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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
addresse this gap by developing a comprehensive circularity framework tailored
specifically to the maritime industrigcusingon four key areas.

First, it identifies the barriers to implementing CE practices in the maritime sector
through an extensive literature review and stakeholder engageByesansolidating
insights from surveys, interviews, and workshops, the study uncovers challenges such
as regulatory gaps, limited digital infrastructure, and a lack of awareness among
stakeholdersMoreover, it highlights the potential benefits of circular applications
such as remanufacturing, reuse, and recycling, drawing comparisons to more advanced
CE puactices 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 indusfrige solutions were developed based

on identified barriers and validated through case studies and best practices from major
OEMs. A case study on highpeed 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 costpffering significant financial savings while promoting sustainability.
This reatworld example illustrates the potential for circular practices to reduce costs

and environmental impacts across the maritime sector.

Third, the research introduces a figdtits-kind digital database designed to bridge the
valuable equipmentracking and supply chain managemeap The developed
database support@ maritimespecific asset tracking systenfacilitating fast and
transparent information flow between the stakeholdadproviding foundations for

asset tracking infrastructure and a robust reverse supply dmwugh its practical
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application in a case study, the reseatemonstrated that this system could increase
the recovery value of enaf-life vessels by over 80% he database also facilitates a
maritime asset tracking (MAT) system, enabling enhanced transparency and
coordination in CE practice$hisoffersa critical tool for addressing the inefficiencies

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

sustainability.

Finally, the thesis develo@® 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 theirircularity 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 strategiesp

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 trank@dsb comprises

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

1.2 General Perspective 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 significaehvironmental degradation, resource depletion, and
increased greenhouse gas emissions, prompting calls for a more sustainable model
(MacArthur, 2013 Mitchell & James, 2015Preston, 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,
minimisingwaste and reducing the need for new resource extrd@ieissdoerfer 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 resoureesifosters innovation, as industries are encouraged to
redesign products and processes to achieve circu{@agsanelli et al., 201Stahel,

2010. CE principles have already led to significant advancemargsctors such as
automotive and aeronautjcsontributing to more sustainable industrial practices

(Gunbeyaz, 2019 cKenna et al., 2002 However, the maritime industry presents a
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complex and somewhat fragmented pictegardingCE adoption, despite its critical

role in the global economy.

Raw material scarcity is an escalating concern wilitincreasingly affectwvarious
industriesin the near futureincluding 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 fundameal for the construction of ships due to its superior strength and
durability but is also a material that meets stringent quality standasdaties$ for
ensuring the safety and longevity of vesg€leurnara & Sakkas, 202Yan et al.,

2013. Similarly, copper, a key component in maritime applications, is vital for
numerous ship systems, including electrical wiring and@ntiosion measures, which

are crucial for maintaining the operational integrity of ships over({8akmidt, 2013
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 stablec$upply
raw materials for ship constructicemd for the production of advanced onboard
equipmentMost of the raw materials needed for manufacturing Hegh maritime
equipment in developed countries are imported. This dependency introduces
additional risks, as political instability, trade disputes, and economic sanctions can
aggravatethe scarcity andlrive-up market prices, making it more challenging to
sustain production levels. Recent global crises, such as theZiZ)semiconductor
shortage, which severely impacted the production of-tegh components across
industries(Mohammad et al., 2022and the 2022 European energy crisis, which
disrupted energy supplies and led to significant economic ramificgongiozzi 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.
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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 théetdong
sustainabity of industrial activities and their impact on the environment. As the global
population risg, the pressure on natural resources intensifies, necessitating more
efficient and responsible resource utilisation strate@esing et al., 2020Gupta 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
environmentaimpact of industrial activities while ensuring that valuable materials are
retained within the economy for as long as posqBieo & Guo, 2024 Hrytsiuk et

al., 2023.

1.3 General Perspective®n the Maritime Industry

Maritime transport is the backbone of international trade, responsible for over 80% of
global trade volume(UNCTAD, 2022h. 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 environnaérénd social challenges. Maritime
activities contribute considerably to greenhouse(G&$G) emissions, accounting for
approximately3% of globalCO2emissiongLindstad et al., 2023 as well as 115%

of anthropogenic sulphur (SOx) and nitrogen oxide (NOx) emis¢Rjaskan & 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

i ndustryds emi ssions are expected to inte
current practices are imprové®mith 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 coastahmunities(Gossling et al., 2021Li et al.,

2022. Safety concerns, particularly in shipaking 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 increasedatehwhile 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 azeénoet
emissions by or around 20%MO, 2023. This highlights the pressing requirement

for innovative solutions to harmonise the industry's economic significartbeitss
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
practies represents a profound shift towards a sustainable and resilient industrial
model that directly confronts the challenges of resource scaBytyembracing
circularity, the maritime industry can enhance its sustainability, reduce its reliance on
finite resources, and mitigate the risks associated with resource depletion. This dual
approach integrating circular economy principles with decarbonisation effons|

be critical for the longerm viability of the maritime sector and its ability to navigate
thecomplex challenges posed by an increasingly resexounstrained 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
decommissined ships(Fariya et al., 2019Gunbeyaz et al., 2020While 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,sstsinsa,
remanufacturing, and repurposing of higgdue onboard components like diesel
engines, electronics, and navigation systg@&umus et al., 2032 If properly
utilised, hese 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 chgithen 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 concefgtdilios 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 biegino recognise

the value of CE principles, many other stakeholders still equate the circular economy
primarily with recycling, missing out on the highealue opportunities that other CE
strategies can offdOkumus 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 lesstrict environmental and safety regulations, often
reducein 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., 201;7Wahab et al., 20)8There 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 gmdcesses that enable materials to be kept in use
for as long as possible within a clodedp system(Sassanelli et al., 201.9This
approach requires fundamemyatethinking how products are designeded, 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 mesou
(Blomsma & Tennant, 2020Additionally, adopting digital technologies such as the
Internet of Things (loT) and blockchain could enhance traceability and transparency
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in the supply chain, enabling more efficient circular economy pradii¢its & Berg,
2018.

To successfully implement CE principles, industries must also develop advanced
closedloop supply chains, or reverse logistics systems, that can effectively manage
the flow of materials and components through their extended lifecytctgses

de Sousalabbour et al., 20)80ne 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 logistiprocess, 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 ovehe 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 industris crucialto ensure that the transition towards circularity is both
successful and sustainable. This requires the development of indpstific key
performance indicators (KPIs) that can measure the impact of CE initiatives on various
aspects of the industry, ilucling environmental performance, economic viability, and
social responsibilitySaidani et al., 20)9These indicators would provide valuable
insights for practitioners, policymakers, and decigiwakers, 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 substintisdducesin manufacturing
energy consumption and emissions, along with considerable cost savings for various
engine parts and compone(Adrinaldi 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., 2023cMoreover, applyingadvanced CHrinciples

can contribute to the maritime industrg s pr ogr e sts ambitomwsa r d s
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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 adoping CE practices, the potential for improvement is considerable. By rethinking
the design, construction, operation, and decommissioning of ships throzfh lires

the maritime sector can achieve greater resource efficiency, reduce its environmental
footprint, and create new economic opportunitlesccessfuly implemening 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
ensuringthe longterm sustainability and resilience of the maritimdustry in an
increasingly resoureeonstrained and environmentally conscious woflderefore,

this PhD research intends 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, promotingaterialretention and enhancing the value extraction
from assets at the end of their lifecycle. This aim will be achieved by fulfilling the

following specific objectives:

f To conduct a literature review on CE within the maritime industry and analyse
circular practices across various transportation sectors for comparative

insights.

1 To assessurrentcircular practicesgain insights intahe overall situation in

the maritime industry, and identify barridos maritime circularity.

1 To map highvalue and higipotential onboard equipment, identifying

opportunities for implementinGE practices to enhance their lifecycle value.
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1 To identify technology and strategy solutions that could enharar&ime
I n d u <itculayity, svhile examining current practices amongst \kethwn

manufacturers.

1 To conduct a marine engine remanufacturing case study to demonstrate
firsthand advantages of advanced circular practices, followed by a comparative

costbenefit analysis with a new engine.

1 To investigate the relationship between CE and digitalisatiih,afocuson
asset tracking systems like material passports to propose solutions for
integrating digital advancements into the conventional merchant fleet lacking

smart features.

1 To create aobustdatabase design to fill the existing gapthe merchant fleet,

showcasing the advantagesagbassporsystem through a case study.

1 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.

1 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, Chaptet 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 scargjtand closedoop supply chains are mentioned. In Chapter

2, detailed information orthe evolution of CE and its principles isgiven. 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 tife adoption of advanced circular practices
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Chapter2 lastly presented the research gaps identified by the literature review and the
overarching research questi@verall methodology, anthe positioning of this PhD
studyare given in Chapte. In Chapte#d, barriers and opportunities of the CE in the
maritime domain were investigated in detail. A comprehensive stakeholder
guestionnaire 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, poignopportunities of a circular transition are
articulated and a maritime circularity framework is introduc&hapteis focused on
technology and strategy solutions for a circular maritime industry. After highlighting
various solutions, ChaptBidelved into current procedures from wietiown maritime
equipment manufacturers and then examined a case study on marine engine
remanufacturing. Chaptdé¥ 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. Chaptei7 developed circularity metrics dedicated to the maritime industry to
measure the circularity performances of nine key stakeholder groups. CBapter
discusses the achievement of research aims and objectives, the novel contribution to
the field, and the general discussion. Chafeoutlines 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 supft@tmaritime s e ¢ t coraulérs

transition.
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2 Literature Review

2.1 Chapter Overview

This chapter aims to provide a comprehensive overview of the-citéte-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 Engllahguage publications and employed inclusion

and eclusion 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 currenttanding 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

i ndust r yydnsadoptingaGE erintiptes.

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 e(Bnalding,

1966 Pearce & Turner, 1990which is wasteful and dangerous to the environment
(Michelini et al., 201Y. In the linear economy model, goods are produced from raw
materials, sold to endsers, and sent to waste once the economic life(éad&hir &
Bradley, 201§ also known as the takmakeusedestroy model(Ghisellini et al.,
2016. One such solutioto this phenomenas the concept of th€E, a transformative
economic framework aimed at reconfiguring production and consumption practices
for sustainabilitLehmann et al., 2032The CEapproach focuses on reusing existing
materials rather than using raw materigfok et al., 2013 reduces waste, and
monitors resource consumption with the closddop approach(Govindan &

Hasanagic, 2018

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

as follows:

T Aan economic system in which resour
energy leakages are minimised by cycling, extending, intensifying, and
dematerialising material and energy loops. This can be achieved through
digitalisation, servitisation, sharing sabns, durable product design,
mai nt enance, repair, reuse, remanuf a
(Geissdoerfer et al., 202Geissdoerfer et al., 2017

1 "an industrial system that is restorative or regenerative by intention and
design. It replaces the ewdlife concept with restoration, shifts towards the
use of renewable energy, eliminates the use of toxic chemicals which impair
reuse, and aim® the eliminaé waste through superior design of materials,

products, systems, and, within this, business modelatArthur, 2013.
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1 "an economic system that replaces the-eflife concept with reducing,
alternatively reusing, recycling, and recovering materials in production,
distribution, and consumption processg@s§itchherr et al., 201)7

1 "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
(Grafstrom & Aasma, 2031lt is vital for overcoming future resource scarcity and the
environmental damage the current linear economy approach is céMsiogrthur,

2013 Mitchell & James, 2013Preston, 2012 TheCE approach focuses on improving

the utilisation of resources, increased value retention, and extraction through reuse,
repair, remanufacture, and recycligMilios et al., 2019Roos, 2014 Tukker, 2015.
Resources recovered or retained through these activities minimise the use of raw
materials, labour, energy, and capaadminimise 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 annuallyjtiwthe manufacturing industry
potentially benef i (Grastgm & xasmap202tKalmykoyedD 0 b i |
et al., 2013

The ealisation of closetbop CE includesCE principles or strategies frequently
referred to as Rmperatives, Rrameworks, or REerms. Various studies put forward
different R frameworksinitially, 3R (reduction, reuse, and recycling) principles were
the dominant approacfyuan et al., 2006 but increased awareness has added
recovery, redesign, and remanufacturing to these principles, becoming (@R

et al., 2020 Govindan & Hasanagic, 20L8Some other studies and frameworks can
be listed as 3RGhisellini et al., 2016Kirchherr et al., 201) 4R and 6RSihvonen

& Ritola, 2015, 9R (Potting et al., 201)7 and 10R(Reike et al., 2018 The CE
literature comprises numerous alternativewgds in varying combinations in
different studiesReike et al. (2018havelisted them alphabetically dBe-assembly,
recapture, reconditioning, recollect, recover, recreate, rectify, recycle, redesign,

redistribute, reduce, +envision, refit, refurbish, refuse, remarket, remanufacture,
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renovate, repair, replacement, reprocess, reproduce, repurpose, resale, resell, re
service, restoration, resynthasi rethink, retrieve, retrofit, retrograde, return, reuse,
reutilise, revenue, reverse, and revitalis&uch a variation is nosurprising
considering the wide spectrum of industries trying to achieve CE. However, this
section aims to present the most impactful and widegd frameworksFor that
purpose,Figure 2-1 below presents the definitions of popular CE principles while
Figure2-2 illustrates one of the most famous CE diagrams out there to visualise the

principles in an overall system.

Circular Strategies

economy Make product redundant by abandoning its function or by

Smarter | offering the same function with a radically different product
product -

use and Make product use more intensive (e.g. by sharing product)
manu-
facture Increase efficiency in product manufacture or use by consu-
ming fewer natural resources and materials

Reuse by another consumer of discarded product which is
still in good condition and fulfils its original function

Repair and maintenance of defective product so it can be
Extend used with its original function
lifespan of ,
product Restore an old product and bring it up to date
and its ; ~
parts Use parts of discarded product in a new product with the
same function
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Figure 2-1: Circular economy principles irFdframework, from(Kirchherr et al., 201)¢
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Figure 2-2: CE butterfly diagram showing biological and technological cycles, {ilfan MacArthur
Foundation, 2019

The CE concept's evolution can be examined in three pf@Bek0, CE 2.0, and CE

3.0 (Razmjooei et al., 202&Reike et al., 2018 CE 1.0, which covered a timeline
between the 1970s and 199@wminly dealtwith waste. The first lifecycle thinking
concepts were introduced and contributed to system thinking in this (fheteakis

& 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 emerge of concepts like industrigcology and
integrated life cycle thinking, emphasising a wiin 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,
combinesolder 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 @adbrosystem

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 sustainab{Rgike et al., 2018 These concepts
illustrate how reverse logistics and clodedp supply chain management are closely
related to CERazmjooei 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 theleapbis focused on products;

the CE at the micrtevel (industrial) focuses on companies or consurfuE©Oliveira

et al., 202). The mesdevel deals with industrevel systems such as ecaustrial

parks or industrial symbiosis. The madevel covers cities, regions, or nations
(Kirchherr et al., 201,7Razmjooei et al., 2034In 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 (i&@sigadoerfer

et al., 2020MacArthur, 2013. By closing the loop, CE reduces the need for new raw
materials and mitigates the environmental impact of production and consumption
(Neves & Marques, 2032

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, consurars might be encouraged to purchase more, leading to a "rebound
effect” where overall consumption rises despite the intended resource savings
(Korhonen et al., 2028 Similarly, Jevon's paradofAlcott, 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 cirguldat not
automatically equate to greater sustainabi(Bhisellini 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, let@gm sustainability requisea 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-termg environmental
benefits instead of promoting overconsumpiidimk & Geyer, 201Y. Managing this

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

Reducing natural resource reserves and the environahetimage causedby
globalisation and consumerism have increased interest in the CE concept. Research on
the circular economy is constantly evolvif®assanelli et al., 20L9There is a wide

range of studies focusing on the circular economy approach in many different areas,
such as textile@lia et al., 202) manufacturingLieder & Rashid, 2016 construction

(Smol et al., 201% supply chaingZhu et al., 201)) and servicegTukker, 201%.
However, the literature on the circular economy approach to the maritime sector is
quite limited(Milios et al., 2019 Okumus et al., 2023bSection2.3 will specifically
investigate thaituation in the maritimen a great detail.

2.3 CE in the Maritime Industry and Comparison with Other Industries

According tothe latestlune 2024 datapaut108787 ships are sailing globally, with
anaverage age of 22.4 yedt$NCTADstat, 2024 Jansson (2016gported 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, operatmair and
maintenance, and erud-life stages. Brief definitions of essential eofdlife concepts

from a technical perspective are as follows:

Reuse: The EuropearlCo mmi ssi ond0s Wast e (ECrDireceveyor kK D
2008defines reuse as fAany operation by whi

waste, are used agai n (KMiosetadl. . h2619.same pur po:

Remanufacture: Lund referdo remanufacturing as reusing the product or component
with properties equal tihose ofa new product after a remanufacturing pro¢kssd,
1984 Milios et al., 2019 with the possibility of technological upgrades if necessary
(e.g, complying with a newerregulation)(Nasr & Thurston, 2006 As a criticalCE
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strategy, remanufactured products offer a warranty equivalent to or better than the

newly manufactured produ¢tansson, 201@®stlin, 2008.

=]

Repair: Shi p repair i soverhaulf refurbishmet,s rendvatien,
improvement, or alteration of the hull, machinery, equipment, aufitkcomponents
of ship® (MIA, 2018).

Onthe other hand, the termetrofitting or refitting are more common terminologies
in the maritime industryor overall vesselshan remanufacturing or refurbishment,

which are not usually associated with shiyp&hab 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 otheetnafid ,is

the adaptation of the ships to the market, emission requirements or regulatory changes
or necessitie$RETROFIT, 2015.

Recyclingis the demolition, decommissioning, dismantling or scrapping of the vessel
at the end oits economic life to reacquire the materialsspecially steelbbnboard 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 sip 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 @6 of ship materials by weight are
recycled(Gunbeyaz, 201;9McKenna et al., 2002 As mentioned previously, most of

a shipbds weight c o ns i sfermus)oTherefomthealigh ( f er
recycling percentagevists 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 thenaterialsis critical whenan asset is at the end of its life,
considering a potential future mineral scarcitienckens et al., 2014In addition,
producing steel from scrap requires around tb/51/3 of the productionenergy
compared thhematiteore(Ne Kk e r e t Sotan) 202Pan@réléases almost 1/aD
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thecarbon dioxide compared to production from the (8&I, 202). Moreover from
a welding and construction perspecti@lpert et al. (20173lemonstrated that a 50%
hull reusecould providea 10% emissions reductiamshipbuilding processeandthe
emission reduction can be increased furthe&23% less CO2 emissieiif the entire

hull is reused.

In theory, similar to other recycling industries, ship recycling can be considered an
environmendfriendly option and the closest part of the maritime industry to
implementing the principles of circular economy. There are various valuable
components on bod 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. Mdiséinfcomponents

can be remanufacturedefurbished, 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 oamon practice in the maritime industry is recycling, which is
the lowest enaf-life hierarchyin a CE (Gilbert et al., 2017MacArthur, 2013. It
causes a reduction in quality and forfeits the remaining usable lif¢éfsmab et al.,

2018 because most of the vahkaelded labour and manufacturing energy are lost in
the procesfOkumus et al., 2023aFigure2-3 below illustrates maritime stakeholders

and CE principles in the maritime industry.

Reuse/Repair

Equipment Service
Manufacturer Provider

Ship design Parts

Manufacturer

*Designer = Ship owners
and/or

operators

Figure 2-3: Maritime stakeholders and CE principles, fré@kumus et al., 2023b
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2.3.1 Approach to CEi State of theArt in the Maritime Industry

Following the Ellen MacArthur Foundation's leading efforts, the circular economy
concept gained significant traction in 20T8is momentum was reflected in maritime
literature in 2015, and a doubdiggit cumulative publication number was reached in
2018. Especially after 2021, the maritime circular economy literature has grown
significantly, with a surge in research studies ewph various aspects of circular
economy principlesas shown irFigure2-4.
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mmmm Annual number of publications == Cumulative number of publications

Figure 2-4: Number ofuniquepublications 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 imable2-1. 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 papel Duplicates, fulltextmissing
conference papers, books and b publications, and papers focusing

chapters. irrelevant or specialised sectors (eair,
Papers written in English and publish freight, airships, home fabrication,
in Scopugq83) and Web of Sciencé&4). | chemicals ocean litter,water treatmen

andagrifood wastg.

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 shiprecycling 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 totalfifsthatep of thdiltering process

in Table2-2 excluded duplicates and full text missing publications. This has reduced
the number to 93 publications. Thémeir abstracts were read to check their alignment
with this researchThis step excluded 43 publications due to their extremely low
relevanceThese were publications focused on, for instance, water treatment, marine
litter, air ships waste plastics, and so on. The remairbfgublications were fully

read to capture their key findings and contributions to the. fié¢fire 2-5 shows the
number ofpublicatiors by yeaiafter final filtering
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Table 2-2: Publication filtering steps

First filter Second filter Third filter
Duplicates, full-text- Scan of abstract. Read of full paper ®.
missing publications Publications focusing ol
(247A 93 irrelevant or specialised

sectors

Check that paper mee
inclusion and exclusiol
criteria.(93 A 50)
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8 40
6 30
4 20
2 10
0 0
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mmm Annual number of publications e===Cumulative number of publications

Figure 2-5: Number of publicationafter final filteringby years

According to the literature review, the maritime industrynireasingly 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 reducflRazmjooei et al., 2034 These
practices promote resource efficiency, reduce waste generation, and minimise the

industry's carbon footprint.

Milios et al. (2019have 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 integratinGE practices to drive environmental
sustainability and economic efficiendyowever, Milios et al. (2019) primarily focus

on a regional contexBweden and Denmarivhich 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 dseegeographical 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 strategianpling to address current and future
challenges, particularly in ship edesign, life cycle management, and recycling
practices(Tola et al., 202BNever t hel es s, Tol a et al . 0s
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 analysialddenefit 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 impsgarwala (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 ag must to fully adopt CE in the maritime domaivMh i | e Agar wal ads
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 industwde, particularly in regions wherdaligital
infrastructure and datsharing 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 practicesre crucial in improving resource efficiency and
reducing waste in the maritime sec{@&cipioni et al., 2028 In their systematic
review,Scipioni et al. (2023)dentified reuse and remanufacturing as key strategies to
close the supply chain in shipbuildindowever, 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
mar i ti me industryds esdronviegacy fleetse further tesearchp a c t
is needed to adapt these principles to older vessels arnof-#fed scenarios, which

Scipioni et al . 6s analysis does not adeqg!

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., 2021The concept of datdriven 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-ofiifie strategies,
improve fuel efficiency, minimise greenhouse gas emissions, and increase
sustainability in the maritime sect@lthough 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 dagjgation can address unique challenges in the
maritime sector, such as data standardisation across different stakeholder groups and

the need for asset tracking systems thr o

Additionally, life cycle assessments play a significant role in evaluating the
environmental performance of ships and guiding decisiaking processes during

the early design stageSualeni and Maggioncalda (201i&jroduced a lifecycle ship
performance assessment framework thigrates cost and environmental aspects to
inform decisioamaking in the early ship design stagdewever, the effectiveness of

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

for the complexities of mukstakeholder 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 fMatls. further
development, such key performance indicators could aid in the circular transition of
the maritime sector by promoting keeping materials as long as possibleyate,
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 principleswhich aim to minimise material waste and the multiple lifespans

of products, hence improving resource utiisat 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 narrowlyhai production, Gilbert et al.
overlook the potential gains in extending material efficiency across the entire lifecycle

of ships.

Steuer et al. (2027lipvestigated 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 mane products and structures, contributing to enhanced reliability
and safety while supporting the circular economy withimtaetimeindustry(Wahab

et al., 2018 Similarly, Jansson (2016¢mphasised 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 studiegomprehensively evaluatehow
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 d 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 CE1 Current Practices in theMaritime Industry

Stakeholder considerations have also been emphasised in deceéiomg processes
related to remanufacturing, underscoring the importance of engaging various
stakeholders in promoting circular economy practices within the ind(&tgno et

al., 202). 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 recycli#hasan et al., 2031Bangladesh is
leading the ship recycling business with around 37.2% market $O&€TAD,

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., 20321 A former major ship recycling country, China, Bagificantly
decreased its ship recycling volume due to the waste import ban and decreased scrap
metal demand in the Chinese econofEE, 201§. However, China has an
important market share and experience in shipbuilding and repair operations with
significant industrial capacitySteuer et al. (2021yliscussed that Chinese ship
recycling facilities could have adopted remanufacturing and other advanced CE
principles if there was such a demand from the modern shipbuilding indUikisy.

underlines the importance of alignment between industry stakeholders, as no
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stakeholder group alone could reach or implement circularity gf@kemus et al.,
20239.

However, the momentum in the literature hasysadriven a corresponding increase

in the operational implementation of circular economy principles in the maritime
industry. In practice, ship recycling is one of the most hazardouqljobs 2004,
involving a wide range of activities and operations that may expose workers to
dangerous situatiof®SHA, 2010 and harm the environment due to the toxic wastes
on board ships and substandard procedufssKong 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, enebf-life vessels were transported to less regulated countries for regycli

in a dirty and dangerous way, which presents substantial environmental pollution and
health threat risks to these regighssain et al., 2016Van 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 & Nicolai, 2020UNCTAD, 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 awarendsscal, national, and international stakeholders have severely
criticised this which eventually resulted in the development of the International
Mari ti me Organizationods (M) 2D09 &hd theg Kong
European Uni onds Sh(E® 20RGas yew reguiatipnsRibeg u | at i

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, reduceandprevent hazards and risle)dsystems 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 fallows
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1 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 Ministy 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 equipmentd amachinery from the ship
(Gunbeyaz, 2019

9 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 tdhird 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 hazardoustenes, including
hydrocarbons, asbestos, and PCBs (polychlorinated biphenyls, e.g., caulk,
paint, glues, etc.). Sample photographs franip recycling facilties in
Bangladeshindia and Turkegan be seen in the following figures:

Figure 2-6: Pictures from the yarda Chittagong, BangladegKurt & Gunbeyaz, 2020.
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Figure 2-7: Segregation and store zones in a Bangladeshi Ship Recyclingy@hittagong(Kurt & Gunbeyaz,
2020.

Figure 2-8: Machinery waiting to be sold in the storage z¢iKert & Gunbeyaz, 2020
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Figure 2-9: Alang shipbreaking yards India, from ©Planet Labs PBC, CC BXC-SA 2.0(2017.

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

1 Recycled directly if the condition is poor or if there is no interest in the product
from the used equipment market.
1 Sold
o Sold for reuse directly (usually consumer goddsspecially in the
developing countriesome equipmerdre bought for home usather
than industrial applicatiofs
o Sold for pieces (some shipowners buy the equipment to be dismantled
for parts if they have the same equipment)
1 Reconditioned or Remanufacturetlithough not common within the industry,

some equipment is reconditioned and sold back to the consuimayer.

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

these items.

— .

Figure2-11: i Secltoaadd shopso i n CHMG-NORAM2045, Bangl adesh
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Figure 2-122fi Se clommdd shopso i n CHMA-NORM 20495, Bangl adesh

Figure 2-13: "Secondhand shops" in Chittagong, Banglad¢giO-NORAD, 2015.
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1ANANAT MARINE TRADERS,

Figure 2-15: "Secondhand shops" in Chittagong, Banglad¢siO-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 over(@mbeyaz, 201,9McKenna et

al., 2013. Ship recycling is a common practice in the maritime industrgnd of life
vessels(Gunbeyaz et al., 2026urt et al., 201Y, andit has long been viewed as the
most environmentally friendly option when contrasted with the wasteful alternatives
of sinking or abandoning vessel§Gunbeyaz et al., 202Kurt et al., 201Y. 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 poangwvorki
conditions in terms of health and safety and the damage caused to the environment as
depicted fromFigure 2-6 to Figure 2-15. Moreover, reuse and remanufacturing
utilisationis very low compared to the other industries due to barriers in the maritime

sector, which are explained in Sectiaof 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., 20)8Even though recycling is not commondgnsideredf as the

most favourable phase of the circular ec
mainly focuses on recycling operations. It appears that there is a lack of understanding

o f the term circul ar economy 6 ,siseltheadi ng
recycling stage when discussil@E principles. It is essential for the industry to
prioritise alternative options like reuse, retrofitting, refurbishing, and remanufacturing.
Currently, these options are mostly overlookBtese approaches extend the lifecycle

of items and align with the principles of a circular economy, promoting material
utilisation efficiency and labour and energy conservation. Furthermore, while the
economic and environmental advantages surpass recycling, they are not widely
recognsed within the maritime sector. Shipping companies and shipyards are currently

not engaging in the direct reuse of efdife equipment and components.

2.3.3 Application of Advanced CEPrinciples in Transportation Industries

Advanced CE principles include superior -irRperatives 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 thdirect utilisation of products or materials in their existing state, thereby
promoting resource efficiency and waste reduction. Both practices contribute to the
C E @aal ofcirculating products, components, and materials for as long as possible,
while remanufacturing mainly involves reusing some parts and components and
reconditioning otherA |l ek si | )t al ., 2022

CE promotes closelbop recycling systems where the matengirnsto the original,

same product systefKarvonen et al., 20)5Therefore, remanufacturing requires a
reverse logistics structure to complete the material cycle. Remanufacturing can be
defined as a system that consists of external and internal pro¢émssson, 2016

Figure 2-16 below depicts how a remanufacturing system functions during the
circularity journey. The external process corresponds toatitpuiring the core
components andselling the remanufactured (often called "reman") products
(Karvonen et al., 2005In contrastthe internal process corresponds to the operation
of remanufacturing itself. In this notation, the reverse supply chain part covers the flow
o f goods from customer s a-toap sdpmgy anan. t he
Therefore, this section will compatiee application of advanced CE principles in the

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

Traditional .
. Raw materials
Manufacturing
New products Alternative
usage & waste
Reman products

Forward Supply Remanufacturing Reverse Supply
Chain External Process Chain

r Y

Remanufacturing |
internal process Raw materials

Figure 2-16: Forward and reverse supply chains in remanufacturing, f@kamus et al., 2023b

54



Currently, the total remanufacturing industry provides approximately 180,000 jobs in
the US and more than 450,000 jobs worldwiB¢C, 2024. On the other hand, the

European mar ket

I's currently

j ust

under

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

reach 090 bil

' i on by 20 30(Ciclk Bcormmpd02dy ar oL

CRR, n.d, ERN, n.d). Table 2-3 below summarises theurrent 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, 202).

Table 2-3: Summary of European Remanufacturing activities across industry sectors, modifiekhfreson

Sectors Turnover
(ubn)
Aerospace 12.4
Automotive 7.4
EEE 3.1
Furniture 0.3
4.1
Machinery 1.0
Marine 0.1
Medical 1.0
Equipment
Rail 0.3

Firms

1,000
2,363
2,502
147
581
513

60

30

(2016)

Employment
(6000)

71
43
28
4

31

Remanufacturing efforts in the aviation industry

Cores
(6000)

5,160
27,286
87,925
2,173
7,390
1,010
83
1,005

374

Intensity

11.5%
1.1%
1.1%
0.4%
2.9%
0.7%
0.3%
2.8%

1.1%

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

20 to 30 year¢$DAC, 2019. On the other handhe average service life of aircraft is

declining, with planes 15 years old or newer increasingly being scréppesen &

Remmen, 201 7Keivanpour et al., 2033In the next 20 years, an estimated 8,500 to

12,500 planes are expected to reach their end O#eC, 2019 Jensen & Remmen,
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2017 Van Heerden & Curran, 2011Consequently, 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 partnerspromotes 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 develope8FRA, 2022 DAC, 2019. Alongside AFRA,

Airbus launched the PAMELA (Process for Advanced Management ofoEhie
Aircrafts) project in 2005, which demonstrated the feasibility of recycling plane
components up to 85% and emphasised the importance of material mapping in the
desig phase to support higralue recycling at the end of an aircraft's [jfarbus,

2008 Jensen & Remmen, 20017The impacts of such mulsitakeholder global
associations are reflected in the aerosp
billion turnover, 71,000 employment, and more than 5.1 million cores remanufactured,

as presented ihable2-3.

The remanufacturing process within the aviation industry often involves critical
aircraft modules such as engines, avionics and landing gear which typically undergo
remanufactung at least once during their lifecycl®ahab et al., 2038 In this
context, remanufacturing is crucial for ensuring safety and compliance, given the strict
regulations and the need for certified procedures by qualified pergétereanpour

etal., 201%

Hashemi et al. (2016)eveloped a mathematical model that accounted for varying
remanufacturing lead times and defect rates of core components. Their study aimed to
optimise a closetbop material cycle in the aerospace sector by focusing on the
remanufacturing of customemned products and components. The results
highlighted a significant reduction in waste and scrap metal, alonginatbased

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 enhancemehis 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$iyvérinen et al. (2023)xplored closedoop recycling and
remanufacturing of polymeric aircraft parts. They developed a prototype part to
demonstrate the viability of closédop recycling by successfully remanufacturing it.
The study provides a comprehensive look at the piiis®k and challenges of
integrating closedoop 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 toJensen and Remmen (20&/kignificant 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 broagmttern 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., 2038 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 203@Fortune Business Insights, 2Q2Remanufacturing in

the automotive sector involves a standardised industrial procedure wherewyorn
previously owned, or inoperative automotive parts are restored, reconditioned, rebuilt,
and transformed into brantew parts through processes includicteaning,

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

The main drive of the remanufacturing market is the anticipated demand for replacing
endof-life components or worout parts. Leading OEMs such as Bosch, ZF
Friedrichshafen AG, and others focus on this growing remanufacturing market,
offering remanufactwd products that are both economical and comparable to-brand

new alternativegFortune Business Insights, 2024
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While average product size and costs are much smaller in the automotive industry
compared to other sectors, th& principlesare 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, 202). 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 remanufacturio be actively promoted by relevant

stakeholders, such as politicians, authorities, and companies.

The average lifetime of vehicles in the EU ig 1P 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 6r® millio
tonnes; 95.1% of theecoveredparts and materials were reusadiich means that
89.6%o0f therecycledmaterials were reusdBUROSTAT, 202

Remanufacturing automotive subassemblies, such as brake systems, steering
components, and suspension parts, is a common. This involves disassembly, cleaning,
repaiing, replaing worn parts, reassembly, and testing to ensure they meet
performance specifications. Remanufactured subassemblies provideedfecisie
solution for vehicle maintenance and repair, allowing for the reuse of valuable
components and reducing the enviromtaé impact of automotive operations
(MerkiszGuranowska, 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 $8adiqi 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 BJ's Directive on Enef-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 foroditife vehicles and their
componentgMasoumi et al., 2009 Figure 2-17 below demonstrates the industry's
benefitregardingrecycled 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% feweahemicals. This approach can reduce waste by 70%
(Rommel, 2018
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Figure 2-17: Energy required for thkasicproductionof materialsn theautomotive industryper kg)(Masoumi
et al., 2019 Weiss et al., 200D

Furthermore, Koehler (2021) showed that remanufactuindd save ugdrom 5% to
52% of CO2eqemissions while consuming 29 to 90@ss material and 21 to 55%

less manufacturing energy within the automotive industry, as illustrakeguire2-18.
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Figure 2-18: Energy, material, emissions and transport savings in remanufacturing (vs new product) of
automotive parts (engine, starter and turbocha(g@®hler, 202

According toa previous study bysmith 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%n top of that,Zhang et al. (2021)
demonstrated that remanufacturisggnificantly 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 Rimperative adoption rates on the path to sustainabifityd 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 potemigahec

and environmental advantages of sustainable practices in aviation and automotive
manufacturingThese examples clearly show the importamiceooperation and joint

efforts amongstakeholders worldwide to achieve a more sustainable industry.

Remanufacturing efforts in the maritime industry

The maritime industry is one of the industries thatyledoreachits remanufacturing
potential. Reuse and remanufacturing aneommon in the maritime sector, unlike
other transportation industries such as aviation and auton{Milies et al., 2019.
Research byMilios 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 fromreusing 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 stak h o | dYes; we:caniinstall 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 custoner.Thi s anecdot e
conveys the prevailing riskverse mindset in the sector. A similar conclusion is also
mentioned byMilios et al. (2019)for the shipbuilding and operation aspects of the
maritime industry. The barriers to advancing CE in the maritime industry are further

investigatedseparatelyn 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 dlycking and overhauling, there is a
heightened potential to exchange old equipment with remanufacturedJoeesuu

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(@kwesus et

al., 2023¢Wahab et al., 20)8However, remanufacturing activities in the maritime
industry lag significantly behind those in other transportation sectors, as previously
outlined in Tables5. According to the European Remanufacturing Network (ERN),
the maritime industry's remanufadng scale is extremely low compared to other
transport modes, generating only 00.1 bil
to handle 83,000 cores, in stark contrast to the automotive remanufacturing industry's
a7.4 billion, 428600 drefRakerleteal, 2013Vahabdet ak, 7 ,
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 toiseker et al., 2005
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 thenaritime 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. Momowhe remanufacturing process
involves rigorous inspection, testing, and quality cor(f&stington & Childe, 2018
resulting in products that are at least as reliable or more so than ne{Bogr@s&
Steinhilper, 2004Wahab et al., 2038 It is frequently stated that remanufactured
products can offer equal or superior quality compared to new alternatives, along with

appropriate warranty covera¢feofou et al., 2021RP, 2018 King et al., 200%

62



Ship or offshore platform remanufacturing does not happen on the scale of an entire
vessel or platformbut occursmorein components, sections, or units. Although the
current situation is not bright in the maritime industry, compcterdl
remanufacturing is also causing some misinterpretations. For examples, M as

engine manufacturers, can identify as machinery suppliers to multiple industries
Therefore their statistics may @Al eako to
(Jansson, 2036 Moreover, the regulatory barriers within the industry prevent the
direct use of remanufactured itenkdowever, he only exception to this we see in
practiceis storing disassembled components as spare parts for the same vessel or her
Asi stershipso (a ship of the (Gkemueetad.,] ass
2022.

As part of the life cycle, ship repair is an essential part of the industry but is often
overlooked by circular economy researché@unbeyaz, 2019Jansson, 2016
However, the ship repair industry has several opportunities for remanufacturing.
Jansson (2016) studied the ship repair activities in ssoale andargescaleship

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 industabte2-4 below summarises

the lifecycle activities and potential remanufacturing opportunities in ship repair

processeandTable2-5 provides several examples from the industry

Table 2-4: Remanufacturing opportunities in ship repairing busifé&sssson, 2036

Lifecycle Reman Role of ship Role of repair
milestone opportunity yard

Maintenance Yes Core supplier n/a

Small-scale Yes Core supplier n/a

voyage repairs

On-board repair  Yes Core supplier n/a

Planned dry- Yes Customers ol The core collection
docking, ship reman parts prepare X life
overhaul
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Lifecycle Reman Role of ship Role of repair

milestone opportunity yard
Large-scale Yes Customers ol Remanufacturer
retrofit & reman parts

refurbishments

Modernisation Minor Core supplier Core collector
Conversion, Minor Core supplier Core collector
transformation

Emergency & nla n/a n/a

damage repair

Table 2-5: Remanufacturing in repafdansson, 2016

Activity Example

Small scale repair breakdown maintenance, spare parts and compc
activity replacement, HVAC system maintenance

Dry  dockings and Diesel enginemanufacturingi replacing cylinder
overhauls covers, pistons etc.

Large scale repair and Cabin refurbishment, bathroom furniture and fittin
refurbishments HVAC, piping etc

Ship conversions moderni sati on, extendir

by approx. 20 years and conversion, lengthen
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 efficiencyand 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, 20138

Moreover, remanufacturing operations are advantageous for OEMs and independent
remanufacturers as they provide skilled employment opportunities and contribute to
economic growth in the surrounding communitigsrvonen et al., 203%oehler,

2027, Linder & Williander, 2017. Additionally, direct labour costs are significantly
lower in the remanufacturing phase, as tha s dompbexity and manual require
skilled human operators, unlike in new production, where material, equipment,

infrastructure, and overhead costs domiriteehler, 202

In conclusion, while the maritime industry faces many challenges and cumeatlyg

to catch upin remanufacturing practices compared to the automotive and aviation
industries, it holds substantial potential for growth in this area. Efforts to enhance
remanufacturing could lead ®gnificantenvironmental 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,thereremainsignificant gapsn knowledge that hinder the comprehensive
adoption ofadvanced circular practices specific to maritime assets and stakeholders.
Although the CE concept has gained traction in other transportation secitciisas
automotive and aviation, the maritime sector continues to egticularly in
implementingpractices beyond the basic recyclivghile recycling in shipbreaking
yards is common, it remains unclear hownore resourcefficient and impactful
practices such as reuse, remanufacturing, and refurbiglaingbe systematically

integrated into maritime operatians

Below are the gaps knowledgadentifiedfrom the literaturewhich this thesis seeks

to address
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1 What are the reatlworld benefits and feasibility of advanced circular

economy practices for the maritime sector?

While the theoreticaladvantagesof circular economy strategies such as
remanufacturing, refurbishing, and reuse are documethtediterature lacks
empirical studiesthat validate these benefits in raaritime context The
predominant focus on recycling in shipbreaking yards has left a gap in
understanding how more advanced practices can be applied effedtively
maritime vessels, systems, and componéitg cancase studieBe designed

to illustrate theoperational, financial, and environmentanefitsof these
practicesThis 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.

1 What specific enablers are required for the drcular transition in the

maritime industry?

Unlike other transportation industries such asation or automotivethe
maritimesector faces unique challenges|uding regulatory, operational, and
logistical barriers that hinder CE adoption. What are the key enddeich as
reverse logistics, remanufacturing infrastructure, or policy framewoitkat

can facilitate this transition®lthough the literature highlights some enabling
factors, the interdependencies between strategy, technology solutions,
digitalisation, and stakeholder alignment remainderexplored. Future
research should investigate these enablers in detail, focusing on practical

implementation and their impact on accelerating the circular transition.

1 How can circular economy principles be extended togeing merchant

vessel®

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 retrofihggressels and prevent
underutilised assets from being prematurely discarded at thef-difel 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 gldleet?

1 How can the circularity performance of maritime stakeholders be

measured and tracked effectively?

The maritime industry lackspecific frameworks or tool$or evaluating
circulaity performanceWhat 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 maritispecifc metrics creates a
knowledge gap in how to measure and compare progress effectively.
Developing tailored metrics, key performance indicators (KPIs), or aseats

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 illing 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 circalr practices, and a lack of enablers such as digital infrastructure and
stakeholdesspecific metrics. Addressing these gaps is essential to reduce waste,
enhance resource efficiency, increase value extraction, and create a sustainable future

for the maritme 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 i

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 cantalaut
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 gajitsalso provided the overarching research question.
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3 Methodology

3.1 Chapter Overview

This chapterfirst presentsa general information on the maritime industry, its
stakehol der s and v ¢he gesdarshd methdddlogyc gndelthe . Th
positioning of tlis PhD studyare clearly displayed.

3.2 Maritime Industry 17 General Info on Lifecycle and Industry
Stakeholders

Maritime transport is the backbone of the global economy since it moves over 80% of
world trade by voluméStopford, 200OUNCTAD, 2023, which is predicted to triple

by 2050(UNCTAD, 2022h. 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 that1BY of SOx and NOx emissions come from
shipping, and that number will ggo by 2050 unless serious steps are t¢Bgrkan

& Seter, 2019Zis & Psaraftis, 2019 Currently, the maritime industry agto reduce

its operational global greenhouse gas (GHG) emissibisggoing through a transition
period to meet the demands of the UK, EU, and IMO on thearettargets. Therefore,

the industry has pledged to lower its operations' GHG emissions by 50% by 2050
(IMO, 2018h Milios et al., 2019. It has recenthyhiked its goal to at least 20% GHG
emission reduction by 2030 and 70% reduction by 2040, ultimately expecting net zero
by or around 2050MO, 2023. Currently, the aademia mainly focusen 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 tieetance of
shipbuilding and circular erdf-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 principlesi¢inout the
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entire lifespan of vessel$he 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 ngero targets, and eps 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 ergixiéary
engines, compressors, pumps, havigation equipment, electronics, comptaers,
Today, the average economic life of cargo shipgasindthe 20 25-year range. For
instance,Figure 3-1 shows the average age thle merchant fleet, andrigure 3-2
illustrates the average demolition age on top of the fleet age of containgash@ms

example.
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Figure 3-1: World merchant fleet age by ship typé®Skumus et al., 20240NCTAD, 20223.
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Figure 3-2: Average fleet age and demolition age of containerg@Eksons, 2022

The maritime industry is a unique seatomprisingvarious stakeholders that design,

build, operate and scrap the vessels or other floating bodies, or supply service,
governance or equipment to these stakeho[fl&ifi®s et al., 2019. One unique aspect

of the maritime industry is that the average lifespan of vessels is significantly longer
than that of otheéneavy industrie§Gunbeyaz, 201Hiremath et al., 2015In the long

lifespan of vessels, different stakeholder groups carry out specific functions to ensure
safe and steady operatidnh e overall steps of a shipos

Initial planning and design,

Shipbuilding process (Contract, production, equipment purchase, construction
and delivery)

Operation

Repair and Maintenance

End-of-life

As shown in Figure3-3 a linear flow describes the current practices realistically. This
is due to the reasons explained later in this research. Overall, the link betweadn end
life and new design or construction is missing in the maritime industry due to several
reasons, inclding 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 endof-life practicesMoreover, 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 endf-life issues in the maritime industry. At this poiRigure3-4 shows the
connection between the five main lifecycle stages of vessels (expanddddramig §

et al. (2018) and maritime stakeholder grougSSI, 202} In the figure, green
corresponds to a strong connection, while yellow means a moderate connection, and
white cells indicate no direct affiliatiofDIVEST, 201). This section will provide a
concise overview by introducing the lifecycle stages and the roles of corresponding

stakeholders at each step.

Initial ]
i : Repair and
e

Figure 3-3: Vessels lifespan according to the current practices
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Maritime stakeholder groups

— —— . . . - Authorities (Local/int
. . Shipbuilding Yards Classification Owners/ Operators Ship Repair Yards Recycling Facilities ’
Ship designers (SD) ®9) Sodieties (CS) (00) (RS) Cargo Owners (CO) RF) flag, po;t Afﬁt)e etc.)

Initial planning and
design

Lifecycle stages

Construction or
manufacturing

Operation

Repair and
maintenance

End-of-life

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 makingetefzdns 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 incmgai@anging
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 thearessetermined,
including the overall dimensions, speed, layout, and list of equipment and machinery

(referred to as the makerdés | ist).

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 thetfiancier (e.g., banks, investors, government bodies) to secure such
financing. After securing funding and finalising the contract with the shipyard, original
equipment manufacturers (OEMSs), including engine and auxiliary systems

manufacturers, participatei quot ati ons and bids for the
Overall, the stakeholders involved in this stage are:

1 Shipowner: Ordering a new ship for the new service
1 Design office, naval architectsresponsible for the design, equipment, and

machinery decisions.
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1 Consultants, universities, and research associationsupporting the owner
and designer during the design and research stages.

1 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.

1 Original Equipment Manufacturers: Manufacturers are involved at this
stage to bid for the equipment on the

1 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
equipmentand 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 installaéter 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:

1 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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1 Subcontractor: Supports the shipbuilding stage through various activities,
e.g., construction involves supplying workers, consultancy, or expertise.

1 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.

1 Local suppliers: Local suppliers are involved with the smaller purchases such
as consumables (welding rods, HSE equipment, ropes, worker clothes, etc.).

1 The shipowner or the representativeAt 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)
areagreed upon in the contract.

1 Authorities: Authorities check the shipyard for adherence to regulations, HSE
rules, and other commitments regarding worker rights, taxes, etc.

1 Classification society: The classification society checks the design and
constructionand 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.

1 Financers:Fi nancers might be involved in fi

and shipownerso | oans at this step.

3.2.3 Ship Operation Stage

The ship operation is a complife cycle step involvingrarious 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 t heivaly, shimowners o mp an
mi g ht use the ship to carry other <custor
which are also known as charteriddiree chartering optiorexist trip (or voyage),

time, or barboat 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 invotvdds step;

T

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 statd the classification society.

The owner/charterer is also responsible for the crew'sheatlg.

Ship Crew: Responsible for the dayp-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 repaicag®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 serveships, load and discharge cargo with port equipment (or
facilitate space for the ship to dis
equipment onboard), and provide suppliesvéssels. 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 tight®®ship if

a defect or an inconsistency with the regulations is found. Such cases are costly
for the shipbs operation since they wi
and cause demurrage payments to the cargo owners.

Flag state: Every ship is registered to a nation (not necessarily the nation
wher e t he owner 6s company i s |l ocat e
requirements for crew safety, working patterns, taxes, minimum payments,
safety, etc. The flag states also have the aughtwitstop 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 tie@s and fewer

regulations for the owner.
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1 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 aterdcar
technological advancements. Whatever the reason, these regulations bring
essential changes to shipowners for operation or the rest of the stages.

1 Brokers: Brokers areintermediary parties that help shipowners find cargo.

Theyare 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 demosstrate it

importance.

Ships work in extreme environments during their lifetirfaesvarious 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 maimes$o make certain that the
shipds structure and machinery are up to
environment and the crew. Every couple of years (depending on the flagociasg, s

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 clear@painted 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 natureds forces. Thpeparyadser at i

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 equipme
(such as scrubbers abdllast water treatment systems comply with the changing
regulations. In addition to regulatory considerations, shipowners may find it necessary

to modifythe r v eramarg dbjediive or purpose in certain situations. KESsels
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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 infrastructuii@asgupta, 2019

Table 3-1 presents ship repair and maintenance activities and summarises their
frequency, location, and durations as a referddiaasson, 2036 And stakeholders

involved in this stage are:

1 Owner or Charterer: The owner or charterer is the decisimaker for the
maintenance schedules, repair intensity, refit decisions, and the operation's
funder.

1 Classification Societies:Surveyorsfrom the societiesare responsible for
inspecting and identifying the condition of the ship, its equipment, and
machinery.

1 Ship repair yards: Repair yards are responsible for docking, inspegcti
repaiing, and mairdining vessels. If the ship is in the yard for refit or
repurpose, the responsibilities include thes&he shipyard's design team
might also be involved in the refit scenario.

1 OEMs: Similar to the shipbuilding stage, OEMspply the equipment and
machinery for the ship.

1 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.

9 Shipcrew:The shipbés crew takes part in shi
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 durationsjdrtsaon

(2016)
Milestones of ships Frequency Location Duration
lifecycle
Maintenance Continuous Any n/a
Small-scale voyage repairs Occasionally At sea Hours
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Milestones of ships Frequency Location Duration

lifecycle

Onboard repair Occasionally Harbour Hours, days
Planned dry-docking, ship Two times in 5 Repair yard ~ 2 weeks
overhaul years

Large-scale retrofit & After 1015 years Repair yard ~ 34 weeks
refurbishment of operation

Modernisation  (extends The first lifetime is Repair yard ~ 34 weeks

commercial life by another usually 2030 years

20 years.

Conversion, lengthening, n/a Repair yard ~ 1-3 months
transformation to another

usage

Emergency repair & No schedule Any variable

damage repair

3.2.5 End-of-Life (EoL) Stage

Endof-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 take @aship
recycling yards, usually located in developing countries that need steel for

infrastructure, construction, or other projects.

The endof-life phase may not solehgsult fromageing but can also be influenced by
global economic conditions or regulatory alterations. For example, during GO%/1D
many cruise vessels younger thanyears 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, 2022Moreover, during the 2008 global crisis, many
new ships were sent to scrap to minimise the financial losses. Another example would
be thepastprohibition of singlehull tankerswhich 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 miningighe 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 enaf-life ships (e.g., asbestos, TBT, PCB, heavy metals), theofack
awareness of the yard owners and the workers, and the damage caused to the
environment due to irresponsible ship recycling practices. Even thaegghtwise

98% of the vessel is recycled, this number twists the situation and puts the industry in
aplce rather than its actual condition si.
(Gunbeyaz, 2039McKenna et al., 20%2/an 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 edfdifd in a

circular economy(Gilbert et al., 2017 MacArthur, 2013. | MOOG s Hong K
Convention and EU ship recycling regulation aim to improve the overall situation
(Solakivi et al., 202]L The practical improvement, however, expected to take a long

time.
In this step, the following stakeholders are involved:

1 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.

1 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.

1 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.

1 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.

1 Policymakers: Regulates the industry for health and safety compliance and
adherence to the regulations.

1 OEM: Their equipment ends up on the shores of the ship recycling facilities.
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1 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 influencedri@ny of factors, elements, and
stakeholders that interact throughout the proécessc h s t a lkelakiaut atfeets 6 s
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 transformatiohable 3-2 below shows the

legislation and regulations in recent years that cover th@glii@ stage of ships.

Table 3-2: Policies on waste management and-efitife.

Policymaker Year Regulation Status
proposed
International 2009 Hong Kong Convention for th Coming into
Maritime Safe and Environmentall force Jun 26,
Organization Sound Recycling of Ships 2025.
European 2013 The European Union Shilt came into
Commission Recycling  Regulation  Nc¢ force in 2018
1257/2013 (Europea
Commission, 2013)
Basel 1989 Basel Convention on th Effective 1992
Convention Control of Transboundar

Movements of Hazardou
Wastes and their Dispos
(1992)
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3.3 Methodology

While some ofthe chapterg6 and 7)presenttheir individual methodologies and
approaches, this chapter employs a comprehensive approach to present the entire study
and establish the relationships between the chaptecsrdingly, Figure3-5 depicts

the general methodology followed in this the$ise methodology of this PhD research
consists of two phases. The Phase | includes a literature review (Chapter 2), initial
stakeholder engagement events to collect insights from industry stakeholders, and
barrier and opportunity identification stages (Cieagd) of the study. Phase Il, 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 systematithangugh exploration of the research
problem and facilitates a welbunded 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, andiRperativesThe 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 reviewamdsd out
regarding maritime circularitin Section 2.3.1land then the current situation at ship
recycling facilities in popular ship recycling countries was present8ection 2.3.2

The gplication of advanced CE principles in the aviation and automotive industries
was presented separately, and findings were usednparethe three industriem

2.3.3 Consequently, this chapter presented research gaps identifiedliterdwere

andconcludes with the overarching research question.

Following the literature review, intensive stakeholder engagement events in the form
of online and imperson workshops, sesiructured interviews, and questionnaires
were held between 2021 and 2024 during this study. These industry interactions
support tke following chaptersas they provide upo-date insights from the broad

maritime sector. The details of each engagement event in Phase | are summarised, and
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each event is associated with chapters in Phase Il as preseritadle8-3. The

questions asked in those events are also enclosed in Appendix F

Lastly, in Phase IChapter 4 focused on the barriers and opportunities of CE in the

maritime industry. A comprehensive stakeholder engagement survey was prepared

reachingout to a substantial number of stakeholders to reveal thed u scarreng 6 s

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 ttigerature review to develapovelsolutions in Phase Il that address

the barriers and capitalise on the opportunities for implementing circular economy

principles in the maritime industryn fact, Section 4.5introducesthe 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 ciecolaomy

model in the maritime seatd’hase Il aims to comprehensively identify and pilot these

solutions in realvorld 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 | Associated research strands
Event Date Description in Phase I
9 Chapter 5 (solutions &
Between ' 83 participants remanufacturing case
Questionnaire | 09/2021 and |1 Findings presented in Chapter 4 |  study)
and support all strands in the Pha { Chapter 6 (database and
12/2021 Il. asset tracking)
9 Chapter 7 (metrics)
1 9 participants (4 from OEMs, 3 :
30/06/2022 from shipyards, 2 from T Chapter 5 (sqlutlons &
In-person remanufacturing case
consultants).
o @Tuzla, ; . study)
interview 1 Regarding advanced CE practice 1 Chapter 6 (database and
Istanbul digital infrastructure and P .
: asset tracking)
remanufacturing.
Online 1 51 participants. 9 Chapter 6 (database and
workshop 12/12/2022 9 Outputs include an industry gap asset tracking)

analysis, SWOT and PESTEL.

9 Chapter 7 (metrics)
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Stakeholder Engagement Events in Phase |

Associated research strands

Event Date Description in Phase I
23/01/2023 @ o
In-person 1 14 participants 1 Chapter 6 (database and
workshop 1 Wat er me|q Regarding CE enablers, asset asset tracking)
Hall, London tracking and CE metrics 1 Chapter 7 (metrics)
20/02/2023 @ |11 8 participants from academia and
In-person _ consultancy backgrounds 9 Chapter 6 (database and
workshop 2 Cranfield f Regarding decarbonisation and asset tracking)
University circularity transition of the 1 Chapter 7 (metrics)
maritime
Online 1 12 payticipants fr_om ship repair ar
14/10/2023 recycling industries 1 Chapter 6 (database and
interview 1 Regarding the equipment tracking asset tracking)

and database systems

As the first stand of Phase Ih Chapter 5, technology and strategy solutions for a

circular maritime industry have been explored in depth. Then, current practices

regarding CE amongst wekhown marine engine OEMs are examined, and the overall

engine remanufacturing process is presgriarthermore, an engine remanufacturing

case study was carried out to provide-eatld examples of how the restorative cycle

can be achieved effectively. The case study provides the financial implications of

implementirg circular economy practices in the maritime sector, shedding light on the

potential cost savings and lotgrm benefits for businesses. Additionally, it offers

insights into the environmental impact of engine remanufacturing, showcasing the

importance okustainability in the industry.

Further in Phase IChapter 6 presents a novel database design that enables material

passports to advance circular practices in the maritime industry. The database and the

maritimeasset tracking systeaoncepts 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 digitasiation section. Moreover, a case study is provided to showcase t

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 stakeholdecused circularity metrics is presented in

the final strand of Phase Il @hapter 7. This chapter includes a comprehensive review

of existing circularity metrics in the literature, followed by a stakeheioeused
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 withdjge m
industry aspects. Lastly, Chapter 7 involves a case study demioigdtaw 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 compaiediva another.

Chaptersthat form Phase I(5, 6, and Y altogether form the maritime circularity
framework created within this PhD research. Case studies in these sections focused on
different maritime stakeholder groups, namely OEMSs, ship owners, and ship repair
yards, to touch as many stakeholder groupsasiple during this researchable3-4
illustrates the details of case studies conducted in Phase I, including the verification
approaches adopted.his approach ensured that the framework was not only
theoretically sound but also feasible and relevant formeald implementation within

the maritime industry.

Table 3-4: Case study details in Phase II.

) Data input for the case Result validation
Phase Il chapters| Case studies
study method

_ Brand new and
Engine factory specs from
remanufactu

OEM
Chapter 5 Main engine performance comparison
(solutions & :
. .| Remanufactured engine te
case study) results and cost breakdow

based on present value @
from the dealer. o
acquisition costs.
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Phase Il 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 shipbds e

Validation workshop with
12 experts from shipyard
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, ang
lead times from ship repait

yards.

Validation workshop with
27 experts from nine
maritime stakeholder
groups (enclosed in
Appendix E)

Five expert opinions usin
AHP for the case study
(presented in Section
7.6.2)

Finally, the thesis is completed after presenting the discusamigonclusions 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

adopt s

Saunder sb

Research

and explain its methodological approach, ensuring transparency and coherence across

its design(Saunders etal.,, 2009 T h e

framewor kos

|l ayers gu

philosophical foundations to specific data collection techniques, aligning the research

process with the objectives of addressing CE challenges in the maritime industry as

shown inFigure3-6.

Philosophy

Approach to theory development -

Interpretivism

Methodological choice — -

Strategy(ies)

Time horizon

Procedures and techniques

Figure3-6:Resear ch

Realism

Postmodernism

Deduction
Mono-method

quantitative

Mono-method

qualitative Experiment
Ethnography

e
Cross-sectiona

Multi-method
quantitative

Grounded
Theory

Narrative
Inquiry

collection
analysi

Muiti-method
qualitative

Archival
Research

Longitudinal

Case
— L Study

Mixed method
simple

Mixed meth
complex

Induction

6 o ni (Baudders et dl.a2pj9 e d

access,
ethics, sample
selection, data

and
S

from

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 betveen observable phenomena (e.g., stakeholder actions, industry practices) and

the deeper systemic factors (e.g., regulatory, technological, and logistical dynamics)

that shape these phenomeffacher et al., 2018 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 inqg{folger & Stein, 201) 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
processof 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 generaliskbunderstanding of stakeholder perceptions, industry practices,
and key barriers, while qualitative methddsuch as semstructured interviews,
workshops, and case studiesffer deeper, contexdpecific insights into the
operational and strategic dimensso 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, ad 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, ad environmental implications of adopting circular practices, offering

concrete evidence to support the theoretical arguments.

The research adopts a cregtional 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, sestiuctured interviews, stakeholder workshops, and
detailed case study examinations. Quantitative data were analysed using statistical
techniqus 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
anaysis 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 Saunder
demonstrates a coherent and vattlictured 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 anthe positioning of this PhD researarere presented in this

chapter.
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4 Barriers and Opportunities of the

CE in Maritime Industry

4.1 Chapter Overview

This chapterbeing the last stage of Phase | of the resedattes 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 questionmasalts. Finally, the potential
opportunities of CE principles were clearly outlinedirectly linked to the
identification of high value and high potential onboard equipment in the maritime
sector. This chapter has been partly presentetheTransportation Research Arena
2022 international peaeviewed 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 sustainabilitansportation Research
Procedia2023 72, 21572164 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 Transpdithite 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

92



4.2 ComprehensiveQuestionnaire 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 economyOpferkuch et al. (2023ighlight 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 thefispehallenges 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 a&imesfrom the

circular practices, ensuring that the frameworks developed are groundedvirieal
conditions and increasing the likelihood of successful adogtitishra 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) netw@kumus et al., 2022 The

questionnaire consestlof a wide range of questions to capture the following points:

1 Awareness of advanced CE principles other than traditional recycling and
shipbreaking operations,
Current and potential advanced circular practice rates,

1 Barriers to the successful implementation of CE principles in the maritime

industry,
1 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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1 Concerns about circular products and equipment,

9 Existing reverse supply chain practices,

1 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 parttipants. 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
researchThe experts were contacted through the author's network and the broader
network of the University of StrathclydeNAOME departmentvia email, social
media, and phone callAll the data was collecteduring the periodbetween
September and December 20Zhe geographic locations of the participants are also
quite diverse: thersvere participants from the UK, Greece, Turkey, South Korea,
Bangladesh, Malta, Germany, Denmark, the Netherlands, Norway, and Switzerland.

25

20 = Academia
= Shipyard (new and repair)
Ship owner
= OEMs
11 = Ship Designers

Classification societies

9 9
II 6 » Local/Int Authorities
4 = Ship recycling yard
. i i = Other

Participant background

Number of participants

w

Figure 4-1: Distribution of the participants by their stakeholder groups.

The questionnaire ka33 questions in total, and iwas tailored according to
participantsd backgrounds to dischMover th

question wagdesignatedmandatory in the surveyn this way, participants were
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allowed to skip questions on topics they did not feel compeiém®.questionnaire
beganwith general questionsall participantscould respond to the initial seven
guestions Subsequently, each stakeholder group faces distinct questions, and the
number of questions varies based on their respombey arestructured with follow

up questions to delve into the pROrticip.
instance, while an OEM participant would encounter (re)manufacturing capability
focused questia) a shipowner is questioned about their perception of remanufactured
componentsWhen shipowners express a preference against remanufactured products,
this initiates two followup questions designed to pinpoint the primary reasons for their
stance and explore potential factors that could sway their opinion in favour of
remanufactured quipment. Appendix A contains all survey questions, and the

subsequerdectionwill 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. Thitye, 75% of the participantgereasked to

rate their knowledge of fundamental circular economy practices such as
remanufacturing, reusing, recycling (RRR), and the maritime industigure 4-2
illustrates the results of their s@l§sessmentajong withthe statistical details related

to the graph. The respongéere reveal that, on average, the participants are slightly
less familiar with the circular economy concept in the maritime ind(@1@%/5)than

in general(3.02/5) However, a significant group of people with high or better
knowledge of the maritime industry accounts for-timed of the total. On the other
hand, 31% of the respondents rate their knowledge level as low or imotke

maritime context
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Field Minimum Maximum Mean Std. Dev. Count

In general context 0.00 5.00 3.02 1.05 54

In the maritime context 0.00 5.00 2.96 1.14 54

Figure4-22Par t i c i jssasdmend of their knbwledge of CE.

Figure4-3r epr esent s

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

businessesuccessfully
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Figure 4-3: Confidence level of the participants.
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Further in the questionnaire, the reusability, remanufacture, and repurpose potential of

engines and hydraulic components onboard vessels are exairtiesd. components

were selected based on the previous resdgr@ietsas et al. (2017 he results are

shown inFigure 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 hydrauleomponents the same. In fact, for both cases,

around forty percent indicated high or very high potential.
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Figure 4-4: Reuseremanufacturing 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.

17.07%

41.46%

41.46%

[ Yes [0 Depends on the incentives [l No

Figure 4-5: Would you prefer remanufactured components on vessels.
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These results suggestpatentially positive perception of remanufactured produtts
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 decisiomakers of such choices or have influence on the deeisakers

in the industry. Therefore, their reaction might indicate a potedgahand for

remanufactured componerh the future.

Figure4-6 illustrates the factors pointed out by the sixteen respondents who stated that
they might prefer remanufactured parts depending on the incentives in the previous
guestion.The most important factor is the same warranty terms as a newly produced
(brandnew) product, with price advantage and afieles support coming in second
and third, respectively, to offer additional assurar@embining original warranty
coverage and aftesales 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 geanteciwithin the
questionnaireFigure 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 decisimrakers expressed that they

would consider remarfiactured products preferable.
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Factors making remanufactured products preferable
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Figure 4-6: Factors positively affecting participants who might prefer RRR depending on incentivesi(Other
openended: engineering consultancy advisors and depending on the application).

10.5%

0 Yes M No

Figure 4-7: Would you prefer raising, remanufactured or repurposed equipment if it offers the same reliability
and quality as a newly manufactured product?
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Subsequently, concerraboutturning away remanufacturing options are examined.
Even though this is a small portion of the whole sath@eound 11% of the totalit

Is critical to address all concerns regarding remanufacturing. The respondents who
gave negative feedback Higure4-5 andFigure4-7 have expressed their worries, as
illustrated inFigure4-8. 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 benefitv@en it is investigated further, a

new drive that can overcome the reliability issues emergeigime4-9; 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. Whbkimed

with the same OEM warranty, the comeback ratio reaches 100%.

Concerns regarding RRR

5 100%
0,
4 3% 80%
H*
23 7% 60%
<
o
o
G
F 2 40%
| l l -
0 0%
Reliability Performance No real economic Legislative Other
concerns concerns benefits difficulties

Figure 4-8: Concerns regarding reusing, using remanufactured or repurposed items.
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Factors that would change distant participants' minds
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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 seduauad market conditions. To that

end, ship recyclers, OEMs, academia, ship designers, and engineering consultants are
asked about the current demand for used components onboard vssgetsstandard

1-5 Likert ScaleTable4-1 illustrates the results, and summarises statistical measures.
The complete engine is the mostdemand 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 eng blocks (3.12), respectively, all score medium to high
demand. Then hydraulic cylinders are defined as mediundeimand. Isolated
aftercooles or intercoolers, and crankshafts attract low to medium demand from the

seconehand market.

Table 4-1: Current demandor endof-life componentsn the used market.

Field Minimum Maximum Me a n 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 egp. 1.00 5.00 3.00 1.29 18
After/intercooler 1.00 5.00 2.94 1.03 18
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Field Minimum Maximum Me a n Std Dev. Count
Crankshatft 1.00 5.00 2.75 1.03 18

Afterwards, the same respondemtare asked whether it would be worth the RRR
efforts considering the demands in the seeload market. As seen irable4-2, 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-agoeed
products, followed by engine parts and subcomponents such as cylinder heads, engine

blocks, turbochargers, crankshafts, and coolers, respectively.

Table 4-2: RRR efforts worttpursuing considering the current used market.

_ ) After/ Hydraulic Cylinders
Complete Engine Cylinder Crank- Turbo-
_ Inter pumps & and other Total
engine block heads shaft chargers
coolers motors hyd. comp.
Strong!
1 . 2/ 2 4 1 2 1 1 2 1 14
disagree
2 Disagree 0 0 2 3 3 3 2 1 14
Neither
3  agree nor 6 4 7 5 8 8 3 4 45
disagree
4 Agree 5 9 4 5 3 6 7 9 48
Strongl
9 8 4 6 4 4 3 7 7 43
agree
Mean 381 3.43 3.60 3.32 3.32 3.33 3.71 391 3.56

Participants from recycling shipyards stated that albth@venentionedcomponents
disassembled during the decommissioning are sold through the deaahenarket

rather than scrapping. It is also noted that many businesses are selling used, dismantled
components and parts around decommissioning yards and ship recycliiig$adil
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 gldime on
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platforms where ship recycling facilities advertise parts and components they remove

from endof-life vessels.

Figure4-10shows which circular economy practices are currently implemented in the
respondents o r g a rfrons @BMs 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 OEMSs' significantly boosted the overall ressditsie OEMs have
evendeclared that they focus on providing products as a service, which is quite an
advanced CE practice. On the other hand, only a few shigyanatsof terd stated

their involvement in CE practices. After that, participants from OEMs and shipyards
are asked toevaluate their abilit to reuse/remanufacture/repurpose engines or
hydraulic components, as shownHigure4-11. Those components are specifically
included in the question, as they were previously revealed as tseddpg onboard
componentgegardingvalue and potential. Results indicate that, while almost all
OEMs declared thegould do it, some shipyards joined them. Around tihiods

(63%) believe they have the technical capabilities to remanufacture components
onboard vessels. Therefore, the result shows that remanufacturinghkmoexists in

the industry, mainly among OEMSs.

12
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4
0 [
Remanufacture Reuse Recycle Providea  Work with Seek to reducéJse waste heat
product as asupply chain towaste through
service manage out procurement

waste

mOEM m Shipyards

Figure 4-10: Currently implemented CE principles in the industry.
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Figure 4-11: Response to the questiinar e you abl e to RRR engines and hy

After discovering the ability to reuse, remanufacture, and repurpose valuable
components in the industry, participants from OEdd shipyardsire further asked

for their opinion and intentions towards RRR operations. As illustratéidjume4-12,

81.8% of them endorsed RRR operations and indicated that they would prefer to carry
them out, which means there is a high willingness amaragstible shipyardand

manufacturers in the industry.

0,
0% 63.6%

60%
50%
40%
30%

20% 18.2%

10% 9.1% 9.1%
()

v 1R

Definitely not  Probably not Might or might Probably yes Definitely yes
not

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@Hde vessels for usestherthan 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, elegeingration, etc.
Participants from ship recyclers, OEMs, and academia rated the repurposing potential
of main engines, auxiliary machinery, hydraulic pumps and motors, cyliaders

other hydraulic components onboard vessélble 4-3 contains thesummary of
corresponding responsesicluding mean and standard deviation of theesults
Auxiliary machinery and generator setse 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 participaimighe repurposing section of the survey,
Table4-4 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 Me a n Std Deviation Count

Aux machinery, gersets 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?

Hydraulic Cylinders and
) ) ) ) Other (please
Main Engine Aux Machinery pumps & other hydraulic )
specify)
motors comp.
. ) ) Batteries could be
Heavy industrie$ Electric power / )
o ) Construction and reused between
mining and energy generation o ) Cranes ) .
) ) mining industries industries in the
construction industry

future

106



Which industries would benefit from remanufactured/repurposed components on marine vessels?

Hydraulic Cylinders and
) ) ) ) Other (please
Main Engine Aux Machinery pumps & other hydraulic )
specify)
motors comp.
Shipping People in remote area ] )
) o o Factories and Tanks and electric
industries in low  with limited access to ] )
o manufacturing Factories motors can also be
regulated electricity in )
] ) ) industry reused
countries developing countries
Electric power o Ship building and
. Automotive industry ) Ports
generation repair yards
Floating and land )
Offshore o Manufacturing
based powerplants, Fishing industry )
renewable energy ) . industry
production facilities
Floating and land )
) ) Automotive
based power Shipyards Agriculture )
industry
plants
Land-based
Landbased energy
energy plants: ) o o
) plants, cogens, trigens Aviation Aviation industry
cogentrigen or .
: landfill plants
landfill plants
Various electrical
sites, substations, )
Low cost vessels Automotive Energy plants

facilities as back up
power source
Manufacturing
industry

In the next part of the survey, thmotential 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 collaborati@s acro
different stakeholder groups within the industry. By doing so, the potential maritime
remanufacturing hub concept is investigaésdshown inFigure 4-13. Although the
majority responded positively, thers a considerablgercentageof hesitant and

undecisive participants. However, offilye percenteacted 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 -pgarty
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 isittcal. According to the results of our study, which are shown in
Figure4-14, 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 man OEMs today have, except focusing on only
remanufacturing.

oo 71.43%

70%

60%

50%

40%

300 28.57%

20%

10%

0%

Definitely not  Probably not Might or might Probably yes Definitely yes
not
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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 requiretb approve remanufactured componenist like a newly
manufactured produdtalf of them also expressed the need for additional-ftertly

quality tests for remanufactured components.

Participants from local and international authorities ssenewhat hesitardbout
regulationwise support programmes for remanufactured components. On average,
they indicate that it is neither possible nor impossible to provide support

remanufactured products.

Most of the participants from authorities, classification societies, and OEMs are not
certain about a circular econorfiycused studyvithin their organisations the near

future; Figure4-15illustrates their expectations on the matter.

Definitely not Prabably not Might ar might not Probebly yes Definitely yes

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 participaapsatedlyemphasised the
economic benefits of remanufacturingccording 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
OEMSs).

Around onéefifth of the researchers from academia and Qitbfessionalstated that

theycurrentlyhave ongoing studiesn design for remanufacturing (sEeyure4-17).

21.4%

78.6%

Bro BYes

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 processFigure 4-18 contairs 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 kdaw gap applies to recycling
facilities. Regulatory restrictions and a lack of marketing opportunities are typically

the next tve critical issues.

Challenges on collecting core pafis ¢f choices)

16 100%
14 80%
“ 12
§ 12 60%
S 6 40%
4 20%
2
0 0%
Demand from Know-how Regulatory  Lack of Limited Others
the market gap barriers marketing  workforce  (reliability
(capability) opportunities (capacity) and custom)

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 remanufactwithg

a 71% rating; then, new raw materials and product or service design came up with 60%
and 44% ratings, respectivelfrigure 4-19 shows every opportunity that the

participants mentioned in detail.

Future circular economy opportunities in maritime
industry

Reuse/remanufacturing/recycling . /1%
Different raw materials HEE  60%
Product or service designm  44%
Procurement mEEmmmS——— 40%
Supply chains I 20%
Business process chang I 7%
None at the moment Bl 4%

Other W 2%

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, batiers to the circular transition of the maritime and hgltential 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 amp@etite 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 sustainabkolutions. As such, the following section will delve into the
barriers to implementing CE practices in the maritime industry.

4.3 Barriers ldentified to CE in the Maritime Industry

This section outlines the kdvarriers to the adoption of CE principles in the maritime
industry, as identified through comprehensive stakeholder engagement and detailed
analysis of the questionnaire resultbe$e 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 ir8fduseet

al., 2019 conducted serrstructured 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 Swederand Denmark, which may not fully reflect the global nature and
complexity of the maritime industry. SimilarlfKarvonen et al., 20)5oncentrated

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 offihéings 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 identdies
critical barriers that hinder the maritime industry's transition to a circular economy, as
illustratedin Figure4-20.

Low awareness, limited
capabilities and lack of

/EEE\ technical expertise

Regulation,  legislation
and certification barriers

Barriers to Circular Long lifespan of marine

111

Maritime Industry vessels
Reverse supply chain and
logistical barriers
Perception and industry
acceptance
Figure4-200Barri ers identified to maritime industry

4.3.1 Low AwarenessL imited Capabilities, and Lack of Technical Expertise

The overall maritime industry is unfamiliar with tlkd concept as the questionnaire
shows that 25% of the participants have not heard of it before. Moreover, the
participants' selassessment 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-efitife 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. Accordintilits et al.
(2019) the system for scrapping components is sstlictured, but the takeack
approach for 6R is lacking and neristent. The questionnaire indicates that the
approach is not neaxistent but rather restricted to local capacities, setingused

parts in the Aliaga region through platforms like http://www.sahibinden.com or
https://en.turkiyegemisokummarket.com. Eofelife equipment is usually redirected

for scrapping rather than beirrgturnedto the manufacturer or directed towards
remanufacturing. Alsosince 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 thkills of ship repair and recycling facility workers for
removing components from ed-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%) raisedtteichnical 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 conthtion
establish reuse or remanufacture applicatiatsumoto & Umeda, 20)1 The
technical capacity and capabilities of recycling yards directly influence this
requirement. Furthermore, since the maritime industry lags in practice, maritime
equipmentnanufacturers' remanufacture and rebuild capacities are lacking (apart from
the weltknown engine remanufacturers, which serve other industries as well),
especially compared to other sectors such as automotive. Therefore, there are
challenges related todirestorative processes, and low awareness and-kaavgaps

might increase the cost and lead times.
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4.3.2 Regulation, L egislationand 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 mustbe registered with a classification society, which regulates the vessel on
behalf of the flag state and ensures thatvessels' structures and the yard that builds
(repairs or refits) the vessel comply with those rules. This is a critical paine of
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,
classfication societiesgnoreremanufactured items in retrofitting ships; instead, they
prefer new components (Milios et al., 2018%cording to International Association

of Classification Societies (IACS) rulefmr instancegach engine manufactured for
marine applications must have a typpproval certificate and engine certificatin

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 crossection, separate parts drawings, frame and bedplate geddm),
assembly plans, production specifications for castings, engine control systems,
startingfuel-lubricatingcooling-hydraulic systems, safety systems, operation and
senice manuals, and so @ACS, 2022 Lloyd's Register, 2022

Manufacturers are responsible for the certification process of new iBartfication

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 heesifor years without
complications. On the other hand, the problem starts when reusing or using
remanufactured equipment. That will need to beawified by both the classification
society ad the OEMs before it can be put on board the vessels, whagitreate a
conflict of interestbetweenthe original equipment manufacturer and tipatty
remanufacturer. Classification societies are also reluctant -tertiédy used or

remanufactured products since there is a lack of knowldualg¢fee survey presented in
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Sectiord.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
enginesSince the control over certification belongs to the OEMs, they may not decide
in favour of thirdparty remanufactured parts in the maritime industry based on their
authority. The recertification costs, requirements, and standards are kept high as a
deterrat, in addition to the actual legal requirements. However, the survey results
show that OEMs do not object to thiparty 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 agmay 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 whenwerg manufactured as brand new
products, but remarfiactured or reused engines may not satisfy the current regulations,
particularly in terms of exhaust emissions due to the IMO MARPOL (Annex VI)
requirements (Tier Il engines only in NOx Emission Control Areas). The old engines
(Tier 1) from endof-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 specd#tons 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 Lifespanof Maritime Vessels

One unique aspect of the maritime industry is the longer average lifespan of vessels,
which extends to 30 yea(bliremath et al., 2004 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 welldesigned product from a decade ago or i iscompliant 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 aredequ

meet exhaust emission standards per the IMO MARPOL (Annex VI) requirements,

but may fall short of compliece.

Furthermore, the extended lifespan of vessels can disrupt the feedbacforoop
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

I mprovement . Since there is no | earning
missing too. Additionally, the extended lifecycle results in ship owners having
outdated components unsuitable for maritime industry use at thef-¢ife stage. Or,

even ifit 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 vessst,isnd

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, thee 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 overcomeavithout industrywide application and collaboration.

4.3.4 Reverse Supply Chain and Logistical Barriers&nd asset tracking issues

Today,Asian shipbuilding yards dominate the nbuilt market, while Bangladesh,
India, China, Pakistan, and Turkey dominate the scrapping n{eMK€XTAD, 20225).
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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 khow gaps. These problems
make it hard to set up systems for reuse or remanufacture because it's not possible to
run theg business models with a limited number of products from different places and
unknown timing and amounts of returned cddansson, 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
communcation. These problems can only be overcome through inewstey

application and collaboration

4.3.5 Perception and Industry Acceptance

Anothermajor 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 shipyaddsnot 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
prodwcts cone 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 (® 1 9) study also confirms this: n S
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 teliability and performance, in contrast to brarelv 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 eul-life stage to disassemble the machinery ancesto

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 afteales support for industry acceptance. Legislative incentive
such as tax breaks and simplified certification processes wouldealsancethe
perception of circular products. Howevdhere arecurrently 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 stenability in the maritime sector. The subsequsatdtionwill

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 andHigh-potential ItemsOnboard

Commercial carg@and passenger ships, along with naval vessels, are equipped with
numerous onboard equipment and components designed for their specific purposes.
Equipment onboard vesselyvaries 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
insteadobf cargo pumps. Or, in some cases, dry bulk carriers are built without any cargo
cranes, as thewre 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 shpsea 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, furnitame]ifesaving and firefighting
equipment; the cargo sections may include cargo holds or tanks, cargo pumps, cargo
cranes, provisiortranes,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 machjirserch as lathe, drill, welding machine and
engine room crane, steering gear, hydraulic pumps and motors, propeller shafts, main
and auxiliary engines, air conditioning plasgparatorssewage treatment unit,

mechanical ventilation systems, pump systems, air compressors and so on.

Identifying highvalue and higipotential 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 lierature Bletsas et al. (2017onducted 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 potentialTable4-5 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 iTable4-5, semistructured 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 graumshow 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 €ngine 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"@ hand value of onboard equipment, compiled fiBletsas et al. (2017)

Potentially applicable EoL Strategy

On-board Equipment Remanufacture Reuse Recycle 2" hand value
Main and auxiliary engines Very high High Very high to high High
Emergency generators High High High to moderate High to moderate
Airconditioning plant High High High to moderate Moderate
Purifiers (HFO and LO) High to moderate High High to moderate Moderate
Air compressors High High to moderate Moderate Moderate
Deck cranes High Moderate High Moderate
Hydraulic pump and motors High Moderate Moderate to high Moderate
Oil and bilge water separato Moderate Moderate Moderate to low Moderate
Composite boiler Moderate Moderate Moderate Moderate
Windlass equipment Moderate Moderate Moderate Moderate to low
Machine tools (lathe etc) Moderate Moderate Moderate Moderate to low
Engine room crane Low to moderate Low to moderate Moderate Low to moderate

Referring toTable4-1 and Table4-2 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 considersiginificance, 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 #mat diydraulic 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 able4-3.

Overall, due to their highest secehdnd market value, reuse and remanufacturing
potential, and repurposing potential, complete engines are identified as the most
critical onboard equipment for circular practiceB.h i s r e stakedalderh 6 s
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, traditionaldpeed, twestrokemain engines

are less likly to find a new, appropriate application in other industtiegontrast,

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 medamhigh-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 emd-life engines will be discussed in the following
chapters. However, a general overview of how to decide the "fate" of aof-&fel

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 eraf-life can be made according to the

1 Technology,

T Age,

1 Overall condition in terms of performance and structural integrity, and

1 Regulatory compliance.
If the engine is in good condition, direct reuse can be considered. In this case,
regulatory compliance should be checked, as even-wgedfbld engine can be
incompliant with the evechanging regulations in the maritime industry. If the engine
complieswith 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
landbas d applications (mainly in factori
condition is unsatisfactory, repair or remanufacturing options can be considered. In
this case, following the disassembly and repair options, regulatory compliance should
be checkedn 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,
scrappingthe engine for raw materials remains the only viable solution. The overall

process can be visualisedRigure4-21.
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Figure 4-21: End-of-life options for amarineengine (Okumus et al., 2032
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4.4.2 Potential Opportunities of CE principles

Since complete engines were recognised as the most valuabléigingotential
equipment in the previous section, the remanufacturing strategy emerges as a pivotal
advanced circular solution. Remanufacturing was introduced in SexBpibut to

briefly recap, remanufacturing is part of eofdife strategies and is often referred to

as the ultimate form of recyclingWhile recycling often results in the loss of
significant amounts of energy andbour (MacArthur, 2013, remanufacturing
conserves materials and energy while generating less (Kaste@nen et al., 20)5A

recent study byfrinaldi et al. (2017)demonstrated these benefits through a cylinder
block of a diesel engine, confirming4% reduction in manufacturing energy
consumptionapproximatel\97%materialand 57% wateconsumption savingsalong

with 90% GHG emissionreductionwhile saving 39% of costs compared to the
production of a new cylinder blockkmeda et al. (2012Zuggest that higperformance
products (e.g., Caterpillardos engines)

cycles, saving enormous energy and material.

The questionnaire results in Sectiér2 showed that maritime stakeholders are not
heavily interested in remanufactured parts right.n8t¥, most of them might change
their minds if they are given incentives and their benefits are made cle&idaee

4-5). Furthermore, when brantew reliability and quality are assured, 90% of the
respondents expressed patential preference for remanufactured equipment (as
indicated inFigure4-7). The significant capabilities of OEMs and shipyards$-{gure

4-11) and the willingness of equipment manufacturer&igure4-12) 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 (referrindgrigure 4-13 and Figure

4-14).

The three pillars of sustainability are commonly referred to as the economic,
environmental, and social aspe@irray et al., 201y And advanced CE approaches,
such as remanufacturing, support all these dimensions, leading tevanisoenario
where customers need to pay less for the remanufactured products; OEMs or

remanufacturing companies earn masad the need for raw material and energy
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consumption is minimise@ansson, 2036 Table 4-6 below summarises the main

benefits derived from circular economy practices. There are many marinesargine

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, fro@kumus et al. (2022)

Stakeholder

Economic The same original

(Customerg  performance
reliability

typically only 5680%

an(
at costs
of a newproduct.
Economic Remanufacturing i
(Businesgs) based on an exchang
system where
customers return core
in  exchange fol
remanufactured
products.
Environment Reducemanufacturing
waste and minimise th
need for virgin raw
material extraction to
produce newproducts.
Society Creates

new job

opportunities for

skilled workforce

Benefits
Better product
availability, more
options at product

acquisition,repair and
overhaul times

Remanufacturing is a Profit margins are

additional option to often  bigger for
support customers an remanufactured

help  lower their products than for nev
acquisition éwning) products

andmaintainingcosts.
Keeping non Reduces

renewable resources | manufacturingenergy
circulation for multiple consumption anc
lifetimes emissionsresulting in
material and energ
savings are up to 90%
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 pradartgonen et al.,
2019, while the latter corresponds to the operation of remanufacturing within a
remanufacturing facility. These processes are showigure4-22, 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).

Traditional "
Manufacturing

Raw materials

Alternative

New products
Customer * usage & waste
»|

Reman products

Forward Supply E:nmnulﬁli:mring Reverse Supply
Chain xternal Process Chain
r
Remanufacturing |
internal process ™ Raw materials

Figure 4-22. External and internal processes of remanufacturing systaodified from(Okumus et al., 2023b

The internal remanufacturing process in the figure includes the following steps:

Inspection

Disassembly

Cleaning

Measuring

Reprocessing (remanufacture)
Reassembly

Testing

= =4 4 4 A4 a8 - -2

Storage

Depending on an industry's dynamics, stakeholglech as OEMgheir contractors,

or independent third partiean carry out the remanufacturing proc@sasnd, 1984

Sundin et al., 2008In 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

componentgKarvonen et al., 2095
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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 thatqudgorm
collection, & well asstorage facilitiesneed 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 artherdselves.
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 deéheeore collection in
service centres, retailers, traihs, and enabf-lease contracts. OEMs usually
collaborate with the same partners in the remanufacturing step to integrate it with the
usual manufacturing process, called the O&itric remanufacturingetwork. It

allows OEMs to ensure qualigndcustomer satisfaction with the remanufactured or
manufactured item@arvonen et al., 20)5Another alternative is the sdibrm of the
OEM-centric remanufacturing networkA contracted company conduct$et
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 thirgharty remanufacturers, and in this case, the third paftgcts 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 industgpecificform, requiing 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, OEbentric or OEMcontrolled contractor optionsight be

more suitable for themaritime 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 gratthct
even better reliability than the branéw alternativeg§Wahab et al., 20)8From an

environmental perspective, remanufacturing contributes to sustainability, energy, and
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material savings while reducing waste and emiss{@ung et al., 2022Peng et al.,

2019 Wang et al., 2021 As discussed in Sectidh3, 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
mari time sectors amo.uikn,t oa nudl 20. 4.b2nb, n , 0 7r. e4
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 tooh€x02-equivalent emissions
through remanufacturing in Europ@Vahab et al., 2038 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 behefés

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 ef a thre
legged stool. Each leg is indispensable for achieving sustainable success in the
circularity transition, as illustrated iRkigure 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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Circularity Framework

Industrywide alignment and performance
monitoring

Figure 4-23: Threelegged 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 SolutionsOvercoming 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

throughcircularity metrics.

4.5.2 Three Pillars of the Maritime Circularity Framework

1 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 systms.

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-ofifie engine, compares its
performarce with a new engine, and presents a-besiefit analysis. These findings
demonstrate the feasibility and value of circular practices, particularly for original
equipment manufacturers, and underscore their potential for induiskey

application.

1 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 marasset trackingystem 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 colleptocesses.
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The chapter provides a detailed description of M#€l system, including database
architecture, interface forms, and example queries. A case study highlights the
system's potential benefits by showcasing the enhancedfdifel value of a sample
vessel in a circular scenario. This pillar emphasises thefdramaive impact of
digitalisation in bridging gaps between current practices and advanced circular

economy principles.

{1 Pillar 3: Stakeholder Alignment through Circularity MetricsEnhancing

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 Pillerese
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 datdriven decisiormaking and accountability in driving the

maritime industry's transition to circularity.

All in all, the three pillars of the frameworkhich comprises Phase Il of this PhD

studyare deeply rooted in the findings of Chapter 4:

1 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.

1 Stakeholder Engagementinsights from stakeholder surveys and workshops
underpin the development of strategies, digital tools, and metrics, ensuring

relevance and practicality.
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1 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
understandhe 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 nstrgitegictarget for capitalising on the

benefits ofadvanced circularity within the maritime industry.
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5 Technologyand Strategy Solutions

for a Circular Maritime Industry

5.1 Chapter Overview

This chapter is the first leg of the maritime circularity framewiarkhe Phase Il of

this PhD research. It addresses a significant gap in the literature by exploring strategy,
technology, and hardware solutidngacilitate CE transformation within the maritime
industry. Furthermore, this chapter offers awl@pth overview of Clpractices among
marine engine OEMs. It is followed by a thorough case study demamgtthe
benefits of remanufacturing a marine engine from a-bjgged passenger ferijhis
chapter has been partly published in the Journal of Cleaner Production\(@R23¢

382as follows:

Okumus, D.; Gunbeyaz, S.A.; Kurt, R.E.; Turan, Tewards a circular maritime
industry: Identifying strategy and technology solutidlmairnal of Cleaner Production
2023, 382, 134935 https://doi.org/10.1016/j.jclepro.2022.134935

5.2 Strategic Solutions

5.2.1 Closedloop Supply Chains (CLSC)and RecoveryHubs

CLSCs should be established to ensure restorative circular economy principles in any
industry that providegphysical 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 rekdarto manufacturers via reverse flog&ouza,

2013.
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CLSCshave several more complicated characteristics compared to traditional forward
supply chaingHan et al., 201)/ 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 networkSecondly, due to the nature of the concept, returned products of
different conditions will neediifferentremanufacturing processes, resulting in extra
time, cost, and capacity usaffeouza, 201% Some returned products may not be
suitable for remanufacturing, necessitating separate recycling processes. According to
Guide and Van Wassenhove (2008pme everyday activities linked to product
recovery in the reverse chain include @idise or endf-life product acquisition,
reverse logistics, used product checks (testing and grading), remanufacturing, and
remarketing. In order to establish rewsmanufacturaepurpose 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
warehaises that minimise distribution and fixed co#tsCLSC, 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
roundup retrns from numerous sources, test them and route them to recovery
facilities (Souza, 2018 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 processeSinghal et al., 2009 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

closedloop supply chairfGaspari et al., 2037

Figure5-1 illustrates a general process flow for clogedp 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 binltquality during new production directly
impact the potential recoverable value at the-efdse or enef-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., 201Y. In the maritime industry, specific stakeholders are
closely related to the processes showikrigure5-1. 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 thea#ndse period, the ship may be sold

to a recycler instead of another operating owner. &theg, ship recycling facilities

are often involved as vessel owners at the-@fhase stage, which makes them a

critical stakeholder group for maritime CLSCs.

A Simplified Forward Supply Chain
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Figure 5-1: A process flow perspective of closkmbp supply chain activitieAbbey & 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 ofnew 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 producteeleaseds called the seed sto¢Rkcali & Morse, 20043.
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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 oémanufacturing operations earl{@&bbey 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
operationsAbbey et al. (2018highlighted 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 discoveraa 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 signifiatly boost the company's overall profits by enabling the

earlier availability of remanufacturing operatiqdbey 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

Gui de and Van Wassenhoveds study in 2001
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 th profitability of recovery activitiegGuide & Van Wassenhove, 2001

Souza, 2018 Presently, trade policies provide customers with tragevalue, 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 e, the OEMSs trigger their reverse supply chain-hestd.

136



Tradein practices are gaining popularity and are on the verge of becoming the norm,
particularly in saturated and higbachnology sectorg§Tozanli et al., 2020b
Considering the world merchant fl eetds a\
and 1.8% in the number of ships (over 1000 GT) from 2016 to g@&imaritime

EU, 2022, one might conclude that the market is saturated. Numerous global OEMs

in the maritime sector are knowledgeable about tnagelicies, some with successful
implementations; for instance, Cummins executes {rad&ategies effectively. After
purchasinga Cummins product, customers receive a discount if they return their old
components or parts. The returned cores
product depot, and when they arrive, customers are given credit for returning the core
componentgSouza, 2018 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 tradan discount rates; son@alculate the trada value proportional to the

used productods age, whil e oSouze(2083ponfsf er a
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/seconthand market. With a standard leasing offer, OEM always gets the used
products andemanufactures, as long as product durability and environmental factors

allow. In contrast, in the case of traditional selling, -esdrs (ship owners or
operators) or recyclers sell used products in the selsand market (Souza, 2013).

Onthe otherhand from the customersodo perspecti v
leasing is replacing high product costs witetalmentplans over the lease term, thus

easing the financial load on customers and facilitating better cash flow management.

The following section will explain a moexlvancedersion of leasing solutions under

Product Service Solutions.

In addition to traden 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 thiparty firms (Oraiopoulos et al., 20)2
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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 thirdparty 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, 202)) PSS is a distinctive business model that mainly
supports higkguality, durable, and lonfgsting products. In product service solution

systems, the ownership of the product belongs to the OEM, and it is leased to the user.

The paymentis based onthefful | ment rate of the customer
by providing services to them. This is p
focus from selling products to fulfilling nee@Shierici & Copani, 2016 Therefore,

PSS |l ets the manufacturer Asqueeze val u
economically viable, utilising repair and service strategies to achieve multiple life
cycles,"” which also benefits the remanufacturing operations by providingtazdy

supplies of core components and demand for remanufactured equifeent &

Pham, 202D

To adapt PSS successfully, OEMs need to modify their organisation and promote
Aservitisat i onagarfisedrsensce delivaty. lanetdrn, RSSlinfluences
both the demand and opportunities for remanufactured parts and products; present
studieson circular businesses revealed that ¥l8%n and remanufacturifgased
business models are widespread archetgfResa 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 $yitabili
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

138



effective in deciding the recovery time and options forefilife equipment, PSS also
paves the way for remanufacturing to become the main route at tué-kfedperiod
(Fofou et al., 20211 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 availabilityup-time, or other performance metrics can become the foundation
of the agreement between the service provider or OEM and theésendr customer.
Moreover, the proper combination of PSS and Industry 4.0 applications, primarily the
Internet of Things, canenable payperuse or payperperformance systems
(Bressanelli et al., 20)7For 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 productbke 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 sanvices
foundation already exists. For example, a bush@dsisiness remanufacturing
pioneer, Caterpillar, sets a good standard for providingliR8Solutions in the power
generation industry. The firm offers various service optiomseet changing customer
needs including rebuild programmebased on producperformance(Copani &
Behnam, 202D

5.3 Technology Solutions

This section will cover softwarfdcusedsolutions. 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 industsation 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
(Al), blockchains, smart factories with autonomous robots, additive manufacturing,
virtual reality (VR), and augmentedalgy (AR) (Kerin & Pham, 2019Tozanli et al.,
20208. 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 Combinng these innovative technologi¢s essentiato create
original, reliable, sustainable, agile, flexible, responsive, knowlbdged, and
customerorientedsolutionsin hightechnology sectors. From the 14.0 standpoint, the
hybrid use of blockchain and theternet ofThings (loT) is inseparably linked to the
vision of future manufacturing, shipping, and product recovery proce(imeanli et

al., 2020h. Technological advancements under the 14.0 umbrella can be inserted into
the final products and/or the equipment used in the remanufacturing process to

optimise enebf-life decisiormaking for remanufacturingandidate products.

|l 4. 06s primary notion is to expand the a:
by networking all assets, resources, and organisations engaged in the value chain to
generate more value from accessible data and maximise consumer(lyemgfiet al.,

20138.

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 solutionsatblat e
advanced and disruptive prodisgrvice systems. As mentioned in the strategic
solutions section, technological advancements within the 14.0 umboalia
significantly supporthe PSS strategyn an advanced PSS business model, which
offers a payper-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 featires 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 neanufactured items, leading to a successful remanufacturing model.
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Predictive maintenance might be made possible by the early identification of faults by

reaktime monitoring of products in use and data analysis using embedded sensor
networks and cloud computing. As a result of 14.0, the increased connection between
prodwcts, consumers, and producers creates enormous potential for enhancing the

product service mod€¥ang et al., 2018

For example, certain OEMs lease fully equipped engines to power plants that demand
maximum equipment availabilityn the power generation industryhe 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, estineieséble life of
components, and schedule timely repairs or remanufact(¥egg et al., 2018 All

in all, 14.0's primary benefit is its capacity to generate and accedsmeahformation,
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 OEMSs, ship
owners/operators, shipyards, and ship recyclers.

5.3.2 Internet of Things (IoT)

With a simple definition, 10T refers to numerous physical devices that collect and share
data. The loT is driven by small, widely dispersed, and practically linked ubiquitous
sensors that aim to continuously monitor individual objects and overall systems
throughout their operational lifespéhozanli et al., 2020b From the CE aspect, loT

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 enhamicwill 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 remanufaajuiFofou et al., 20211
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 epenses, improve product performance and utilisation, and mitigate

component failure risk&aterpillar, n.dc).

5.3.3 Big Data Analytics andArtificial Intelligence (Al)

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 deatacteri
by its substantial volume, high velocity of change, or extensive diversity. Artificial
intelligence (Al), mobile and social relationships, and the IoT are increasing data
complexity through new data formats and sources. For instance, big data isegenera

in reattime and at a large scale by sensors, devices, video/audio sources, networks,

log files, transactional applications, the web, and social n{t&h4, 2024).

In the context of the circular economy, integngtreverse logistics, cloudased
systems, and the Internet of Things (loT) allows for the accurate interpretation of end
of-life decisions using big dataa Al and machine learning (ML) algorithmShapter

6 will explore this subject further and propose ardépth 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 digitébtiolseder

et al., 201% The virtual representations of tangible items are enabled using data
collected through 10T infrastructure and datanagement hardware such as sensors
and RFID tags implanted in their physical equivaldéiitszanli et al., 2020a Once
invested in equipment, loT 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

numbes, model names, production dates, bills of materials, and assembly and
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disassembly instructionAlgahtani et al., 2019 Therefore, digital twins might
provide precise data on products' behaviour, including performance and functionality,
at the product and component ley&fen & Huang, 202Miller et al., 2018 Tozanli

et al., 2020a

By almost removing uncertainty about the state of returneebehfi cores, digital

twins may play a crucial role in supporting rapid decigimaking and planning in used
component acquisition. OEMs may use predictive twins to estimate the remaining
usale life of items based on data received via 10T infrastructure for product and
component functionality. Predictive twins imitate the behaviour of assets or systems
using historical data from their simulated r&ale 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 aml parts before proposing trade prices or offering remanufacturing
servicegTozanli et al., 2020aFigure5-2 illustrates 10T 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 OEMSs, engineering
consultancy firms, shipyards, or tukey solution preiders might consider generating
the digital twin of a desired shipos
machinery and equipment there. By doing so, asset tracking would substantially

increase, meaning improved circularity metrics and remanufagtopportunities.

v Accurate calculation of core
values

. b v" Remaining useful life
o / estimation
9 -_,.f \) v’ Proactively preventing
L A -
\ (;! serious malfunctions

Internet of Things Data Analytics Digital Twins

Enables data collection by providing Storing and processing big data. Represent physical products and simulate
digital infrastructure Utilising Al. their performance and behaviour

Figure 5-2: Foundationsnd benefits of digital twins.
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5.3.5 Database andlockchain

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 da{@RAELE, 202(). To make
processing and data querying as efficien
forms of databases is often structured in rows and columns in a sequence of tables.
Thus, data may be easily accessed, managed, altered, updated, contrdlled, an
organised. Databases commonly use the Structured Query Language (SQL) for writing

and querying dat@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 pedo-peer ledger that encrypts each transaction to assure its security
and permanencgradav & 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 I0T devi¢€ezanli et al., 2020a

5.3.6 Smart RecoveryDecisionMaking Systems (SRDM)

Smart recovery decisiemaking 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 phasef its lifespan by using decisiemaking algorithms that optimise efficiency.
SRDM leverages advanced technologies such as artificial intelligence, the internet of
things, big data, and machine visioimagebased inspectiodsto identify products

that shoull 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 -daliacting devices that
communicate product parameters and decisi@iing algorithms to put everything

together.

Todaybs technol ogi cal devel opment s ma k e

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:

1 Continuously reporting smart ésoard components equipped with sensors
(loT),

1 Big Data analytics, analysing the vast amount of information gathered by loT
(Big Data),

Blockchain technology to ensure higher database safety (BC),

T Digital Twins replicating bot h t he
characteristics, enabling whifitexperimental scenarios for maritime assets
(DT).

1 Accurate EoL time and decommissioning value estimation for all marine assets
by ML algorithms (Al),

1 Component route estimation for EoL products byiMle., whether to reuse,
remanufacture, or recycle as sc(ap), and

1 Accurate seconttand value estimation by ML for a vessel or single
component at any tim@l).

These technological solutions would pave the way for:

Maximised EoL utilisation
Optimised reverse supply chain performarared
1 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

systemshrough protocols (such as MQTT or HTTP) if they are linked to a network.

145



Smart sensor types include wireless communication technologies (e.g., Bluetooth for
shortrange communication, \Aki for high-speed data transfer, ZigBee for lpower
applications, etc.) essential for communication and data exchange in 10T systems.
Smartsensors in the I0T 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 interventidehrawat & Gill, 202

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 paraniBterea nt | ovi | et
2016 Kalsoom et al., 202C5oltani et al., 2020 Integrating these sensors into smart
manufacturing systems enables f@e monitoring, data collection, and analysis to
optimise production processes, reduce downtime, and enhance overall productivity.

By utilising sensor data, manufacturers can impempredictive maintenance
strategies, improve quality control, and achieve operational excellence in the Industry

4.0 era.

5.4.2 Radio Frequencyldentification (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
wawves, 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 RF(DSags

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 c@illag-DA, 2018.

RFID can be integrated with 10T applications to increase transparency at individual
product or component levels, resulting in more preciseciitde monitoringMeng et
al., 2016. RFID and loT 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 manufactyreesn & Pham,
2019.

5.4.3 Quick ResponseCodes (QR)

The Quick Response (QR) codes are the advanced version of standard one
dimensional barcodes. Unlike cdenensional barcodes that store only horizontal
data, QR codes can store information in two dimensions, both horizontally and
vertically. Therefore, QRodeshavesignificantly higher information capacity than
barcodes and better fault tolerance. The quick recognition across various devices and
costeffectiveness make QR codes appealing for industrial use due to their efficiency
and affordability(US FDA, 2018.

Dueto the increasing use of smartphones and mobile devices, QR codes have become
an entrance to the loT, 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 tempersenng features
(Ramalho et al., 2039

5.5 Current Practices Regarding CE Amongst Welknown Marine

Engine Manufacturers - OEMs

Many wellknown OEMSs in thenaritimeindustry address circular economy subtopics
in their aftersales services. This thesis has investigated the circular options provided
by some mainstream marine engine manufacturers, such as Wartsila, Caterpillar,

Volvo Penta, MTU, and Cummins. Then it filyamentions thirdparty reconditioners.

5.5.1 Wartsila

Wartsila applies &E 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 afsnetri

to track progres@-aye & Butcher, 2023

wartsi |l 2 @€Bprirfciples algns 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. Wartsila carries out
maintenance and repairgpdies product upgrades and modifications, and reconditions
two- and fourstroke engines, as well as other components, in more than 70 workshops
worldwide (Wartsila, 2022 In addition, Wartsila can carry out the complete
remanufacturing of twstroke marine engines in seven Remanufacturing Centres
worldwide within their 2Stroke Remanufacturing Solutions program(iéartsila,

2012.

The companysayst hey fAbr i ng -outxe@ngoneats backwoothenr full
functionalityo while restoring them to
ensuring full service lif¢Wartsila, 2012 Figure5-3 below illustrates an example of

a restored part by Wartsilalhe 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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HOW IT WORKS

Wormn cylinder covers become as new

Figure 5-3: Wartsila parts remanufacturing exampleartsila, 2012

Wartsila states that the remanufacturing process is essentially carried out on the
customersd engines and components, ensuri
Additionally, they have established an exchange option where they offer specific
remandiactured 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: savirgjsip to 75%,
Remanufacturing piston crown: savingfup to 50%,
Remanufacturing piston rods: savirgfsip to 50%,

Remanufacturing valve spindles: savimgsip to 70%,

= 4 -4 a4 -

Remanufacturing (instant exchange available) injection control units: savings
of up to 50%,
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1 Remanufacturing (instant exchange available) fuel pumps: saginggs to
65%,
1 Remanufacturing (instant exchange available) servo oil pumps: safings
to 50%.
1 Remanufacturing (instant exchange available) pressure control valves: savings
of up to 40%(Wartsila, 2012
Wartsila exchange stock warehouses are located in the Netherlands and Singapore, and
Figure5-4 below depicts their global service network and remanufacturing centres.

REMANUFACTURING

wr ol
- T
* Wirtsili Services Network ) f

CENTRES WORLDWIDE ¢ Remanufacturing Cntre

Figure 5-4: Wartsila service network and remanufacturing cer(iégrtsila, 2012

5.5.2 Caterpillar

Caterpillar describes itSE view as generating a value chain through a circular flow

of material s, energy, and water. I n t hi
resources and maximise the total valuable lifecycle of their products, which will
contribute to minimising ownehip costs for their customers while improving
sustainability and reducing the environmental effect of the prod@asgerpillar,

202]). 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 &fforts
such as Cat Certified Rebuilds, component overhauls at Cat dealers; etc.
remanufaturing is more than rebuildingCaterpillar, 202L. Cat Reman retum
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
prodwcts are not simply refurbished or rebuilt is better than that, thanks ton
destructiveprocessingnmethodsapplied to themafter they are disassembled to their
smallest parts and lose their original iden{Baterpillar, 2022n.d-b). Cat Reman
components provide customers with the same quality, warranty, performance, and

reliability as new Cat products, at a lower c¢Saterpillar, 2022

Souzabs previous study mentioned that Cat
Caterpillar parts distribution networkanging between 40% and 80% of a new
productdos price. Caterpil | abackglamrdeefor ovi d .
unsold inventory, a core deposit fee for remanufactured parts, and a voluntary take

back of surplus used products at a price above thp sahae(Souza, 201y The OEM

strongly believes that their reman products enlarge their customer base by providing a
more economical yet highuality certified product to customers who otherwise would

not be able to afford a Caterpillar product. Therefore, Caterpillar believes that there is

no significant cannibadation of their new product business by remanufactured
alternativedSouza, 201% even though such risk is raised in the literature for OEMs

(Kwak & Kim, 2017 Marques et al., 2031Figure 5-5 below shows Cat Reman

facilities around the world.
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R\ G Cat Reman Facilities

Figure 5-5: Caterpillar Reman Facilitig€Caterpillar, 201R

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 depositrefund, 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.da). Froman environmental aspect, Caterpillar remanufactured more
than two million components annually, which equals 68 million kilogrammes ef end
of-life iron annually(Caterpillar, 2018 According to their latest sustainability report,

of the 147 million pounds of material taken back in 2023, 88% cbé#ite materials

were eligible for remanufacturing, resulting in-8%% less manufacturing energy and
GHG emissions, along with 800% less new materials by weight us@daterpillar,

2024). By reducing waste, lowering greenhouse gas production, and minimising the
need for raw materials, Caterpillar significantly improves its sustainability
(Caterpillar, n.db), while ensuring the circulation of ngenewable resources for

multiple lifetimes

5.5.3 Volvo Penta

Volvo is one of the OEMs that features @Eon their corporate website. Volvo Group

acknowledges the importance of the circular economy and sustainability concepts
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aligning withits corporate values. To achievegh/olvo 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 lan@fillvo 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 econ@vojvo Penta, n.da). Volvo

Penta Reman represents the company's remanufactured part and component options
which provide energy, raw material, and csaling alternatives while maintaining

the quality, performance, and warranty of new prod(\tévo 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 remanufacturimpgyocessninimises thenvironmentalimpact 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 paftlvo Penta, n.dc).

To summarise Volvo Pentads remanufactur
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
condi i on. Cores not fulfilling Volvo Pent a
recycling for raw material§volvo Penta, 2021n.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 g&ias/o Penta, 2021b Ultimately,
remanufactured products and components consistently fulfil the latest technical
specificationsComponents such as diesel engines are carefully tested to verify product

performancavhen they are reassembl@tblvo Penta, 2020a

Volvo Penta underlines that their remanufactured components are technically new.
The remanufactured and new marine engines are assembled in the same assembly line
andundego through the same testing processes. Therefore, the quality is equal to that
of abrandnewengine. They look the same as a new one, are as durable as a new one,
and have the same warranty conditions as a new (viob/o 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.dc). 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 Vdlaas 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 Péateo Penta,
2021h.

5.5.4 mtui Rolls-Royce Power Systems

As described on its corporate websitgu offers remanufacturing services through

t wo main mtoFadti @my : Réima n nducFhctoty iOverhaub a n d
Solutionso. These services aim to restor
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 custormetg

n.d-a).

According to the companyo6s internal cl a:
correspondt o over hauling a customer Osewequi pr
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 aemanufactured product is offered to the customer. The

Reman alternative comes with fixed pricing, less expensive than the new alternative,

and fixed lead time@nty, n.d-a). Overall,mtusuggests that opting for Factory Reman
Solutions can minimise potenti al downti m
equi pment with remanufactured (munds avail
b).

Like several other OEMs in thenaritime industry, mtu is carrying out a
remanufacturing process combined with a core collection strategy. As depicted in their

core collection programme iRigure 5-6, customers submit a predetermined core
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deposit. Subsequentlytu evaluates and accepts the core, issuing a credit based on
the condition of the core componefrsty, 2019 n.d-b).

1 Purchase remanufactured product; pay core deposit

2 Return original core

3 Receive core credit ‘/

Remanufacturing Process
- Disassembly
- Cleaning
5 Remanufactured product Regional MTU - Reconditioning 4 Accepted cores
reman center - Model-relsted updates
and assembly
- Quality check
{including dynamometer test)

Figure 5-6: mtu core exchange programr{ratu, 2019.

The advantagesoittdb s Fact ory Reman and Over haul S
factory quality standards, optimal performance, reduced acquisition and operational
expenses, energy and resource conservation, waste and CO2 emission reduction, and

extension of the lifespan abnrenewable producienty, 2019.

The remanufacturing processnatuinvolves sequential steps, including disassembly
and cleaning, investigation, reworking, reassembly, acceptance testing, and final
preparations.Figure 5-7 below presents some photos framtu remanufacturing
operationgmty, n.d-b).
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Figure 5-7: mtu remanufacturing proce¢situ, n.d-b).

5.5.5 Cummins

Cummi ns considers remanufacturing proce
differentiators and key sustainability practices worldwide, and the company has been
investing in advanced manufacturing technology to maximise its remanufacturing
efficiency. Additicnally, new Cummins engines are built with remanufacturing in

mind, knowing that up to 85% of an engine can be remanufagi@tedmins, 202)L

The company offers a more affordable and fighal i ty option (call
ReCono) to its customers by integrating

businesse@Cummins, n.da).

Figure 5-8 below represents a simplified version of Cummins's cldsep 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 sed or remanufactured produ¢®ouza, 20183
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Figure 5-8: Closedloop supply chain of Cummins (simplified), frof8ouza, 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 neealadithen assembled, tested, and

guaranteed likemew performance, reliability, and quality at an advantageous price

(Cummins, n.db).

Cummins reports that 85% less energy is required to produce a reman esnighe

avoids producing 400 million pounds of greenhouse gases and reclaims 70 million

pounds of materiaMoreover6 7 %

of

t he

company 68 sucho mmon

as turbochargers, fuel systems, pumpsgeace reman componer(S8ummins, 202)L

5.5.6 Third -party Engine Reconditioners

Many norOEM companies focus on reconditioning marine engines and other

components in the industry. They provide independent repair senwsteslyserving

multiple OEM brands and cooperating with shipowners, shipyards, and consultants.

Although third parties lack OENevel capability and capacity, most of them can carry

out reconditioning operations at various levels. Some companies may salvage reusable

parts and supplseplacementaseeded to recover the engine from used or sebhand
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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.db). As an engine reconditioning example, Goltens restored aofend

use 2400 KW marine auxiliary diesel engine after a catastrophic failure. The company
salvaged the crankshaft and found used engine blocks on the $eswhdnarket.

Then, after machining opations and restorative treatments, the company overhauled
the engine successfulli§Goltens, n.da). 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 thireparty businesses can contribute to a circular economy by
salvaging and reconditioning components rather than discarding them. This process
not only extends the lifef 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 orgaations in a more centradid structure. There are
dealers who have improved their capabilities and capacities by collaborating with
OEMs andmaking 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-lileav condition rather than

exchangng components.

As mentioned in SectioA.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 estaled 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 iffable5-1 as follows(Okumus et al., 2023c

Table 5-1: Marine engine remanufacturing phag@&umus et al., 2023¢c

Phase |

1. Disassembling the engine completely,
2.  Cleaning: rust and paint removed from all parts,
Phase Il

3. Inspecting, measuring, and evaluating all parts against factory toleranc
wear limits,

4. Crack testing for necessary parts,

5. Identifying modernization requirements (if any),

6. Documentation of results and findings,

Phase Il

7. Reworking and machining parts and components to achieve -heam
tolerance requirements,

8. Initiating the reassembly process by incorporating both remanufacture
new parts

9. Incorporating any product updates or upgrades using the mésidape tools
and standards

Phase IV

10. Testing the engine by replicating the rough field conditions

11. Documentation of engine performance during tests, evaluation,
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 €erves 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. Thessimmaryprovides a cleaoverview ofremanufacturing
processesyet it must balemonstrated fgoracticalmarineapplications in realorld

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 kegkeed marine engine. The case study

offers an indepth look into the specific steps taken during the restoration process, as
well as tle 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 higépeed passenger ferry operating in the AegeanT®ea
engine was built in 2009 with 2300 RPM ar
speed is 30.9 knots, and two higbpeed diesel main engines generate the propulsion
power . The fl eet manager of the vessel 0:¢
rebuilding at around 9500 machine hours after their last overhauls to the authorised
dealer of te engine manufacturer in the regidine dealer possesses the capacity and
expertise to refurbish mediusized marine engine&igure 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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Figure59:Engi nebés arrival at the dealerds equi pme

In the preparation step, the dealer has conducteslit®rcontrols and engine fluid
analysis before removing the engine from the vessel. After remanufacturing approval
was granted by the shipowner company, the remanufacturing phases giarian
5-1were 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 remoyédhis stagefFigure5-10illustrates 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 meuhanis

oil pump, water pumps, gear bearings, and so on) were inspected and evalliated.
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 irigure5-11 and Figure 5-12 below. For different parts, the

tolerance limits in measurements ranged from 0 to 0.15 mm, equating to a precision
levelofa 0. 36. At the same time, the dealer c
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

photographeand recorded.

Figure 5-12. Camshaft curvature and gears were checked, all lobs were inspected and measured

This particular engineds cylinder I|liners
Therefore, in Phase lll, the dealer carried out several restorative operations to reuse
valuable parts such as the engine blocks and crankshaft. Other worn or fasity par
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 braetv tolerance limits.

In Phase lll, 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 display&tbure5-13. However, some other parts were
restorable with only the manufactureros

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 deal &mprgssuregngi ne
temperatures, and engine perform@&eesre monitored during the test, and leakage

tests werearried outFigure5-14 below shows the dealer's engine test facility control
room. With the participation of the cust
machine was recorded during the testge performance results closely matched those
of a newly manufactured engin&s shown inTable5-2, the reman engingerforms

on par with its newly manufactured alternative.
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Figure 5-14: Engine test facility control room.

Table5-22The remanufactured enginebs performance compari s

Test Element Unit Difference
Full Load Power HP -0.1%
Engine Speed RPM 0.0%
Constant Speed Fuel Consumption @ Fu  g/kWh 0.6%
Load
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 enginebés reinstallation, recommi s:

Considering test results and the overall remanufacturing process, the manufacturer
allowed a fiveyear, 8,00€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 coveragedrigure 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 theCaseStudy

This case study forms an excellent example of-arde marine engine and
component remanufacturing solutions. Thanks to the combined efforts of local
dealerships and global OEMs, the customer could be provided with-rzalde

reconditioning service amdinimum 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. Firgy, the customerds high awareness
significant role in this case, thanks to the dealer's intensive efforts and strong OEM
support. Therefore, increasing customer awarefegssmoother product acquisition

at the EoL is fundamental. Moreover, due to the collaboration between the OEM and

the dealer, theemanufacturing process took place at the dealer's facility, leading to a

substantial reduction in transportation costs and core part lead time. Additionally, the
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