their 

stance and explore potential factors that could sway their opinion in favour of 

remanufactured equipment. Appendix A contains all survey questions, and the 

subsequent section will delve into the detailed results. 

4.2.2 Questionnaire Results 

An introductory question in the survey revealed that 25% of the participants had never 

heard of the CE concept before this survey. The rest, or 75% of the participants, 

affirmed that they had heard it before. Then, the 75% of the participants were asked to 

rate their knowledge of fundamental circular economy practices such as 

remanufacturing, reusing, recycling (RRR), and the maritime industry.  Figure 4-2 

illustrates the results of their self-assessments, along with the statistical details related 

to the graph. The responses there reveal that, on average, the participants are slightly 

less familiar with the circular economy concept in the maritime industry (2.96/5) than 

in general (3.02/5). However, a significant group of people with high or better 

knowledge of the maritime industry accounts for one-third of the total. On the other 

hand, 31% of the respondents rate their knowledge level as low or worse in the 

maritime context.  
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Figure 4-2: Participantsô self-assessment of their knowledge of CE. 

Figure 4-3 represents the participantsô confidence in applying the circular economy 

practices in their businesses. Less than half of the respondents (45%) are confident that 

they have adequate background to implement circular economy applications in their 

businesses successfully. 
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Figure 4-3: Confidence level of the participants. 

Further in the questionnaire, the reusability, remanufacture, and repurpose potential of 

engines and hydraulic components onboard vessels are examined. These components 

were selected based on the previous research by Bletsas et al. (2017). The results are 

shown in Figure 4-4 below. According to all responding participants from various 

maritime industry stakeholders, these components have significant potential. 77% of 

the respondents rated main and auxiliary engines with medium, high, or very high 

potential, while 74% rated hydraulic components the same. In fact, for both cases, 

around forty percent indicated high or very high potential.  
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Figure 4-4: Reuse-remanufacturing and repurposing potential of engines and hydraulic equipment. 

Shipowners and operators, new building and ship repair yards, experts from academia, 

designers, and engineering consultants are asked for their opinions on remanufactured 

components to discover whether they would prefer them. According to their responses 

in Figure 4-5, only less than a fifth of respondents strictly refused remanufactured 

options. At the same time, 41.5% stated that it would depend on incentives; another 

41.5% found reman components favourable and affirmed they might prefer them. 

 

Figure 4-5: Would you prefer remanufactured components on vessels. 
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These results suggest a potentially positive perception of remanufactured products. A 

substantial portion of the industry tends to join that when convenient motivation is 

provided. This is particularly important because the respondents to this question are 

either direct decision-makers of such choices or have influence on the decision-makers 

in the industry. Therefore, their reaction might indicate a potential demand for 

remanufactured components in the future. 

Figure 4-6 illustrates the factors pointed out by the sixteen respondents who stated that 

they might prefer remanufactured parts depending on the incentives in the previous 

question. The most important factor is the same warranty terms as a newly produced 

(brand-new) product, with price advantage and after-sales support coming in second 

and third, respectively, to offer additional assurance. Combining original warranty 

coverage and after-sales support promises from the interpreted results forms the basis 

for reliability and quality concepts. Therefore, to separate their importance from the 

financial aspect, another question was addressed to the participants within the 

questionnaire. Figure 4-7 illustrates the respondents' preference for remanufactured 

products, contingent on their matching reliability and quality with newly manufactured 

components.  Strikingly, in this case, 89.5% of the decision-makers expressed that they 

would consider remanufactured products preferable. 
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Figure 4-6: Factors positively affecting participants who might prefer RRR depending on incentives (Other ï 

open-ended: engineering consultancy advisors and depending on the application). 

 

Figure 4-7: Would you prefer re-using, remanufactured or repurposed equipment if it offers the same reliability 

and quality as a newly manufactured product? 
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Subsequently, concerns about turning away remanufacturing options are examined. 

Even though this is a small portion of the whole sampleðaround 11% of the totalðit 

is critical to address all concerns regarding remanufacturing. The respondents who 

gave negative feedback in Figure 4-5 and Figure 4-7 have expressed their worries, as 

illustrated in Figure 4-8. According to their input, the principal problem is still centred 

around reliability concerns. Other factors are listed as performance concerns and 

having expectations of no real economic benefit. So, when it is investigated further, a 

new drive that can overcome the reliability issues emerged in Figure 4-9; classification 

society approval. At this point, nearly all respondents who previously positioned 

themselves at a distance from remanufactured products indicated that class approval 

combined with appealing price advantages would change their minds. When combined 

with the same OEM warranty, the comeback ratio reaches 100%. 

 

Figure 4-8: Concerns regarding reusing, using remanufactured or repurposed items. 
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Figure 4-9: Factors that would change participants' minds. 

Since circular practices and remanufacturing are strongly associated with the reverse 

supply chain, it is important to check used or second-hand market conditions. To that 

end, ship recyclers, OEMs, academia, ship designers, and engineering consultants are 

asked about the current demand for used components onboard vessels using a standard 

1-5 Likert Scale. Table 4-1 illustrates the results, and summarises statistical measures. 

The complete engine is the most in-demand product, scoring a high (3.65/5) demand 

overall. Following that, hydraulic pumps and motors (3.35), cylinder heads (3.33), 

turbochargers (3.18), and engine blocks (3.12), respectively, all score medium to high 

demand. Then hydraulic cylinders are defined as medium in demand. Isolated 

aftercoolers or intercoolers, and crankshafts attract low to medium demand from the 

second-hand market. 

Table 4-1: Current demand for end-of-life components in the used market. 

Field Minimum  Maximum MeanŹ Std Dev. Count 

Complete engine 1.00 5.00 3.65 1.42 20 

Hydraulic pumps & motors 1.00 5.00 3.35 1.28 20 

Cylinder heads 1.00 5.00 3.33 1.20 18 

Turbochargers 1.00 5.00 3.18 0.92 17 

Engine block 1.00 5.00 3.12 1.08 17 

Cylinders and other hydraulic eqp. 1.00 5.00 3.00 1.29 18 
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Field Minimum  Maximum MeanŹ Std Dev. Count 

Crankshaft 1.00 5.00 2.75 1.03 18 

 

Afterwards, the same respondents were asked whether it would be worth the RRR 

efforts considering the demands in the second-hand market. As seen in Table 4-2, for 

the selected parts and components, overall results indicate that professionals in the 

maritime industry agree that RRR efforts are worthwhile, with a mean of 3.56/5. 

Hydraulic components and complete engines are identified as the most agreed-upon 

products, followed by engine parts and subcomponents such as cylinder heads, engine 

blocks, turbochargers, crankshafts, and coolers, respectively. 

Table 4-2: RRR efforts worth pursuing, considering the current used market. 

  
Complete 

engine 

Engine 

block 

Cylinder 

heads 

Crank-

shaft 

After/ 

Inter 

coolers 

Turbo-

chargers 

Hydraulic 

pumps & 

motors 

Cylinders 

and other  

hyd. comp. 

Total 

1 
Strongly 

disagree 
2 4 1 2 1 1 2 1 14 

2 Disagree 0 0 2 3 3 3 2 1 14 

3 

Neither 

agree nor 

disagree 

6 4 7 5 8 8 3 4 45 

4 Agree 5 9 4 5 3 6 7 9 48 

5 
Strongly 

agree 
8 4 6 4 4 3 7 7 43 

 
Mean 3.81 3.43 3.60 3.32 3.32 3.33 3.71 3.91 3.56 

 

Participants from recycling shipyards stated that all the abovementioned components 

disassembled during the decommissioning are sold through the second-hand market 

rather than scrapping. It is also noted that many businesses are selling used, dismantled 

components and parts around decommissioning yards and ship recycling facilities. A 

professional marine spare part dealer from Turkey stated that they are sometimes 

forced to compete with used parts released to the market from the Aliaga region, where 

most of the decommissioning facilities are located. There are various global online 
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platforms where ship recycling facilities advertise parts and components they remove 

from end-of-life vessels. 

Figure 4-10 shows which circular economy practices are currently implemented in the 

respondentsô organisations from OEMs and shipyards. A total of 19 companies (9 

OEMs and 10 shipyards) responded to this question. As can be seen from the figure, 

responses from OEMs' significantly boosted the overall results. Some OEMs have 

even declared that they focus on providing products as a service, which is quite an 

advanced CE practice. On the other hand, only a few shipyardsðout of tenðstated 

their involvement in CE practices. After that, participants from OEMs and shipyards 

are asked to evaluate their ability to reuse/remanufacture/repurpose engines or 

hydraulic components, as shown in Figure 4-11. Those components are specifically 

included in the question, as they were previously revealed as the top-scoring onboard 

components regarding value and potential. Results indicate that, while almost all 

OEMs declared they could do it, some shipyards joined them. Around two-thirds 

(63%) believe they have the technical capabilities to remanufacture components 

onboard vessels. Therefore, the result shows that remanufacturing know-how exists in 

the industry, mainly among OEMs. 

 

Figure 4-10: Currently implemented CE principles in the industry. 
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Figure 4-11: Response to the question ñare you able to RRR engines and hydraulic components?ò. 

After discovering the ability to reuse, remanufacture, and repurpose valuable 

components in the industry, participants from OEMs and shipyards are further asked 

for their opinion and intentions towards RRR operations. As illustrated in Figure 4-12, 

81.8% of them endorsed RRR operations and indicated that they would prefer to carry 

them out, which means there is a high willingness amongst capable shipyards and 

manufacturers in the industry. 

 

Figure 4-12: OEM's willingness to reuse, remanufacture, repurpose. 

Restored assets based on circular principles can be exported to other industries. As 

long as it keeps materials and manufacturing energy in the loop and prevents waste 

generation, this is considered a part of CE. This practice is known as repurposing in 

the maritime domain, and the repurposing concept is investigated separately in the 

questionnaire. After decommissioning (or the ship recycling stage), the repurposing 
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approach utilises parts and components of end-of-life vessels for uses other than their 

original purpose; this can happen in the same or other industries. Our discussions with 

ship recycling facilities revealed that, in practice, almost all repurposed parts and 

components are sent to other industries such as agriculture, electricity generation, etc. 

Participants from ship recyclers, OEMs, and academia rated the repurposing potential 

of main engines, auxiliary machinery, hydraulic pumps and motors, cylinders and 

other hydraulic components onboard vessels. Table 4-3 contains the summary of 

corresponding responses, including mean and standard deviation of the results. 

Auxiliary machinery and generator sets are the most suitable components for 

repurposing amongst the participants surveyed, as they received the highest ratings. 

This suggests a significant interest and potential for these components to be repurposed 

in other industries. According to participants in the repurposing section of the survey, 

Table 4-4 compiles a list of industries suitable for repurposing parts and components 

from marine vessels. 

 

Table 4-3: Repurposing potential for components onboard ships. 

 Minimum  Maximum MeanŹ Std Deviation Count 

Aux machinery, gen-sets 1.00 5.00 3.40 1.23 25 

Hydraulic pumps and motors 1.00 5.00 3.21 1.08 24 

Main engine 1.00 5.00 2.92 1.11 24 

Cylinders and other hydraulic equipment 1.00 5.00 2.80 1.33 25 

 

Table 4-4: List of suggested industries where parts and components removed from marine assets can be 

repurposed. 

Which industries would benefit from remanufactured/repurposed components on marine vessels? 

Main Engine Aux Machinery 

Hydraulic 

pumps & 

motors 

Cylinders and 

other hydraulic 

comp. 

Other (please 

specify) 

Heavy industries ï 

mining and 

construction 

Electric power / 

energy generation 

industry 

Construction and 

mining industries 
Cranes 

Batteries could be 

reused between 

industries in the 

future 
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Which industries would benefit from remanufactured/repurposed components on marine vessels? 

Main Engine Aux Machinery 

Hydraulic 

pumps & 

motors 

Cylinders and 

other hydraulic 

comp. 

Other (please 

specify) 

Shipping 

industries in low-

regulated 

countries 

People in remote areas 

with limited access to 

electricity in 

developing countries 

Factories and 

manufacturing 

industry 

Factories 

Tanks and electric 

motors can also be 

reused 

Electric power 

generation 
Automotive industry 

Ship building and 

repair yards 
Ports  

Offshore 

renewable energy 

Floating and land 

based powerplants, 

production facilities 

Fishing industry 
Manufacturing 

industry 
 

Floating and land-

based power 

plants 

Shipyards Agriculture 
Automotive 

industry 
 

Land-based 

energy plants: 

cogen-trigen or 

landfill plants 

Land-based energy 

plants, cogens, trigens, 

landfill plants 

Aviation Aviation industry  

Low cost vessels 

Various electrical 

sites, substations, 

facilities as back up 

power source 

Automotive Energy plants  

  
Manufacturing 

industry 
  

 

In the next part of the survey, the potential for collaboration among maritime 

stakeholders for a combined remanufacturing effort is investigated. In order to 

discover that, shipyards, ship recyclers, and OEMs are asked for their opinions on 

whether their organisation would participate in a remanufacturing collaboration across 

different stakeholder groups within the industry. By doing so, the potential maritime 

remanufacturing hub concept is investigated as shown in Figure 4-13. Although the 

majority responded positively, there is a considerable percentage of hesitant and 

undecisive participants. However, only five percent reacted adversely to the idea. 
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Figure 4-13: Would you participate in remanufacturing hubs (OEMs, Shipyards)? 

Following that, OEM participants are further questioned about third-party 

remanufacturing companies. These companies might be a part of a large scale 

(potentially global) remanufacturing system, and therefore the OEM's attitude towards 

such businesses is critical. According to the results of our study, which are shown in 

Figure 4-14, maritime OEMs do not object to third party companies stepping in, as 

long as OEMs provide original spare parts and have the right to inspect and 

authenticate finished (remanufactured) products. Such a partnership resembles the 

dealership relationship many OEMs today have, except focusing on only 

remanufacturing. 
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Figure 4-14: Would you cooperate with 3rd party remanufacturing companies if you provide the original parts 

and conduct inspections? 

All participants from classification societies stated that OEM warranties and 

certifications are required to approve remanufactured components, just like a newly 

manufactured product. Half of them also expressed the need for additional third-party 

quality tests for remanufactured components. 

Participants from local and international authorities are somewhat hesitant about 

regulation-wise support programmes for remanufactured components. On average, 

they indicate that it is neither possible nor impossible to provide support for 

remanufactured products. 

Most of the participants from authorities, classification societies, and OEMs are not 

certain about a circular economy-focused study within their organisations in the near 

future; Figure 4-15 illustrates their expectations on the matter. 

 

Figure 4-15: Expectation of further research on the circular maritime economy (Question was directed to 

authorities, OEMs, classification societies).  

In their responses to earlier questions, the participants repeatedly emphasised the 

economic benefits of remanufacturing. According to maritime OEM participants, 

Figure 4-16 represents the potential economic savings on the acquisition cost of a 

remanufactured product compared to a newly manufactured alternative. 
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Figure 4-16: Expected savings on acquisition cost with remanufactured components (Question was directed to 

OEMs). 

Around one-fifth of the researchers from academia and OEM professionals stated that 

they currently have ongoing studies on design for remanufacturing (see Figure 4-17). 

 

Figure 4-17: Ongoing studies for Design for remanufacturing from Academia and OEMs. 

Later in the questionnaire, specific questions reveal the challenges of the core 

collection process. Figure 4-18 contains information gathered from ship recyclers, 
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OEMs, and academia. According to the results, low demand for remanufactured 

products is the main issue for OEMs, while the know-how gap applies to recycling 

facilities. Regulatory restrictions and a lack of marketing opportunities are typically 

the next two critical issues. 

 

Figure 4-18: Challenges in collecting core parts. 

Finally, the participants were asked where they think potential circular economy 

opportunities lie in the maritime industry. The top answer was remanufacturing, with 

a 71% rating; then, new raw materials and product or service design came up with 60% 

and 44% ratings, respectively. Figure 4-19 shows every opportunity that the 

participants mentioned in detail. 

 

Figure 4-19: Future circular economy opportunities in the maritime industry. 
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Overall, the questionnaire captured a broad spectrum of viewpoints concerning 

maritime circularity. It explored stakeholder awareness, the general perception of 

circular products, existing capabilities, intentions, and other relevant factors. 

Moreover, barriers to the circular transition of the maritime and high-potential onboard 

equipment were also investigated. The survey results showed significant RRR 

potential in the maritime industry. There was also significant demand for used 

products, indicating an appetite within the industry for further advancements regarding 

CE principles if the barriers are effectively addressed. This implies a promising future 

for CE practices within the maritime sector, with opportunities for growth and 

innovation in sustainable solutions. As such, the following section will delve into the 

barriers to implementing CE practices in the maritime industry. 

4.3 Barriers Identified to CE in the Maritime Industry 

This section outlines the key barriers to the adoption of CE principles in the maritime 

industry, as identified through comprehensive stakeholder engagement and detailed 

analysis of the questionnaire results. These findings provide valuable insights into the 

specific challenges faced by various maritime stakeholders, offering a clear 

understanding of the most pressing obstacles to circularity in this sector.  

While developing the questionnaire and interpreting its results, previous studies were 

considered to ensure a comprehensive and informed approach. For instance, (Milios et 

al., 2019) conducted semi-structured interviews with ten maritime stakeholders, 

focusing specifically on the Scandinavian maritime sector. Although their study 

provided useful insights into the barriers to CE adoption, its scope was geographically 

limited to Sweden and Denmark, which may not fully reflect the global nature and 

complexity of the maritime industry. Similarly, (Karvonen et al., 2015) concentrated 

on barriers to remanufacturing in Finnish industry, which, while informative, also 

suffers from narrow geographic and industrial limitations. The limited number of 

stakeholders involved in both studies may restrict the applicability of their findings to 

the broader maritime sector. 

By building upon existing research while engaging a wider and more diverse range of 

stakeholders, this PhD research takes a more holistic and comprehensive approach. 
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The involvement of participants from different regions and stakeholder groups within 

the maritime industry provides a broader understanding of the barriers to CE adoption, 

offering a more globally relevant perspective. As a result, this research identifies five 

critical barriers that hinder the maritime industry's transition to a circular economy, as 

illustrated in Figure 4-20.  

 

Figure 4-20: Barriers identified to maritime industryôs circular transition. 

 

4.3.1 Low Awareness, L imited Capabilities, and Lack of Technical Expertise 

The overall maritime industry is unfamiliar with the CE concept, as the questionnaire 

shows that 25% of the participants have not heard of it before. Moreover, the 

participants' self-assessment shows that those who have heard about the circular 

economy have medium knowledge on average. 

This also prompts an inquiry into the awareness of the yards. Low awareness of 

shipyards and recycling facilities directly affects the end-of-life practices of vessels, 

as it is reflected in dismantling methods and the reverse supply chain. The industry's 
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poor expertise in this area and the general lack of awareness in the yards are evident 

in their dismantling practices. Currently, yards involved in repair and recycling are 

unaware of the potential value of the items they are dismantling. In many shipyards 

(build, repair, recycle), waste management companies take responsibility for treating 

the waste and taking care of the discarded equipment. According to Milios et al. 

(2019), the system for scrapping components is well-structured, but the take-back 

approach for 6R is lacking and non-existent. The questionnaire indicates that the 

approach is not non-existent but rather restricted to local capacities, such selling used 

parts in the Aliaga region through platforms like http://www.sahibinden.com or 

https://en.turkiyegemisokummarket.com. End-of-life equipment is usually redirected 

for scrapping rather than being returned to the manufacturer or directed towards 

remanufacturing. Also, since the current approach does not pay attention to quality, 

the equipment left for repair and reuse in the shipyards does not meet technical 

standards as in remanufacturing by OEMs. 

There is a need to improve the skills of ship repair and recycling facility workers for 

removing components from end-of-life ships without damaging the core products, 

instead of torch cutting anything on board without proper assessment. More than half 

of the relevant participants (56%) raised this technical expertise gap in the survey. The 

quality of the items dismantled from vessels is difficult to ensure, which can increase 

the remanufacturing costs and the difficulty of the processes. 

Furthermore, a sufficient volume of cores must be collected in good condition to 

establish reuse or remanufacture applications (Matsumoto & Umeda, 2011). The 

technical capacity and capabilities of recycling yards directly influence this 

requirement. Furthermore, since the maritime industry lags in practice, maritime 

equipment manufacturers' remanufacture and rebuild capacities are lacking (apart from 

the well-known engine remanufacturers, which serve other industries as well), 

especially compared to other sectors such as automotive. Therefore, there are 

challenges related to the restorative processes, and low awareness and know-how gaps 

might increase the cost and lead times. 
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4.3.2 Regulation, Legislation and Certification -related Barriers (Classification 

societies, Flag authorities etc.) 

One of the most critical barriers to implementation is the regulations themselves. The 

maritime industry is heavily regulated with rules, regulations, and legislation to 

mitigate the negative impacts of past issues on the environment and human health. 

Ships must be registered with a classification society, which regulates the vessel on 

behalf of the flag state and ensures that the vessels' structures and the yard that builds 

(repairs or refits) the vessel comply with those rules. This is a critical part of the 

maritime circular economy approach, as it directly affects the fate of equipment. As 

part of their responsibilities, class societies check the certification of every item 

onboard a vessel, including new, used, and remanufactured items. Currently, 

classification societies ignore remanufactured items in retrofitting ships; instead, they 

prefer new components (Milios et al., 2019). According to International Association 

of Classification Societies (IACS) rules, for instance, each engine manufactured for 

marine applications must have a type-approval certificate and engine certificates. In 

order to carry out the aforementioned certification process, classification societies 

require a long list of documentation, including but not limited to technical drawings 

(e.g., engine cross-section, separate parts drawings, frame and bedplate welding, etc.), 

assembly plans, production specifications for castings, engine control systems, 

starting-fuel-lubricating-cooling-hydraulic systems, safety systems, operation and 

service manuals, and so on (IACS, 2022; Lloyd's Register, 2022). 

Manufacturers are responsible for the certification process of new items. Certification 

is provided with the equipment, placed in the vessel's documentation, and handed to 

the shipowner by the shipyard upon ship delivery. There are typically no issues with 

this routine, straightforward procedure that the yards have used for years without 

complications. On the other hand, the problem starts when reusing or using 

remanufactured equipment. That will need to be re-certified by both the classification 

society and the OEMs before it can be put on board the vessels, which may create a 

conflict of interest between the original equipment manufacturer and third-party 

remanufacturer. Classification societies are also reluctant to re-certify used or 

remanufactured products since there is a lack of knowledge. In the survey presented in 
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Section 4.2, all participants from classification societies stated that in order to approve 

remanufactured components, OEM warranties and certifications are required, just like 

a newly manufactured product. However, there are currently no specific certification 

processes or rules established by classification societies for remanufacturing marine 

engines. Since the control over certification belongs to the OEMs, they may not decide 

in favour of third-party remanufactured parts in the maritime industry based on their 

authority. The re-certification costs, requirements, and standards are kept high as a 

deterrent, in addition to the actual legal requirements. However, the survey results 

show that OEMs do not object to third-party companies stepping in as long as OEMs 

provide original spare parts and have the right to inspect and authenticate the finished 

products. 

Moreover, maritime industry regulations occasionally change to address the world's 

developments, requirements, or trends. Therefore, a good design or a product in line 

with the regulations ten years ago may become obsolete following a requirement 

change. Thus, used or remanufactured products may not satisfy current regulations. 

The most obvious example of this problem is the remanufactured engines, which are 

expected to be in the same condition as when they were manufactured as brand new 

products, but remanufactured or reused engines may not satisfy the current regulations, 

particularly in terms of exhaust emissions due to the IMO MARPOL (Annex VI) 

requirements (Tier III engines only in NOx Emission Control Areas). The old engines 

(Tier II) from end-of-life ships do not meet the requirements and require significant 

upgrades to comply, which costs a considerable sum of money. As a result, these 

engines are usually scrapped or disassembled for spare parts. On the other hand, the 

production year and the specifications of the used components determine if they can 

be used in the maritime industry or might still be useful for other industries or countries 

with less strict legislation. 

4.3.3 Long L ifespan of Maritime Vessels 

One unique aspect of the maritime industry is the longer average lifespan of vessels, 

which extends to 30 years (Hiremath et al., 2014). The extended lifespan of vessels 

presents challenges for transitioning to a circular economy. Maritime industry 
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regulations evolve in response to global developments, requirements, or trends. Hence, 

a well-designed product from a decade ago or one that is compliant with previous 

regulations may become outdated due to new requirements. Consequently, used or 

remanufactured products may fail to meet current regulations due to changes in 

requirements. An exemplary case is remanufactured engines, which are required to 

meet exhaust emission standards per the IMO MARPOL (Annex VI) requirements, 

but may fall short of compliance. 

Furthermore, the extended lifespan of vessels can disrupt the feedback loop for 

designers when the original designer or builder is no longer available. As a result, the 

lack of a learning process at the end of a vessel's life hinders knowledge transfer and 

improvement. Since there is no learning process, the ñDesign for Xò approach is 

missing too. Additionally, the extended lifecycle results in ship owners having 

outdated components unsuitable for maritime industry use at the end-of-life stage. Or, 

even if it is suitable, the equipment might not be economical to use compared to newer 

alternatives in terms of operating costs. This creates further problems with component 

repair or remanufacturing, as they are not designed to facilitate this (Milios et al., 

2019). However, we see an interest in this area, albeit low. 

The long lifetime also causes issues in tracking the assets. So far, there is no database 

of equipment and components onboard the ships. In addition to this, the standardisation 

in the industry is very poor. The range of materials on board the vessel is vast, and 

every OEM, yard, or designer approaches the same system differently. This lack of 

standardisation also creates problems in the dismantling parts. Design for 

Remanufacturing (DfRem) can be a crucial element to challenge that; however, 

currently, there is only limited interest within the maritime industry. This vast range 

of materials and equipment also creates issues for the supply chain. Furthermore, this 

wide supply chain also prohibits effective communication. These two problems cannot 

be overcome without industry-wide application and collaboration. 

4.3.4 Reverse Supply Chain and Logistical Barriers (and asset tracking issues) 

Today, Asian shipbuilding yards dominate the new-built market, while Bangladesh, 

India, China, Pakistan, and Turkey dominate the scrapping market (UNCTAD, 2022b). 
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Therefore, the production and demolition locations are entirely different, which creates 

the issue of the core collection for restorative practices. Long distances and an 

underdeveloped reverse supply chain currently hinder the support of 6R principles. 

Furthermore, the products decommissioned from the vessels are often not very well 

known and handled by ship recycling yards due to know-how gaps. These problems 

make it hard to set up systems for reuse or remanufacture because it's not possible to 

run these business models with a limited number of products from different places and 

unknown timing and amounts of returned cores (Jansson, 2016). 

The long lifecycle of vessels, the lack of standardisation regarding advanced circular 

practices, and the diverse range of materials and equipment on board pose a significant 

barrier to asset tracking (including onboard equipment and components) in the 

industry. Milios et al. (2019) state that a shipping company tried to facilitate reuse and 

recycling effectiveness by mapping the components, but the extensive supply chain 

made this impossible. Moreover, the extensive supply chain prohibits effective 

communication. These problems can only be overcome through industry-wide 

application and collaboration. 

4.3.5 Perception and Industry Acceptance 

Another major challenge in the maritime industry is the perception of key stakeholders, 

such as shipowners or shipyards, regarding remanufactured, reused, and recycled 

(RRR) products. Shipowners and shipyards do not prefer using remanufactured or 

reused items for several reasons, such as concerns about reliability and performance. 

The survey results indicated that 20% of the participants strictly refused the option, 

while 40% requested incentives. Most shipowners are unaware that remanufactured 

products come with an extended warranty period. As mentioned in the previous 

section, most shipowners think of using remanufactured products as a liability within 

the working system that might cause a total system failure in the case of a breakdown. 

Milios et al.'s (2019) study also confirms this: ñShipyards stated that some of their 

customers have specifications to only use new OEM parts and that no reused parts are 

allowed." The survey in Section 4.2 revealed that 83% of the concerns about RRR 

products are related to reliability and performance, in contrast to brand-new options. 
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Hence, the maritime industry's demand for RRR products is still limited. Similar parts 

are exclusively utilised in sister vessels as spare parts, and some shipowners purchase 

identical engines from the end-of-life stage to disassemble the machinery and store it 

as a spare part. 

The questionnaire findings also highlighted the critical importance of having the same 

warranty conditions as a newly manufactured product along with the significance of 

price advantage and after-sales support for industry acceptance. Legislative incentives 

such as tax breaks and simplified certification processes would also enhance the 

perception of circular products. However, there are currently no incentives or 

structured promotional efforts for remanufactured or reused products within the 

maritime domain.  

Overall, this PhD study has identified five major barriers to the maritime sectors' 

transition to CE. Overcoming these challenges will be critical for the successful 

adoption of circular economy practices in the maritime industry. On the other hand, 

the CE approach brings important opportunities for cost savings, resource efficiency, 

and environmental sustainability in the maritime sector. The subsequent section will 

explore opportunities and discuss how advanced circular principles can enhance the 

effectiveness and resilience of the maritime industry against evolving global 

challenges.  

4.4 Potential Opportunities of CE for the Maritime Industry  

4.4.1 Identifying the High-value and High-potential I tems Onboard 

Commercial cargo and passenger ships, along with naval vessels, are equipped with 

numerous onboard equipment and components designed for their specific purposes. 

Equipment onboard vessels varies depending on the ship type and operational 

objectives. Liquid bulk carriers (tankers) are equipped with pumps for discharging and 

transferring cargo, whereas general cargo or dry bulk carriers may feature cranes 

instead of cargo pumps. Or, in some cases, dry bulk carriers are built without any cargo 

cranes, as they are not intended to visit any ports without cargo loading and 

discharging facilities that require vessels to possess their own cranes.   
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This thesis focuses specifically on merchant vessels, including cargo and passenger 

carriers. On average, all commercial ships have a bridge, superstructure, cargo holds, 

engine room, and ship hull structure. The bridge includes navigation and radio 

equipment, internal communication systems, and several alarm systems; the 

superstructure has accommodation facilities, furniture, and lifesaving and firefighting 

equipment; the cargo sections may include cargo holds or tanks, cargo pumps, cargo 

cranes, provision cranes, the container holds depending on the vessel type; engine 

room consists of a piping system, an engine control room with electrical switchboards, 

gauges, control panels, workshop machinery such as lathe, drill, welding machine and 

engine room crane, steering gear, hydraulic pumps and motors, propeller shafts, main 

and auxiliary engines, air conditioning plant, separators, sewage treatment unit, 

mechanical ventilation systems, pump systems, air compressors and so on. 

Identifying high-value and high-potential items among the numerous pieces of 

equipment is crucial. By focusing correctly, researchers can demonstrate the 

significance of advanced circular practices and generate maximum momentum for the 

industry. In the literature, Bletsas et al. (2017) conducted interviews with maritime 

stakeholders, screened the items down to 50 pieces of equipment, and carried out an 

analytical hierarchy process (AHP) to determine which onboard equipment has the 

highest potential. Table 4-5 below presents the top twelve kinds of equipment based 

on their findings, where the top two places belong to onboard engines. In line with 

what was found in Table 4-5, semi-structured interviews with maritime stakeholders 

for this thesis revealed that engines (main, auxiliary, or emergency) have the most 

value and recovery potential. Additionally, hydraulic components such as pumps, 

motors, cylinders, and control groups show significant potential for reuse and 

remanufacturing despite being ranked seventh. Therefore, this thesis particularly 

investigated the reuse, remanufacture, and recycling potential of complete engines, 

main engine parts (engine block, crankshaft, etc.) and components (such as 

inter/aftercoolers and turbochargers), hydraulic pumps and motors, and hydraulic 

cylinders and other hydraulic components. 
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Table 4-5: RRR potential and 2nd hand value of onboard equipment, compiled from Bletsas et al. (2017). 

  
Potentially applicable EoL Strategy 

 

# On-board Equipment Remanufacture Reuse Recycle 2nd hand value 

1 Main and auxiliary engines Very high High Very high to high High 

2 Emergency generators High High High to moderate High to moderate 

3 Airconditioning plant High High High to moderate Moderate 

4 Purifiers (HFO and LO) High to moderate High High to moderate Moderate 

5 Air compressors High High to moderate Moderate Moderate 

6 Deck cranes High Moderate High Moderate 

7 Hydraulic pump and motors High Moderate Moderate to high Moderate 

8 Oil and bilge water separators Moderate Moderate Moderate to low Moderate 

9 Composite boiler Moderate Moderate Moderate Moderate 

10 Windlass equipment Moderate Moderate Moderate Moderate to low 

11 Machine tools (lathe etc) Moderate Moderate Moderate Moderate to low 

12 Engine room crane Low to moderate Low to moderate Moderate Low to moderate 

 

Referring to Table 4-1 and Table 4-2 it is evident that a complete engine holds the 

highest market value in use and RRR potential, with hydraulic pumps and motors 

closely following. Furthermore, engine parts and components like cylinder heads, 

turbochargers, and engine blocks hold considerable significance, with values ranging 

from medium to high. In addition to reuse and remanufacture, the questionnaire 

separately investigated repurposing potential for main engines, auxiliary engines (gen-

sets), hydraulic pumps and motors, and cylinders and other hydraulic equipment. The 

results indicated that auxiliary engines exhibit the greatest potential for repurposing, 

with hydraulic pumps and motors following closely. Both groups demonstrate medium 

to high potential for repurposing, as illustrated in Table 4-3.  

Overall, due to their highest second-hand market value, reuse and remanufacturing 

potential, and repurposing potential, complete engines are identified as the most 

critical onboard equipment for circular practices. This researchôs stakeholder 

engagement workshops revealed that auxiliary engines score higher than main engines 

due to their compact nature and adaptability to other applications beyond their original 

purpose. Enormously large and heavy, traditional low-speed, two-stroke main engines 

are less likely to find a new, appropriate application in other industries. In contrast, 

smaller and more compact auxiliary engines can be exported to, for instance, power 
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generation industries much easier. However, it is known that there are many vessels 

with smaller and multiple main power units, such as medium- or high-speed, usually 

four-stroke main engines. Therefore, in such cases, the potential of main engines is 

higher and should be regarded as the most valuable and potential onboard equipment 

as well.  

The overall strategies for end-of-life engines will be discussed in the following 

chapters. However, a general overview of how to decide the "fate" of an end-of-life 

marine engine can be summarised as follows: 

A condition assessment should be conducted to determine the fate of an engine when 

the vessel arrives at a ship repair or recycling facility. Following this initial inspection, 

the decision on the end-of-life can be made according to the 

¶ Technology, 

¶ Age, 

¶ Overall condition in terms of performance and structural integrity, and 

¶ Regulatory compliance. 

If the engine is in good condition, direct reuse can be considered. In this case, 

regulatory compliance should be checked, as even a 10-year-old engine can be 

incompliant with the ever-changing regulations in the maritime industry. If the engine 

complies with the regulations, it can be installed onboard another vessel following 

recertification and approval from the classification society. If the engine is not 

compliant or the certification cannot be acquired, the alternative is to use the engine in 

land-based applications (mainly in factories as generators). If the shipôs engine 

condition is unsatisfactory, repair or remanufacturing options can be considered. In 

this case, following the disassembly and repair options, regulatory compliance should 

be checked. In the case of remanufacturing, the approval of the OEM and classification 

society is critical to using the item on marine applications again. If the condition is 

particularly poor, the engine is over 25 years old, or the technology is obsolete, 

scrapping the engine for raw materials remains the only viable solution. The overall 

process can be visualised in Figure 4-21. 
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Figure 4-21: End-of-life options for a marine engine  (Okumus et al., 2022). 
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4.4.2 Potential Opportunities of CE principles  

Since complete engines were recognised as the most valuable and high-potential 

equipment in the previous section, the remanufacturing strategy emerges as a pivotal 

advanced circular solution. Remanufacturing was introduced in Section 2.3, but to 

briefly recap, remanufacturing is part of end-of-life strategies and is often referred to 

as the ultimate form of recycling.  While recycling often results in the loss of 

significant amounts of energy and labour (MacArthur, 2013), remanufacturing 

conserves materials and energy while generating less waste (Karvonen et al., 2015). A 

recent study by Afrinaldi et al. (2017) demonstrated these benefits through a cylinder 

block of a diesel engine, confirming 94% reduction in manufacturing energy 

consumption, approximately 97% material and 57% water consumption savings, along 

with 90% GHG emission reduction while saving 39% of costs compared to the 

production of a new cylinder block. Umeda et al. (2012) suggest that high-performance 

products (e.g., Caterpillarôs engines) can be remanufactured for six or even seven 

cycles, saving enormous energy and material. 

The questionnaire results in Section 4.2 showed that maritime stakeholders are not 

heavily interested in remanufactured parts right now. Still, most of them might change 

their minds if they are given incentives and their benefits are made clear (see Figure 

4-5). Furthermore, when brand-new reliability and quality are assured, 90% of the 

respondents expressed a potential preference for remanufactured equipment (as 

indicated in  Figure 4-7). The significant capabilities of OEMs and shipyards (in Figure 

4-11) and the willingness of equipment manufacturers (in Figure 4-12) further support 

the possibility of such a future. In addition to that, OEMs are also enthusiastic about 

potential collaborations in hypothetical remanufacturing hub concepts and even 

cooperations with 3rd party remanufacturers (referring to Figure 4-13 and Figure 

4-14). 

The three pillars of sustainability are commonly referred to as the economic, 

environmental, and social aspects (Murray et al., 2017). And advanced CE approaches, 

such as remanufacturing, support all these dimensions, leading to a win-win scenario 

where customers need to pay less for the remanufactured products; OEMs or 

remanufacturing companies earn more, and the need for raw material and energy 
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consumption is minimised (Jansson, 2016). Table 4-6 below summarises the main 

benefits derived from circular economy practices. There are many marine engines and 

other equipment manufacturers in Europe, and increasing remanufacturing rates can 

help these manufacturers reduce their environmental impact, increase resource 

efficiency, and enhance their competitiveness in the global market. 

Table 4-6: Benefits of remanufacturing, from Okumus et al. (2022). 

Stakeholder Benefits 

Economic 

(Customers) 

The same original 

performance and 

reliability at costs 

typically only 50-80% 

of a new product. 

Better product 

availability, more 

options at product 

acquisition, repair and 

overhaul times. 

 

Economic 

(Businesses) 

Remanufacturing is 

based on an exchange 

system where 

customers return cores 

in exchange for 

remanufactured 

products. 

Remanufacturing is an 

additional option to 

support customers and 

help lower their 

acquisition (owning) 

and maintaining costs. 

Profit margins are 

often bigger for 

remanufactured 

products than for new 

products. 

Environment Reduce manufacturing 

waste and minimise the 

need for virgin raw 

material extraction to 

produce new products. 

Keeping non-

renewable resources in 

circulation for multiple 

lifetimes. 

Reduces 

manufacturing energy 

consumption and 

emissions; resulting in 

material and energy 

savings are up to 90%. 

Society Creates new job 

opportunities for 

skilled workforce. 

Reduced emissions 

and environmental 

impact help improve 

life quality of local 

residents in the region.  

 

 

The realisation of these potential benefits is facilitated by the external and internal 

processes of remanufacturing. The former corresponds to the acquisition of the core 
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components and sales distribution of the remanufactured products (Karvonen et al., 

2015), while the latter corresponds to the operation of remanufacturing within a 

remanufacturing facility. These processes are shown in Figure 4-22, where the external 

processes are forward (covering the flow of goods to the customer) and reverse 

(covering the flow of goods from the customer chain that forms the restorative closed-

loop supply chain). 

 

Figure 4-22:  External and internal processes of remanufacturing systems, modified from (Okumus et al., 2023b). 

The internal remanufacturing process in the figure includes the following steps: 

¶  Inspection 

¶  Disassembly 

¶  Cleaning 

¶  Measuring 

¶  Reprocessing (remanufacture) 

¶  Reassembly 

¶  Testing 

¶  Storage 

 

Depending on an industry's dynamics, stakeholders such as OEMs, their contractors, 

or independent third parties can carry out the remanufacturing process (Lund, 1984; 

Sundin et al., 2008). In some cases, a single stakeholder group takes care of all steps, 

but in other cases, some steps may be subcontracted, such as testing of remanufactured 

components (Karvonen et al., 2015). 
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As one of the challenging parts of the remanufacturing operations is collecting the core 

parts or equipment, the above stakeholders should be adequately supported by supply 

chain actors. Therefore, logistic operators, warehouses, or businesses that perform core 

collection, as well as storage facilities, need to be involved. These stakeholders all 

together form the remanufacturing networks; however, a single leading partner cannot 

carry out all of the activities, so it is essential to build a network around themselves. 

Typically, OEMs are the leading parties in this network in the automotive or 

engineering sector. A similar structure would apply to the maritime industry as well. 

OEMs remanufacture their products; the logistic partners deliver the core collection in 

service centres, retailers, trade-ins, and end-of-lease contracts. OEMs usually 

collaborate with the same partners in the remanufacturing step to integrate it with the 

usual manufacturing process, called the OEM-centric remanufacturing network. It 

allows OEMs to ensure quality and customer satisfaction with the remanufactured or 

manufactured items (Karvonen et al., 2015). Another alternative is the sub-form of the 

OEM-centric remanufacturing network. A contracted company conducts the 

remanufacturing operation (internal process), while the OEM is still in a controlling 

role. In the third option, the OEM is less (or not at all) involved directly in the case of 

independent third-party remanufacturers, and in this case, the third party collects the 

core, remanufactures it, and sells remanufactured products. They might also choose to 

subcontract some steps, which hints at a collaboration requirement in this model. This 

model works in a more industry-specific form, requiring basic products or markets 

with a high circulation of goods. Due to the extremely high standards and quality 

assurance demands of the marine environment, implementing this model poses 

challenges. Therefore, OEM-centric or OEM-controlled contractor options might be 

more suitable for the maritime industry, as they provide more control over the 

remanufacturing process and ensure compliance with industry standards. Additionally, 

these options can offer the highest quality assurance and warranty support for 

customers in the maritime sector.  

Ultimately, regardless of the process model chosen, the benefits of remanufacturing 

remain clear. Remanufactured products can offer equal value to new products with 

even better reliability than the brand-new alternatives (Wahab et al., 2018). From an 

environmental perspective, remanufacturing contributes to sustainability, energy, and 
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material savings while reducing waste and emissions (Gong et al., 2022; Peng et al., 

2019; Wang et al., 2021). As discussed in Section 2.3, the maritime industry exhibits 

a remanufacturing intensity of only 0.3%, in contrast to the aviation industry's leading 

position at 11.5%. The remanufacturing turnovers in the aviation, automotive, rail, and 

maritime sectors amount to ú12.4bn, ú7.4bn, ú0.3bn, and ú0.2bn, respectively. The 

number of cores remanufactured in maritime is just a fraction of that in other 

transportation industries. Even in such dire circumstances, the maritime industry saved 

15,000 tonnes of material and mitigated 40,000 tonnes of CO2-equivalent emissions 

through remanufacturing in Europe (Wahab et al., 2018). Hence, significant 

opportunities await the maritime industry as it enhances and expands its 

remanufacturing capabilities to align with those of other transportation sectors. Such 

advancements could not only enhance cost savings and environmental benefits but also 

foster a more sustainable future for the maritime industry. 

 

4.5 Maritime Circularity Framework  

This section introduces a comprehensive maritime circularity framework derived from 

the findings of this chapter and the literature review in Chapter 2. The framework is 

structured around three main pillars, represented metaphorically as the legs of a three-

legged stool. Each leg is indispensable for achieving sustainable success in the 

circularity transition, as illustrated in Figure 4-23. The framework addresses the 

barriers and opportunities identified earlier in this chapter and provides a foundation 

for the research described in Chapters 5, 6, and 7.  
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Figure 4-23: Three-legged stool showing the developed circularity framework. 

4.5.1 Key Propositions Guiding the Maritime Circularity Framework  

The framework is built upon the following propositions, emerging from the findings 

of Chapter 4 and guiding the three pillars: 

1. Technology and Strategy Solutions: Overcoming regulatory, technical, and 

logistical barriers requires innovative solutions tailored to the unique 

challenges of maritime stakeholders. These solutions must demonstrate 

economic and environmental benefits to gain widespread acceptance in the 

industry. 

2. Digital Infrastructure:  A dedicated digital infrastructure is essential to enable 

effective tracking, monitoring, and lifecycle management of maritime assets, 

thereby addressing the lack of reverse supply chain visibility and data 

availability for circular practices. 

3. Stakeholder Alignment through Metrics: Circularity metrics tailored to 

different maritime stakeholder groups can drive collaboration, enable 

accountability, and foster continuous improvement towards circularity. These 

metrics must address sustainability dimensions comprehensively while 

allowing stakeholders to benchmark performance and identify areas for 

enhancement. 
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These key propositions, derived from Chapter 4 findings, form the foundation for the 

three pillars of the maritime circularity framework: Technology and Strategy 

Solutions, Digital Infrastructure for Maritime Assets, and Stakeholder Alignment 

through circularity metrics. 

4.5.2 Three Pillars of the Maritime Circularity Framework  

¶ Pillar 1: Technology and Strategy Solutions  

The first pillar focuses on identifying and implementing strategic and technological 

solutions that enable circularity in the maritime sector. This pillar directly addresses 

barriers such as low awareness of circular economy practices, lack of trust in 

remanufactured products, and limited access to documented case studies. To bridge 

these gaps, Chapter 5 investigates a diverse set of strategies and technologies, 

including transformative business models, digital tools, and smart recovery decision-

making systems. 

The chapter includes a marine engine remanufacturing case study to provide empirical 

evidence of the financial and operational benefits of circular practices. This study 

documents the remanufacturing process of an end-of-life engine, compares its 

performance with a new engine, and presents a cost-benefit analysis. These findings 

demonstrate the feasibility and value of circular practices, particularly for original 

equipment manufacturers, and underscore their potential for industry-wide 

application.  

¶ Pillar 2: Digital Infrastructure for Maritime Assets - Facilitating Asset 

Tracking and Lifecycle Management 

The second pillar addresses the significant gap in digital infrastructure needed to 

support circular practices. Chapter 6 introduces a maritime asset tracking system and 

a dedicated database structure to enhance asset tracking, core collection, and value 

retention in the maritime sector. This pillar responds to the challenges identified in 

Chapter 4, such as limited data availability and inefficient core collection processes. 
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The chapter provides a detailed description of the MAT system, including database 

architecture, interface forms, and example queries. A case study highlights the 

system's potential benefits by showcasing the enhanced end-of-life value of a sample 

vessel in a circular scenario. This pillar emphasises the transformative impact of 

digitalisation in bridging gaps between current practices and advanced circular 

economy principles. 

¶ Pillar 3: Stakeholder Alignment through Circularity Metrics - Enhancing 

Collaboration and Accountability 

The third pillar focuses on aligning maritime stakeholders through the development of 

tailored circularity metrics. Chapter 7 presents 59 metrics tailored for nine stakeholder 

groups to support Stakeholder Alignment through Circularity Metrics in Pillar 3. These 

metrics are validated through stakeholder workshops and linked to five sustainability 

aspects: financial, supply chain, raw material consumption, waste and emissions, and 

social impact. 

A case study on ship repair yards demonstrates the practical application of these 

metrics. Three shipyards were evaluated and benchmarked based on their operations, 

providing actionable insights to enhance circularity performance. This pillar highlights 

the importance of data-driven decision-making and accountability in driving the 

maritime industry's transition to circularity. 

All in all, the three pillars of the framework which comprises Phase II of this PhD 

study are deeply rooted in the findings of Chapter 4: 

¶ Barriers and Opportunities Identified in Chapter 4:  The framework 

addresses low awareness, lack of reverse supply chain infrastructure, and 

negative perceptions of circular products through targeted solutions in each 

pillar. 

¶ Stakeholder Engagement: Insights from stakeholder surveys and workshops 

underpin the development of strategies, digital tools, and metrics, ensuring 

relevance and practicality. 
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¶ Path to Circularity:  By linking the barriers and opportunities in Chapter 4 

with actionable solutions in Chapters 5, 6, and 7, the framework provides a 

structured roadmap for the maritime industry's circularity transition. 

4.6 Chapter Summary 

This chapter summarised the barriers to CE in the maritime industry as well as 

identifying potential opportunities for implementing circular economy principles in 

the sector. The survey results and the literature were combined together to better 

understand the nature of the obstacles to maritime's circular transition. Marine engines 

were identified as having the highest value and potential among onboard equipment 

on merchant vessels, making them the most strategic target for capitalising on the 

benefits of advanced circularity within the maritime industry.  
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5 Technology and Strategy Solutions 

for a Circular Maritime Industry  

 

5.1 Chapter Overview 

This chapter is the first leg of the maritime circularity framework in the Phase II of 

this PhD research. It addresses a significant gap in the literature by exploring strategy, 

technology, and hardware solutions to facilitate CE transformation within the maritime 

industry. Furthermore, this chapter offers an in-depth overview of CE practices among 

marine engine OEMs. It is followed by a thorough case study demonstrating the 

benefits of remanufacturing a marine engine from a high-speed passenger ferry. This 

chapter has been partly published in the Journal of Cleaner Production (2023) volume 

382 as follows: 

Okumus, D.; Gunbeyaz, S.A.; Kurt, R.E.; Turan, O. Towards a circular maritime 

industry: Identifying strategy and technology solutions. Journal of Cleaner Production 

2023, 382, 134935. https://doi.org/10.1016/j.jclepro.2022.134935  

5.2 Strategic Solutions 

5.2.1 Closed-loop Supply Chains (CLSC) and Recovery Hubs 

CLSCs should be established to ensure restorative circular economy principles in any 

industry that provides physical products. In the simplest terms, materials flow 

unidirectionally through traditional forward supply chains, from raw material suppliers 

to producers, distributors, retailers, and consumers. However, in CLSCs, used parts, 

components, or equipment are returned to manufacturers via reverse flows (Souza, 

2013). 
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CLSCs have several more complicated characteristics compared to traditional forward 

supply chains (Han et al., 2017). First, the input of the remanufacturing process, which 

is the used product returns, is uncertain in terms of quality, quantity, and arrival time. 

Moreover, the elements of the core return side of the chain may differ from the forward 

distribution network. Secondly, due to the nature of the concept, returned products of 

different conditions will need different remanufacturing processes, resulting in extra 

time, cost, and capacity usage (Souza, 2014). Some returned products may not be 

suitable for remanufacturing, necessitating separate recycling processes. According to 

Guide and Van Wassenhove (2002), some everyday activities linked to product 

recovery in the reverse chain include end-of-use or end-of-life product acquisition, 

reverse logistics, used product checks (testing and grading), remanufacturing, and 

remarketing. In order to establish reuse-remanufacture-repurpose principles in the 

maritime industry, maritime OEMs should pay particular attention to used product 

acquisition and logistics, from ship recycling yards to remanufacturing centres. 

Expanding on the CLSC concept, the focus now turns to product recovery hubs. Unlike 

conventional forward supply chains, where facility location models provide the 

optimal configuration for the chain, such as the optimum number, location, and size of 

warehouses that minimise distribution and fixed costs, in CLSC, the firm also needs 

to locate consolidation centres or hubs for returns and recovery facilities for 

remanufacturing, recycling, or scrap disposal. Ideally, consolidation centres or hubs 

round-up returns from numerous sources, test them and route them to recovery 

facilities (Souza, 2013). In the context of the circular economy, remanufacturing hubs 

serve as important enablers for achieving environmental goals such as minimising 

waste, conserving resources, and lowering the overall environmental impact of 

manufacturing processes (Singhal et al., 2019). By focusing on activities like 

dismantling, cleaning, refurbishing, and testing products, these hubs facilitate the 

transformation of used items into functional goods, aligning with the principles of a 

closed-loop supply chain (Gaspari et al., 2017). 

Figure 5-1 illustrates a general process flow for closed-loop supply chain activities. 

Remanufacturers should analyse and consider what level of reuse is appropriate, which 

often entails a quality grading system for returned parts or components. Research 
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indicates that product design and built-in quality during new production directly 

impact the potential recoverable value at the end-of-use or end-of-life of a product 

(Radhi & Zhang, 2016). Therefore, OEMs aiming to achieve design for 

remanufacturing principles are often in the best position to extract future value from 

the product (Akturk et al., 2017). In the maritime industry, specific stakeholders are 

closely related to the processes shown in Figure 5-1. In fact, traditionally, products 

such as engines are purchased by ship owners, often with the guidance of design 

offices and/or shipyards, and then, around the end-of-use period, the ship may be sold 

to a recycler instead of another operating owner. Therefore, ship recycling facilities 

are often involved as vessel owners at the end-of-use stage, which makes them a 

critical stakeholder group for maritime CLSCs. 

 

Figure 5-1: A process flow perspective of closed-loop supply chain activities (Abbey & Guide, 2018). 

5.2.2 Seeding Strategies 

A certain level of core parts inventory is essential for a successful start to 

remanufacturing production. In this context, seeding strategies might help the OEMs 

by accelerating the core part collection phase. Seeding involves selling a specific 

number of new components or parts as remanufactured products to gather used parts 

and achieve the desired core inventory level to start remanufacturing operations. The 

quantity of new products released is called the seed stock (Akçali & Morse, 2004). 
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With a higher volume of seeding stock, it becomes feasible to recover more core 

components through the reverse supply chain over the planning horizon. 

Consequently, remanufacturing OEMs can procure the necessary number of cores to 

enhance the efficiency of remanufacturing operations earlier (Abbey et al., 2018). 

Many durable goods industries, such as automotive, power generation, and heavy 

equipment, implement seeding since the lack of cores disrupts their remanufacturing 

operations. Abbey et al. (2018) highlighted that managers from companies such as 

Caterpillar, Cummins, and Delco Remy view the seeding strategy as a valuable tool to 

achieve economies of scale sooner in manufacturing and remanufacturing operations. 

Their research discovered in the diesel engine industry that seeding has the potential 

to boost total profit from remanufacturing by up to 40% in optimal conditions and 

approximately 23% on average. Therefore, despite potential losses from selling seeded 

units, seeding can significantly boost the company's overall profits by enabling the 

earlier availability of remanufacturing operations (Abbey et al., 2018). 

Some OEMs in the maritime industry are already applying seeding strategies. This 

research encourages other OEMs in the industry to carry out initial studies for potential 

seeding strategies in their field. Most of the components in the engine room of a 

conventional merchant ship or a pleasure craft are remanufacturable and, therefore, 

good candidates for seeding strategies. 

5.2.3 Take-back Strategies: Trade-ins & Leasing 

Guide and Van Wassenhoveôs study in 2001 was one of the pioneers who introduced 

the idea of product acquisition management, where an OEM can control the timing, 

quantity, and quality of product returns through appropriate economic incentives to 

increase the profitability of recovery activities (Guide & Van Wassenhove, 2001; 

Souza, 2013). Presently, trade-in policies provide customers with trade-in value, such 

as discounts or credits, for their used products during a purchase, regardless of whether 

they are new or remanufactured. That way, while customers put their old equipment 

to good use, the OEMs trigger their reverse supply chain first-hand. 
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Trade-in practices are gaining popularity and are on the verge of becoming the norm, 

particularly in saturated and high-technology sectors (Tozanli et al., 2020b). 

Considering the world merchant fleetôs average growth rates, which are 3.3% in DWT 

and 1.8% in the number of ships (over 1000 GT) from 2016 to 2021 (Infomaritime 

EU, 2021), one might conclude that the market is saturated. Numerous global OEMs 

in the maritime sector are knowledgeable about trade-in policies, some with successful 

implementations; for instance, Cummins executes trade-in strategies effectively. After 

purchasing a Cummins product, customers receive a discount if they return their old 

components or parts. The returned cores are shipped from dealers to Cumminsô used 

product depot, and when they arrive, customers are given credit for returning the core 

components (Souza, 2013). Cummins is not the only company implementing such 

strategies. Other OEMs, such as Caterpillar, Volvo Penta, and so on, also execute 

similar strategies. Apart from that, there are different approaches for determining 

optimum trade-in discount rates; some calculate the trade-in value proportional to the 

used productôs age, while others offer a standard tariff. In general, Souza (2013) points 

out that remanufactured engines and engine parts are sold at around a 35% discount 

compared to new alternatives. 

Another potentially attractive solution for maritime stakeholders is leasing. Leasing 

enables OEMs to acquire used cores for remanufacturing while controlling the 

used/second-hand market. With a standard leasing offer, OEM always gets the used 

products and remanufactures, as long as product durability and environmental factors 

allow. In contrast, in the case of traditional selling, end-users (ship owners or 

operators) or recyclers sell used products in the second-hand market (Souza, 2013). 

On the other hand, from the customersô perspective, the most crucial advantage of 

leasing is replacing high product costs with instalment plans over the lease term, thus 

easing the financial load on customers and facilitating better cash flow management. 

The following section will explain a more advanced version of leasing solutions under 

Product Service Solutions. 

In addition to trade-in and leasing approaches, OEMs can impact the resale value of 

products in the secondary market by imposing a compulsory relicensing fee on 

products remanufactured by third-party firms (Oraiopoulos et al., 2012). 
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Consequently, relicensing expenses can efficiently regulate the scale of both third-

party and OEM remanufacturing activities. Relicensing fees are essential, especially 

when third-party remanufactured options challenge new and OEM remanufactured 

products. Moreover, the quality of a remanufactured product, even when done by a 

third-party remanufacturer, remains contingent on the quality of the original new 

product by OEMs. 

5.2.4 Product Service Systems (PSS) 

PSS offers many advantages for the manufacturer, service provider, and end user. 

According to (Kerin & Pham, 2020), PSS is a distinctive business model that mainly 

supports high-quality, durable, and long-lasting products. In product service solution 

systems, the ownership of the product belongs to the OEM, and it is leased to the user. 

The payment is based on the fulfilment rate of the customersô operational requirements 

by providing services to them. This is possible thanks to the shift in the producersô 

focus from selling products to fulfilling needs (Chierici & Copani, 2016). Therefore, 

PSS lets the manufacturer ñsqueeze value out of the product for as long as it is 

economically viable, utilising repair and service strategies to achieve multiple life 

cycles," which also benefits the remanufacturing operations by providing both steady 

supplies of core components and demand for remanufactured equipment (Kerin & 

Pham, 2020). 

To adapt PSS successfully, OEMs need to modify their organisation and promote 

ñservitisationò for sound and well-organised service delivery. In return, PSS influences 

both the demand and opportunities for remanufactured parts and products; present 

studies on circular businesses revealed that PSS-driven and remanufacturing-based 

business models are widespread archetypes (Rosa et al., 2019). 

When relevant technology solutions are coupled with the PSS strategy, the OEM can 

closely monitor product usage patterns, allowing it to step in and take necessary actions 

when needed to ensure maximum utilisation and product life. Because of its suitability 

with advanced technology solutions, which will be covered in the coming sections, 

PSS is an exceedingly effective strategy for the maritime industry. As the equipment 

inspection at any time becomes relatively more straightforward, and OEMs are more 
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effective in deciding the recovery time and options for end-of-life equipment, PSS also 

paves the way for remanufacturing to become the main route at the end-of-life period 

(Fofou et al., 2021). In addition to these benefits, when it is combined with appropriate 

technology solutions, PSS can form a basis for predictive remanufacturing as well 

(Khan et al., 2018), that is, simply estimating possible future defects in the product and 

carrying out remanufacturing operations at the optimum time, resulting in lower 

remanufacturing costs and higher utilisation rates. In this case, concepts such as 

product availability, up-time, or other performance metrics can become the foundation 

of the agreement between the service provider or OEM and the end-user or customer. 

Moreover, the proper combination of PSS and Industry 4.0 applications, primarily the 

Internet of Things, can enable pay-per-use or pay-per-performance systems 

(Bressanelli et al., 2017). For instance, this might lead to a future scenario where 

marine engine OEMs charge for a certain amount of engine working hours or nautical 

miles travelled instead of conventional engine sales or leasing agreements. 

High-technology products like diesel engines in marine or other machinery industries 

come with electronic control units, numerous sensors, and other hardware. In the sales 

phase, they are almost always combined with preventive maintenance services, so the 

foundation already exists. For example, a business-to-business remanufacturing 

pioneer, Caterpillar, sets a good standard for providing PSS-like solutions in the power 

generation industry. The firm offers various service options to meet changing customer 

needs, including rebuild programmes based on product performance (Copani & 

Behnam, 2020).  

5.3 Technology Solutions 

This section will cover software-focused solutions. It should be noted that almost all 

of these solutions depend on inputs from numerous pieces of hardware equipment; 

therefore, it is advised to consider them complementary.  

5.3.1 Industry 4.0 

Industry 4.0 is the fourth stage of industrialisation to achieve high degrees of 

automation in production via the widespread use of information and communication 
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technologies (Yang et al., 2018). Industry 4.0 encompasses various technological 

concepts, including machine connectivity, big data analytics, artificial intelligence 

(AI), blockchains, smart factories with autonomous robots, additive manufacturing, 

virtual reality (VR), and augmented reality (AR) (Kerin & Pham, 2019; Tozanli et al., 

2020b). It covers facilitating data capture and exchange throughout various stages of 

the supply chain, as well as accelerating the use of smart remanufacturing operations 

(Fofou et al., 2021). Combining these innovative technologies is essential to create 

original, reliable, sustainable, agile, flexible, responsive, knowledge-based, and 

customer-oriented solutions in high-technology sectors. From the I4.0 standpoint, the 

hybrid use of blockchain and the Internet of Things (IoT) is inseparably linked to the 

vision of future manufacturing, shipping, and product recovery procedures (Tozanli et 

al., 2020b). Technological advancements under the I4.0 umbrella can be inserted into 

the final products and/or the equipment used in the remanufacturing process to 

optimise end-of-life decision-making for remanufacturing-candidate products. 

I4.0ôs primary notion is to expand the availability and holistic use of meaningful data 

by networking all assets, resources, and organisations engaged in the value chain to 

generate more value from accessible data and maximise consumer benefit (Yang et al., 

2018). 

Controlling the timing, quality, and quantity of returned cores remains a significant 

challenge for remanufacturers, as discussed in earlier sections of this study. At this 

point, the smart services concept is associated with technological solutions that enable 

advanced and disruptive product-service systems. As mentioned in the strategic 

solutions section, technological advancements within the I4.0 umbrella can 

significantly support the PSS strategy. In an advanced PSS business model, which 

offers a pay-per-performance concept, OEMs or dealers/retailers maintain ownership 

of the product and only provide the service or use to consumers (e.g., selling "engine 

flying hours" rather than "engines"). As a result, the system requires proper product 

monitoring features throughout the operation and anticipation for remanufacturing 

processes on returned cores based on the product's estimated remaining life. On the 

other hand, since buyers pay for the service rather than the product, it enhances market 

acceptance of remanufactured items, leading to a successful remanufacturing model. 
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Predictive maintenance might be made possible by the early identification of faults by 

real-time monitoring of products in use and data analysis using embedded sensor 

networks and cloud computing. As a result of I4.0, the increased connection between 

products, consumers, and producers creates enormous potential for enhancing the 

product service model (Yang et al., 2018). 

For example, certain OEMs lease fully equipped engines to power plants that demand 

maximum equipment availability in the power generation industry. The engines are 

embedded with smart sensors, and the OEMs constantly monitor crucial parameters 

such as temperature, pressure, consumption, vibration, etc. Sensor data is collected and 

stored on a central server via a network to predict wear, estimate the usable life of 

components, and schedule timely repairs or remanufacturing (Yang et al., 2018). All 

in all, I4.0's primary benefit is its capacity to generate and access real-time information, 

enabling enhanced visibility and risk mitigation across the supply chain network 

(Fofou et al., 2021). The applications of Industry 4.0 mentioned have the potential to 

deliver value to stakeholders in the maritime industry, including OEMs, ship 

owners/operators, shipyards, and ship recyclers. 

5.3.2 Internet of Things (IoT) 

With a simple definition, IoT refers to numerous physical devices that collect and share 

data. The IoT is driven by small, widely dispersed, and practically linked ubiquitous 

sensors that aim to continuously monitor individual objects and overall systems 

throughout their operational lifespan (Tozanli et al., 2020b). From the CE aspect, IoT 

offers significant advantages, enabling remanufacturers to analyse used cores, connect 

the physical conditions of assets with sensor data, and ultimately make more precise 

remanufacturing decisions based on usage data. This enhancement will also boost the 

efficiency of remanufacturing operations. 

Typically, determining the optimal time for remanufacturing involves monitoring the 

performance or physical and structural integrity of "key components" over time to 

identify the most suitable moment for product remanufacturing (Fofou et al., 2021). 

Expanding on this, a product consists of various components, with certain ones 

identified as "key components" due to their critical role in the overall product. Through 
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digital monitoring of these crucial components, smart systems can predict the optimal 

timing for remanufacturing. Leading the way in remanufacturing, companies like 

Caterpillar have been promoting their condition monitoring services to control 

equipment expenses, improve product performance and utilisation, and mitigate 

component failure risks (Caterpillar, n.d.-c). 

5.3.3 Big Data Analytics and Artificial Intelligence (AI) 

Big data analytics is the application of sophisticated analytical methods to extensive, 

diversified data sets whose size or type exceeds the capacity of typical conventional 

databases to gather, manage, and analyse the data promptly. Big data is characterised 

by its substantial volume, high velocity of change, or extensive diversity. Artificial 

intelligence (AI), mobile and social relationships, and the IoT are increasing data 

complexity through new data formats and sources. For instance, big data is generated 

in real-time and at a large scale by sensors, devices, video/audio sources, networks, 

log files, transactional applications, the web, and social media (IBM, 2024). 

In the context of the circular economy, integrating reverse logistics, cloud-based 

systems, and the Internet of Things (IoT) allows for the accurate interpretation of end-

of-life decisions using big data via AI and machine learning (ML) algorithms. Chapter 

6 will explore this subject further and propose an in-depth database solution for 

establishing a digital infrastructure within the maritime sector. 

5.3.4 Digital Twins (DT) 

Digital twinning is a method for defining and modelling a physical item's properties, 

characteristics, components, and performance using advanced digital tools (Schroeder 

et al., 2016). The virtual representations of tangible items are enabled using data 

collected through IoT infrastructure and data-management hardware such as sensors 

and RFID tags implanted in their physical equivalents (Tozanli et al., 2020a). Once 

invested in equipment, IoT sensors monitor and collect data about essential 

components and parameters, such as consumption levels, run cycles, and malfunctions. 

Additionally, DT models include all relevant product information, including serial 

numbers, model names, production dates, bills of materials, and assembly and 
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disassembly instructions (Alqahtani et al., 2019). Therefore, digital twins might 

provide precise data on products' behaviour, including performance and functionality, 

at the product and component levels (Chen & Huang, 2021; Miller et al., 2018; Tozanli 

et al., 2020a). 

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. OEMs may use predictive twins to estimate the remaining 

usable life of items based on data received via IoT infrastructure for product and 

component functionality. Predictive twins imitate the behaviour of assets or systems 

using historical data from their simulated real-time occurrences. The remaining service 

life of a product may be estimated using previous data collected from the product and 

its components, from other comparable devices, or a combination of these. 

Manufacturers may use this prediction model to forecast the future conditions of the 

full product and parts before proposing trade-in prices or offering remanufacturing 

services (Tozanli et al., 2020a). Figure 5-2 illustrates IoT and data analytics as crucial 

components of digital twins and summarises the potential advantages of DTs in 

remanufacturing, which maritime OEMs can also use. Besides OEMs, engineering 

consultancy firms, shipyards, or turn-key solution providers might consider generating 

the digital twin of a desired shipôs engine room to maximise the utilisation of 

machinery and equipment there. By doing so, asset tracking would substantially 

increase, meaning improved circularity metrics and remanufacturing opportunities.  

 
Figure 5-2: Foundations and benefits of digital twins. 
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5.3.5 Database and Blockchain 

Typically, a database management system (DBMS) is in charge of managing a 

database. Together, the data, the DBMS, and the programmes that run on them are 

regarded as a database system, simplified as a database (ORACLE, 2020). To make 

processing and data querying as efficient as possible, data in todayôs most prevalent 

forms of databases is often structured in rows and columns in a sequence of tables. 

Thus, data may be easily accessed, managed, altered, updated, controlled, and 

organised. Databases commonly use the Structured Query Language (SQL) for writing 

and querying data (ORACLE, 2020). If the system is complex and generates large 

amounts of potentially live and diverse data, it is classified in the big data category. 

Blockchain technology enables secure data transmission to digital twins. It is a 

decentralised peer-to-peer ledger that encrypts each transaction to assure its security 

and permanence (Yadav & Singh, 2020). This functionality enables data to be safely 

kept in a decentralised framework under cryptographic monitoring, allowing digital 

twins to securely transmit data from IoT devices (Tozanli et al., 2020a). 

5.3.6 Smart Recovery Decision-Making Systems (SRDM) 

Smart recovery decision-making is essentially concerned with making a recovery 

decision with a combination of smart solutions. In other words, according to SRDM 

systems, a product may be removed from operation and sent to the recovery process at 

any phase of its lifespan by using decision-making algorithms that optimise efficiency. 

SRDM leverages advanced technologies such as artificial intelligence, the internet of 

things, big data, and machine visionðimage-based inspectionsðto identify products 

that should be withdrawn from the supply chain for repair, refurbishment, 

remanufacturing, or recycling. Remanufacturing and repair are often the most 

preferred options. SRDM systems depend on data-collecting devices that 

communicate product parameters and decision-making algorithms to put everything 

together. 

Todayôs technological developments make more advanced solutions applicable, 

provided that all stakeholders are dedicated and cooperate. 
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In a perfect scenario, the stakeholders in the maritime industry would benefit from: 

¶ Continuously reporting smart on-board components equipped with sensors 

(IoT), 

¶ Big Data analytics, analysing the vast amount of information gathered by IoT 

(Big Data), 

¶ Blockchain technology to ensure higher database safety (BC), 

¶ Digital Twins replicating both the vessel and onboard componentsô 

characteristics, enabling what-if experimental scenarios for maritime assets 

(DT). 

¶ Accurate EoL time and decommissioning value estimation for all marine assets 

by ML algorithms (AI), 

¶ Component route estimation for EoL products by MLï i.e., whether to reuse, 

remanufacture, or recycle as scrap (AI) , and 

¶ Accurate second-hand value estimation by ML for a vessel or single 

component at any time (AI).  

These technological solutions would pave the way for: 

¶ Maximised EoL utilisation, 

¶ Optimised reverse supply chain performance, and 

¶ Higher circularity and sustainability rates due to maximised remanufacturing, 

in the maritime domain. 

5.4 Hardware Technologies 

This section covers complementary hardware solutions to assist strategy and 

technology solutions.  

5.4.1 Smart Sensors 

Sensors, in general, are tools that detect and react to changes in their surroundings. 

Inputs may include light, temperature, motion, and pressure. Sensors provide useful 

data, which they may communicate with other connected devices or management 

systems through protocols (such as MQTT or HTTP) if they are linked to a network.  
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Smart sensor types include wireless communication technologies (e.g., Bluetooth for 

short-range communication, Wi-Fi for high-speed data transfer, ZigBee for low-power 

applications, etc.) essential for communication and data exchange in IoT systems. 

Smart sensors in the IoT play a pivotal role in collecting, processing, and intelligently 

transmitting data, thereby aiding in the automation and optimisation of processes in 

smart environments. These sensors are integrated into devices and nodes to enable 

communication without human intervention (Sehrawat & Gill, 2020). 

In the manufacturing industry, sensor functionalities are crucial for enhancing 

operational efficiency, ensuring product quality, and enabling predictive maintenance. 

Various types of sensors, such as temperature sensors, pressure sensors, humidity 

sensors, vibration sensors, and proximity sensors, are commonly used in smart 

manufacturing processes to monitor and control different parameters (Frantloviĺ et al., 

2016; Kalsoom et al., 2020; Soltani et al., 2020). Integrating these sensors into smart 

manufacturing systems enables real-time monitoring, data collection, and analysis to 

optimise production processes, reduce downtime, and enhance overall productivity. 

By utilising sensor data, manufacturers can implement predictive maintenance 

strategies, improve quality control, and achieve operational excellence in the Industry 

4.0 era. 

5.4.2 Radio Frequency Identification (RFID)  

RFID is a wireless technology that consists of two parts: tags and readers. The reader 

transmits radio waves and receives signals from the RFID tag through its antennas. 

Tags, which convey their identity and other data to adjacent readers through radio 

waves, may be active or passive. These tags are powered by the reader and don't have 

a battery, so they don't need to be recharged. Batteries power active RFID tags (US 

FDA, 2018). RFID tags can store a variety of data, ranging from a single serial number 

to many pages of information. Readers may be portable and transported by hand, or 

they might be placed on a post or suspended from the ceiling (US FDA, 2018). 

RFID can be integrated with IoT applications to increase transparency at individual 

product or component levels, resulting in more precise life-cycle monitoring (Meng et 

al., 2016). RFID and IoT combinations also allow for keeping track of core part 
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movement in a reverse supply chain. There are various examples of movement 

tracking in numerous industries, including engine manufacturers (Kerin & Pham, 

2019). 

5.4.3 Quick Response Codes (QR) 

The Quick Response (QR) codes are the advanced version of standard one-

dimensional barcodes. Unlike one-dimensional barcodes that store only horizontal 

data, QR codes can store information in two dimensions, both horizontally and 

vertically. Therefore, QR codes have significantly higher information capacity than 

barcodes and better fault tolerance. The quick recognition across various devices and 

cost-effectiveness make QR codes appealing for industrial use due to their efficiency 

and affordability (US FDA, 2018). 

Due to the increasing use of smartphones and mobile devices, QR codes have become 

an entrance to the IoT, with properties such as quick and easy reading, the ability to 

store much more data than traditional codes, and flexibility associated with swift and 

straightforward access to information. There is recent research regarding next-

generation QR codes called luminescence QR codes, which significantly increase the 

information capacity of standard QR codes while adding temperature-sensing features 

(Ramalho et al., 2019). 

5.5 Current Practices Regarding CE Amongst Well-known Marine 

Engine Manufacturers - OEMs 

Many well-known OEMs in the maritime industry address circular economy subtopics 

in their after-sales services. This thesis has investigated the circular options provided 

by some mainstream marine engine manufacturers, such as Wärtsila, Caterpillar, 

Volvo Penta, MTU, and Cummins. Then it briefly mentions third-party reconditioners. 

5.5.1 Wärtsilä  

Wärtsilä applies a CE approach in the maritime sector by managing the lifecycle of its 

products through careful design, supplier selection, production methods, and 
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optimising transportation, maintenance, and repairs. The company recognises that 

green fuels alone will not make shipping sustainable, highlights that increasing the 

industry's circularity is critical, and points out the lack of a standardised set of metrics 

to track progress (Faye & Butcher, 2023).  

Wªrtsilªôs focus on CE principles aligns with the growing emphasis on sustainability 

in the maritime industry. By reconditioning products and components, they extend 

their reliable service life and improve operational performance. Wärtsila carries out 

maintenance and repairs, applies product upgrades and modifications, and reconditions 

two- and four-stroke engines, as well as other components, in more than 70 workshops 

worldwide (Wärtsilä, 2022). In addition, Wärtsila can carry out the complete 

remanufacturing of two-stroke marine engines in seven Remanufacturing Centres 

worldwide within their 2-Stroke Remanufacturing Solutions programme (Wärtsilä, 

2012). 

The company says they ñbring used and worn-out components back to their full 

functionalityò while restoring them to their original component specifications and 

ensuring full service life (Wärtsilä, 2012). Figure 5-3 below illustrates an example of 

a restored part by Wärtsilä. The benefits of remanufacturing are elaborated as 

significant cost reductions through the reuse of core components, high reliability, 

adherence to original OEM quality standards, incorporation of the latest modifications, 

and minimised environmental impact. 
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Figure 5-3: Wärtsilä parts remanufacturing example (Wärtsilä, 2012). 

Wärtsila states that the remanufacturing process is essentially carried out on the 

customersô engines and components, ensuring that customers receive their assets back. 

Additionally, they have established an exchange option where they offer specific 

remanufactured components and parts readily available from their stocks, allowing 

customers to enjoy the benefits of remanufacturing without experiencing lengthy lead 

times. Some examples of potential remanufacturing savings can be listed as follows: 

¶ Remanufacturing cylinder covers: savings of up to 75%, 

¶ Remanufacturing piston crown: savings of up to 50%, 

¶ Remanufacturing piston rods: savings of up to 50%, 

¶ Remanufacturing valve spindles: savings of up to 70%, 

¶ Remanufacturing (instant exchange available) injection control units: savings 

of up to 50%, 



 

150 

 

¶ Remanufacturing (instant exchange available) fuel pumps: savings of up to 

65%, 

¶ Remanufacturing (instant exchange available) servo oil pumps: savings of up 

to 50%. 

¶ Remanufacturing (instant exchange available) pressure control valves: savings 

of up to 40% (Wärtsilä, 2012). 

Wartsila exchange stock warehouses are located in the Netherlands and Singapore, and 

Figure 5-4 below depicts their global service network and remanufacturing centres. 

 

Figure 5-4: Wärtsilä service network and remanufacturing centres (Wärtsilä, 2012). 

 

5.5.2 Caterpillar  

Caterpillar describes its CE view as generating a value chain through a circular flow 

of materials, energy, and water. In this sense, the companyôs focus is to optimise the 

resources and maximise the total valuable lifecycle of their products, which will 

contribute to minimising ownership costs for their customers while improving 

sustainability and reducing the environmental effect of the products (Caterpillar, 

2021). To achieve these goals, Caterpillar focuses on remanufacturing and rebuilding 

products at different levels and in various industries, such as construction equipment, 

solar turbines, power systems, and marine engines. The company remanufactures 
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fundamental components and spare parts, and an online sales platform is also available 

for remanufactured parts worldwide. 

Caterpillar separates remanufacturing and rebuilding concepts in their organisation 

and literature. While the latter corresponds to specific expert reconditioning efforts ï 

such as Cat Certified Rebuilds, component overhauls at Cat dealers, etc. ï 

remanufacturing is more than rebuilding (Caterpillar, 2021). Cat Reman returns 

engines and other components to their original performance specifications using 

various salvage techniques, strict guidelines, advanced manufacturing systems, and 

intense quality control at Cat Reman facilities. The main difference is that Cat Reman 

products are not simply refurbished or rebuilt. It is better than that, thanks to non-

destructive processing methods applied to them after they are disassembled to their 

smallest parts and lose their original identity (Caterpillar, 2022, n.d.-b). Cat Reman 

components provide customers with the same quality, warranty, performance, and 

reliability as new Cat products, at a lower cost  (Caterpillar, 2022). 

Souzaôs previous study mentioned that Cat Reman products are sold exclusively at the 

Caterpillar parts distribution network ranging between 40% and 80% of a new 

productôs price. Caterpillar also provides incentives such as a buy-back guarantee for 

unsold inventory, a core deposit fee for remanufactured parts, and a voluntary take-

back of surplus used products at a price above the scrap value (Souza, 2014). The OEM 

strongly believes that their reman products enlarge their customer base by providing a 

more economical yet high-quality certified product to customers who otherwise would 

not be able to afford a Caterpillar product. Therefore, Caterpillar believes that there is 

no significant cannibalisation of their new product business by remanufactured 

alternatives (Souza, 2014), even though such risk is raised in the literature for OEMs 

(Kwak & Kim, 2017; Marques et al., 2021). Figure 5-5 below shows Cat Reman 

facilities around the world. 
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Figure 5-5: Caterpillar Reman Facilities (Caterpillar, 2013). 

Cat Reman operates on an exchange business model where customers are initially 

charged a core deposit. Upon returning the cores (i.e., used parts or components), 

customers receive a deposit refund, leading to further reductions in owning and 

operating costs. Caterpillar utilises a specific core management system that oversees 

the handling of core returns from its dealers and inspection facilities on a global scale 

(Caterpillar, n.d.-a). From an environmental aspect, Caterpillar remanufactured more 

than two million components annually, which equals 68 million kilogrammes of end-

of-life iron annually (Caterpillar, 2013). According to their latest sustainability report, 

of the 147 million pounds of material taken back in 2023, 88% of end-of-life materials 

were eligible for remanufacturing, resulting in 65-87% less manufacturing energy and 

GHG emissions, along with 80ï90% less new materials by weight used (Caterpillar, 

2024). By reducing waste, lowering greenhouse gas production, and minimising the 

need for raw materials, Caterpillar significantly improves its sustainability 

(Caterpillar, n.d.-b), while ensuring the circulation of non-renewable resources for 

multiple lifetimes. 

5.5.3 Volvo Penta 

Volvo is one of the OEMs that features the CE on their corporate website. Volvo Group 

acknowledges the importance of the circular economy and sustainability concepts 
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aligning with its corporate values. To achieve this, Volvo Group is adopting a strategic 

approach to becoming fully circular: starting from the product design phase, focusing 

on remanufacturing and eventually reaching zero waste in landfills (Volvo Group, 

n.d.). 

As part of the Volvo Group, Volvo Penta is also focused on sustainability, aligning 

with the company's commitment to the circular economy (Volvo Penta, n.d.-a). Volvo 

Penta Reman represents the company's remanufactured part and component options, 

which provide energy, raw material, and cost-saving alternatives while maintaining 

the quality, performance, and warranty of new products (Volvo Penta, 2021b). 

Volvo Penta states that through the remanufacturing process, returned and used cores 

(parts, components, and engines) are given a new life as Volvo Penta Reman products. 

The industrial remanufacturing process minimises the environmental impact compared 

to new manufacturing by reusing up to 85% of the core. It also saves up to 80 % of the 

energy it takes to manufacture a new part. (Volvo Penta, n.d.-c). 

To summarise Volvo Pentaôs remanufacturing process, it begins with the used 

component (i.e., the core), which is the raw material of the process. Once the cores are 

completely disassembled, they are thoroughly cleaned and inspected to determine their 

condition. Cores not fulfilling Volvo Pentaôs requirements are discarded and sent to 

recycling for raw materials (Volvo Penta, 2021b, n.d.-b). Components that meet the 

criteria are restored to new conditions. Wear parts, and those not fulfilling the 

requirements are replaced with new genuine parts (Volvo Penta, 2021b). Ultimately, 

remanufactured products and components consistently fulfil the latest technical 

specifications. Components such as diesel engines are carefully tested to verify product 

performance when they are reassembled (Volvo Penta, 2021a). 

Volvo Penta underlines that their remanufactured components are technically new. 

The remanufactured and new marine engines are assembled in the same assembly line 

and undergo through the same testing processes. Therefore, the quality is equal to that 

of a brand-new engine. They look the same as a new one, are as durable as a new one, 

and have the same warranty conditions as a new one (Volvo Penta, 2024). 

Additionally, remanufactured marine engines result in up to 60% of materials being 
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reused and up to 56% of CO2 emissions being reduced compared to new engine 

production (Volvo Penta, n.d.-c). In other words, the used components have been given 

a new life as remanufactured products with minimum environmental impact. 

Similar to some other OEMs in the industry, Volvo Penta includes a core fee in the 

invoice, which is refunded upon the return of the core to Volvo. This way, Volvo Penta 

incentivises customers to return their cores for CE practices, promoting sustainability 

in their operations. Additionally, this core fee system helps streamline the return 

process and ensures a more efficient supply chain for Volvo Penta (Volvo Penta, 

2021b).   

5.5.4 mtu ï Rolls-Royce Power Systems 

As described on its corporate website, mtu offers remanufacturing services through 

two main solutions: ñmtu Factory Reman Solutionsò and ñmtu Factory Overhaul 

Solutionsò. These services aim to restore used components to brand new condition 

with consistent performance, service life, quality, and a full OEM warranty. On top of 

that, mtu offers fixed pricing and turnaround times up front to their customers (mtu, 

n.d.-a). 

According to the companyôs internal classification, "Factory Overhaul Solutions" 

corresponds to overhauling a customerôs equipment or component to like-new 

condition, which means the same performance, product life, and quality as a newly 

manufactured alternative. On the other hand, "Factory Reman Solutions" provides a 

faster solution in which a remanufactured product is offered to the customer. The 

Reman alternative comes with fixed pricing, less expensive than the new alternative, 

and fixed lead times (mtu, n.d.-a). Overall, mtu suggests that opting for Factory Reman 

Solutions can minimise potential downtimes by directly replacing customersô current 

equipment with remanufactured units available in the companyôs inventory (mtu, n.d.-

b). 

Like several other OEMs in the maritime industry, mtu is carrying out a 

remanufacturing process combined with a core collection strategy. As depicted in their 

core collection programme in Figure 5-6, customers submit a predetermined core 
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deposit. Subsequently, mtu evaluates and accepts the core, issuing a credit based on 

the condition of the core components (mtu, 2019, n.d.-b).  

 

Figure 5-6: mtu core exchange programme (mtu, 2019). 

The advantages of mtuôs Factory Reman and Overhaul Solutions include adherence to 

factory quality standards, optimal performance, reduced acquisition and operational 

expenses, energy and resource conservation, waste and CO2 emission reduction, and 

extension of the lifespan of non-renewable products (mtu, 2019). 

The remanufacturing process at mtu involves sequential steps, including disassembly 

and cleaning, investigation, reworking, reassembly, acceptance testing, and final 

preparations. Figure 5-7 below presents some photos from mtu remanufacturing 

operations (mtu, n.d.-b). 
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Figure 5-7: mtu remanufacturing process (mtu, n.d.-b). 

5.5.5 Cummins 

Cummins considers remanufacturing processes as one of the companyôs true 

differentiators and key sustainability practices worldwide, and the company has been 

investing in advanced manufacturing technology to maximise its remanufacturing 

efficiency. Additionally, new Cummins engines are built with remanufacturing in 

mind, knowing that up to 85% of an engine can be remanufactured (Cummins, 2021). 

The company offers a more affordable and high-quality option (called ñCummins 

ReConò) to its customers by integrating the new product and remanufacturing 

businesses (Cummins, n.d.-a). 

Figure 5-8 below represents a simplified version of Cummins's closed-loop supply 

chain approach from research by Souza. In the figure, the forward flows consist of new 

engines and/or engine parts (water pumps, turbochargers, etc.), and the reverse flows 

consist of used or remanufactured products (Souza, 2013). 
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Figure 5-8: Closed-loop supply chain of Cummins (simplified), from (Souza, 2013). 

Cummins ReCon marine engines match up with what other OEMs call remanufactured 

components. During the process, the engines are disassembled completely, thoroughly 

cleaned, inspected, fitted with new parts as needed, and then assembled, tested, and 

guaranteed like-new performance, reliability, and quality at an advantageous price 

(Cummins, n.d.-b). 

Cummins reports that 85% less energy is required to produce a reman engine, which 

avoids producing 400 million pounds of greenhouse gases and reclaims 70 million 

pounds of material. Moreover, 67% of the companyôs common assembly salesðsuch 

as turbochargers, fuel systems, pumps, etc.ðare reman components (Cummins, 2021).  

5.5.6 Third -party Engine Reconditioners 

Many non-OEM companies focus on reconditioning marine engines and other 

components in the industry. They provide independent repair services, usually serving 

multiple OEM brands and cooperating with shipowners, shipyards, and consultants. 

Although third parties lack OEM-level capability and capacity, most of them can carry 

out reconditioning operations at various levels. Some companies may salvage reusable 

parts and supply replacements needed to recover the engine from used or second-hand 
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markets. Goltens can be considered an example, as it is an independent repair services 

company that serves components from different brands within the maritime industry 

(Goltens, n.d.-b). As an engine reconditioning example, Goltens restored an end-of-

use 2400 KW marine auxiliary diesel engine after a catastrophic failure. The company 

salvaged the crankshaft and found used engine blocks on the second-hand market. 

Then, after machining operations and restorative treatments, the company overhauled 

the engine successfully (Goltens, n.d.-a). Despite destructive applications and not 

being entirely remanufactured, this operation can still be classified under the circular 

economy concept, considering the saved product life of a severely damaged and old 

component. Goltens' successful restoration of the marine auxiliary diesel engine 

exemplifies how third-party businesses can contribute to a circular economy by 

salvaging and reconditioning components rather than discarding them. This process 

not only extends the life of products but also reduces waste and helps minimise the 

environmental footprint of industrial operations. 

5.6 Engine Remanufacturing Process  

Marine engine OEMs usually prefer a core deposit strategy to facilitate the return of 

used components from customers to manufacturers, enabling a reverse supply chain. 

In the industry, core component flow typically involves dealers, particularly for OEMs 

with extensive service networks. On the other hand, some OEMs carry out the core 

component flow through their organisations in a more centralised structure. There are 

dealers who have improved their capabilities and capacities by collaborating with 

OEMs and making technological investments. Many ship owners or operators in the 

sector prefer remanufacturing applications conducted by competent dealers, 

particularly if they want their components returned in like-new condition, rather than 

exchanging components. 

As mentioned in Section 4.3 , due to intensive regulations in the maritime industry, 

marine engines go through a series of inspection and certification processes in the 

design and manufacturing stages. However, there are currently no specific certification 

processes or rules established by classification societies for the remanufacturing 

operation of engines. Based on the information obtained from the literature and the 
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OEMs examined in this research, a standard remanufacturing process is revealed for 

marine engines in Table 5-1 as follows (Okumus et al., 2023c): 

Table 5-1: Marine engine remanufacturing phases (Okumus et al., 2023c). 

Phase I 

1.      Disassembling the engine completely, 

2.      Cleaning: rust and paint removed from all parts, 

Phase II 

3.      Inspecting, measuring, and evaluating all parts against factory tolerances and 

wear limits, 

4.      Crack testing for necessary parts, 

5.      Identifying modernization requirements (if any), 

6.      Documentation of results and findings, 

Phase III 

7.      Reworking and machining parts and components to achieve brand-new 

tolerance requirements, 

8.      Initiating the reassembly process by incorporating both remanufactured and 

new parts 

9.      Incorporating any product updates or upgrades using the most up-to-date tools 

and standards 

Phase IV 

10.      Testing the engine by replicating the rough field conditions 

11.      Documentation of engine performance during tests, evaluation, and 

assessment 

12.      Customer and/or classification society participation (optional) 

Phase V 

13.      Painting 

14.      Concluding with preservation and packing processes 

 

The remanufacturing process outlined in Table 5-1 serves as a standardised structure 

followed by many marine engine OEMs and authorised dealers to restore engines to 

like-new condition. The detailed phases, from disassembly and cleaning to final testing 
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and packaging, ensure that remanufactured engines meet the necessary performance 

and safety standards. This summary provides a clear overview of remanufacturing 

processes, yet it must be demonstrated for practical marine applications in real-world 

settings to understand its effectiveness and economic impact. 

In the following section, a case study is presented to demonstrate how this 

remanufacturing process is applied to a high-speed marine engine. The case study 

offers an in-depth look into the specific steps taken during the restoration process, as 

well as the tangible benefits of remanufacturing in terms of cost savings and engine 

performance. This practical example highlights how the theoretical remanufacturing 

process translates into measurable outcomes in the field. 

5.7 Marine Engine Remanufacturing Case study 

5.7.1 Summary of Reconditioning Operation 

Continuing with the remanufacturing, this case study focuses on the rebuilding process 

of the main engine of a high-speed passenger ferry operating in the Aegean Sea. The 

engine was built in 2009 with 2300 RPM and 1450 HP. The vesselôs maximum design 

speed is 30.9 knots, and two high-speed diesel main engines generate the propulsion 

power. The fleet manager of the vesselôs owner company has sent the engines for 

rebuilding at around 9500 machine hours after their last overhauls to the authorised 

dealer of the engine manufacturer in the region. The dealer possesses the capacity and 

expertise to refurbish medium-sized marine engines. Figure 5-9 depicts the initial 

condition of the case study engine upon its arrival at the dealer's equipment rebuild 

centre. 
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Figure 5-9: Engineôs arrival at the dealerôs equipment rebuild centre. 

In the preparation step, the dealer has conducted on-site controls and engine fluid 

analysis before removing the engine from the vessel. After remanufacturing approval 

was granted by the shipowner company, the remanufacturing phases given in Table 

5-1 were initiated. In the first phase, the dealer disassembled the engine in their rebuild 

centre while constantly checking for any failure traces. After that, all parts were 

cleaned, and rust and paint were removed. At this stage, Figure 5-10 illustrates various 

examples of part cleaning procedures.  
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Figure 5-10: Part cleaning examples. 

In phase two, all the parts (such as the cylinder block, all galleries and holes, 

crankshaft, all bearings, journals, camshaft, pistons, piston pins, connecting rods, oil 

jets, cylinder cover, valve springs, rotocoils, liners, turbochargers, valve mechanism, 

oil pump, water pumps, gear bearings, and so on) were inspected and evaluated. All 

parts undergo inspection and evaluation in adherence to the factory tolerance limits, as 

well as in accordance with the OEM's guidelines and remanufacturing procedures. 
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Apart from wear and tear, curvature and shaft deflection measurements were also 

carried out, as shown in Figure 5-11 and Figure 5-12 below. For different parts, the 

tolerance limits in measurements ranged from 0 to 0.15 mm, equating to a precision 

level of ă0.36. At the same time, the dealer carried out crack testing on all necessary 

parts. There has been no required product upgrade for the engine since its last major 

overhaul. All measurements and findings, including scratches and cracks, were 

photographed and recorded. 

     

Figure 5-11: Measurement of main and crankshaft bearings and main caps. 

   

Figure 5-12: Camshaft curvature and gears were checked, all lobs were inspected and measured. 

This particular engineôs cylinder liners and crankshaft journals were found defective. 

Therefore, in Phase III, the dealer carried out several restorative operations to reuse 

valuable parts such as the engine blocks and crankshaft. Other worn or faulty parts 

identified in Phase II, such as piston bushings, turbocharger shafts, and several valve 
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mechanism parts, were replaced with new ones. So, the engine was reassembled using 

remanufactured and new parts at brand-new tolerance limits. 

In Phase III, the dealer restored all salvageable core parts within their capabilities (via 

machining, honing, polishing, etc.) and reused them. For instance, the crankshaft has 

been restored and reused, as displayed in Figure 5-13. However, some other parts were 

restorable with only the manufacturerôs technical capabilities, so they were returned to 

the manufacturer to be utilised once again. Finally, parts beyond recovery were sent to 

a metal recycling facility. 

 

Figure 5-13: Crankshaft polishing after grinding operation. 

After reassembly, in Phase IV, the engine was tested for rough operating conditions 

on a dynamometer at the dealerôs engine testing facility. All metricsðpressures, 

temperatures, and engine performanceðwere monitored during the test, and leakage 

tests were carried out. Figure 5-14 below shows the dealer's engine test facility control 

room. With the participation of the customerôs technical staff, the performance of the 

machine was recorded during the tests. The performance results closely matched those 

of a newly manufactured engine. As shown in Table 5-2, the reman engine performs 

on par with its newly manufactured alternative. 
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Figure 5-14: Engine test facility control room. 

Table 5-2: The remanufactured engineôs performance comparison with its new built factory test performance. 

Test Element Unit  Difference 

Full Load Power HP -0.1% 

Engine Speed RPM 0.0% 

Constant Speed Fuel Consumption @ Full 

Load 

g/kWh 0.6% 

Fuel Pressure PSI 0.0% 

Oil Pressure PSI -1.7% 

High Idle Speed RPM 0.0% 

Low Idle Speed RPM 0.0% 

Low Idle Oil Pressure PSI 0.0% 

 

Phase V: Following that, the dealer proceeded with the painting process and finally 

packed and sent the engine to the shipyard, where it was installed on the vessel.  

Following the remanufacturing process, the classification society of the vessel engaged 

in the engineôs reinstallation, recommissioning operations, and sea trials. 

Considering test results and the overall remanufacturing process, the manufacturer 

allowed a five-year, 8,000-hour extended warranty for the engine. Although extended 

warranty packages can be purchased, today, even a newly manufactured engine comes 

with a standard warranty of two years / unlimited hours. A brand new alternative to 

this particular engine also comes with a standard warranty of two years and unlimited 

hours. Therefore, it is evident that both the manufacturer and dealer together stand 
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behind remanufactured components and products, and so they go beyond standard 

warranty coverages. Figure 5-15 shows the before and after of the dealer rebuild 

process. 

 

Figure 5-15: Condition of the engine, before and after the dealer remanufacturing procedure. 

 

5.7.2 Benefits of the Case Study 

This case study forms an excellent example of end-of-life marine engine and 

component remanufacturing solutions. Thanks to the combined efforts of local 

dealerships and global OEMs, the customer could be provided with tailor-made 

reconditioning service and minimum transportation of parts and components. 

From the CLSC perspective, the case demonstrates a smart and strategic approach that 

includes product acquisition, reverse logistics, and flexible remanufacturing 

capabilities. Firstly, the customerôs high awareness of remanufacturing played a 

significant role in this case, thanks to the dealer's intensive efforts and strong OEM 

support. Therefore, increasing customer awareness for smoother product acquisition 

at the EoL is fundamental. Moreover, due to the collaboration between the OEM and 

the dealer, the remanufacturing process took place at the dealer's facility, leading to a 

substantial reduction in transportation costs and core part lead time. Additionally, the 


















































































































































































































































































































































































































