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Abstract: The shipping industry is the cornerstone that facilitates the movement of approximately
90% of international commercial goods. However, environmental challenges, particularly in the
ship recycling (SR) industry, have become increasingly evident. Via closed-loop production patterns
within an economic system, a circular economy aims to improve resource-use efficiency by focus-
ing on urban and industrial waste to achieve better balance and harmony between the economy,
environment, and society. A key element in this process is a well-executed disassembly that enables
reuse, remanufacturing, high-value recycling, and implementing other circular strategies. Based on
a systematic literature review, this paper delineates the SR process, identifies influential scholarly
works on recycling end-of-life ships, discusses factors affecting shipowners’ decision to recycle, and
opportunities for sustainability and circularity in SR processes. The results confirm the increasing
need for green SR to reduce shipbreaking waste. Also discussed is how greening SR could be inte-
grated into sustainable development goals under proper environmental and safety regulations and
an aligned cultural mindset for stakeholders.

Keywords: ship recycling; sustainable development goals; circular economy; reverse logistics;
sustainable supply chain; review

1. Background

Approximately 90-95% of the world’s commercial goods are transported by sea due
to cost efficiency, making shipping an essential link in the global logistical chain and a
minimal part of a product’s cost. However, this industry also poses environmental and
economic challenges. Without an effective system for recycling or reusing materials from
end-of-life (EoL) ships, valuable resources like steel, machines, and furnishings remain
unused, impacting the economy negatively [1]. In waste management, recycling EoL ships
containing recyclable components such as steel, copper, titanium alloys, and electronics has
recently gained research attention [2]. A ship’s lifecycle includes three phases: asset creation
through design and building, maintenance during shipping operations, and dismantling at
EoL [3]. When a ship reaches its EoL, it undergoes various disposal methods, including
scrapping, abandonment, and recycling.

With an aim toward zero-waste in processes, effective ship recycling (SR) supports the
United Nations Sustainable Development Goal (SDG) #12 directly in ensuring “sustainable
consumption and production”. The SR industry serves as a crucial link in the lifecycle
of ships, allowing for the recovery of valuable materials such as steel and providing
employment opportunities in numerous coastal regions worldwide. However, conventional

Sustainability 2024, 16, 7407. https:/ /doi.org/10.3390/su16177407

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su16177407
https://doi.org/10.3390/su16177407
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0009-0008-7482-8990
https://orcid.org/0000-0002-8495-3364
https://orcid.org/0000-0003-3084-6288
https://doi.org/10.3390/su16177407
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su16177407?type=check_update&version=1

Sustainability 2024, 16, 7407

2 0f 23

SR practices often result in adverse environmental impacts, including releasing hazardous
substances, soil and water pollution, and destroying fragile ecosystems. Moreover, the
working conditions in many shipbreaking yards have been a cause for concern, with
reports of labor rights violations and occupational health and safety hazards. Consequently,
stakeholders have a growing consensus that green ship recycling (GSR), in which the
negative environmental impact of ship recycling is minimized by design and execution
(c.f. [4]), should be commonplace and must transition to a more sustainable and circular
approach. To that end, one needs to explore the stages of SR processes.

Mannan et al. [5] identified four commercially practiced shipbreaking methods: beach-
ing, alongside/afloat, slipways, and dry docking. Other methods, like artificial reefing
and ship museums, are less conventional. Traditionally, shipbreaking has been crucial in
financing the industrial revolution. During World War II, nations like the US, the UK, and
Germany built the “obsolete fleet”, leading to the rise of the “Obsolete Vessel Scrapping”
industry. Initially concentrated in developed nations, ship demolition shifted in the 1950s
to Mediterranean coasts and then to emerging countries and areas like Spain, Tiirkiye, and
Taiwan in the 1970s, driven by low-cost labor and a thriving steel industry. Since the 1980s,
to maximize profits, ship owners have been sending EoL ships to ship-breaking yards in
India, Pakistan, Bangladesh, the Philippines, and Vietnam despite lower health, safety, and
environmental (HSE) standards in these countries [3].

SR refers to the disassembly of ships to extract and recover materials for reuse, partic-
ularly steel [6]. The SR industry has become vital when ship owners encounter reduced
revenue at the EoL of a vessel. Figure 1 illustrates the distribution of ships slated for
recycling across various global regions. Countries and regions are denoted on the world
map, and each is marked by a circle representing the number of ships. The degree of color is
directly proportional to the number of ships in that region. The map underscores significant
SR activities in South Asia, particularly India and Bangladesh. These two nations alone
account for a combined total of 249 ships, significantly outweighing the number in other
regions. This observation aligns with the established understanding that SR has shifted
towards developing nations due to economic considerations and less stringent regulatory
environments.

Figure 1. Shipbreaking records in 2022 (based on data in [7]).

According to records from the NGO Shipbreaking Platform [7], 443 EoL ships were sold
to scrap yards in 2022 (Figure 1). Of these, 292 large tankers, bulkers, offshore platforms,
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and cargo and cruise ships broke down on the beaches of Bangladesh, India, and Pakistan,
accounting for over 80% of global gross tonnage dismantled. Despite the European Union
possessing a significant number of ship demolition yards, only a relatively small proportion
of the ships sent for scraping make their way to the coasts of Europe [3]. An extensive
analysis of more than 22,500 business records of ships scrapped between 2000 and 2019
revealed that 22,547 were dismantled globally, resulting in about 358 million gross tons of
scraps [8].

Ship owners recycle their vessels in South Asian shipbreaking nations, mainly devel-
oped countries (Figure 2). It is attractive to ship owners because they benefit from low labor
costs and loose health, safety, and environmental regulations. Scrap resources also supply
the construction industry [9]. These locations possess favorable geographic, economic, and
labor conditions, attracting shipowners seeking cost-effective dismantling services. How-
ever, the environmental and social challenges associated with shipbreaking practices have
led to increased scrutiny and efforts toward achieving sustainable SR. Figure 2 displays
the number of dismantled ships and their average age. During the last seven years, the
number of dismantled ships has decreased, while the average age of the ships increased
from 26 to 34 years.
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Figure 2. Worldwide ship dismantling activity from 2005 to 2022 (based on data in [7]).

SR costs are relatively higher in the European Union and the USA than in South
Asia because of the strict environmental and occupational safety and health regulations.
Thus, ship-recycling facilities in the EU and USA are not economically sustainable. The
shipping industry relies on developing countries to disassemble decommissioned vessels
via recycling. Consequently, the SR industry avoids the burden of complying with the
high-cost standards in developed countries to manage the hazardous waste involved in
decommissioning [1]. Figure 3 shows the number of ships recycled between 2016 and 2022.
Although most ships are owned and operated by high-income economies, such as the EU,
the United States, South Korea, and Japan, a significant portion (about 80%) is dismantled
in just three countries: Bangladesh (32%), India (28%), and Pakistan (19%).
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Figure 3. Comparison of ship dismantling in different countries (based on data in [7]).

The widely criticized beaching method strands ships along the coast, where they are
disassembled into smaller sections by unskilled workers with minimal protection. This
practice often exposes delicate coastal zone environments to hazardous materials released
during dismantling [8]. There was a visible decline in the total number of ships dismantled
after 2018, indicating either a decrease in EoL ships or an increase in regulations and
environmental concerns that could limit shipbreaking activities. Notably, the EU has made
the least contribution, reflecting stricter environmental regulations and more advanced SR
facilities. The fluctuations in numbers for India and Pakistan suggest varying economic or
regulatory factors that influence their shipbreaking industries annually.

As evidenced by our earlier discussion, green SR (GSR) has paramount implications
for sustainability. This paper aims to understand the current state of GSR practices from
the existing literature, identify pathways for future research venues, and discuss how GSR
can support sustainable development and a circular economy.

This paper is organized as follows: Having contextualized this research in Section 1,
Section 2 provides a systematic literature review on select keywords and identifies influ-
ential scholarly works. Then, Section 3 gives an overview of current SR methods and
delineates related managerial decision factors. Section 4 studies how circular economy
and SR could be related. Moreover, Section 5 offers a detailed discussion of the need to
transition GSR from a linear approach to one that better fits a circular economy and how
that supports sustainable development. Finally, Section 6 concludes.

2. Research Methodology

This section outlines the research methodology employed to investigate the circular
economy model of the ship-recycling industry. This study aims to provide a future overview
of the SR industry and assess the implementation and effectiveness of CE principles in
SR processes, considering economic, environmental, and social aspects. To answer these
research questions, an extensive review of scientific studies encompassed the academic
literature and industrial reports on SR. The first phase in writing the literature review
chapter involved a systematic search to retrieve published studies on SR activities and
circular economy models. This study followed the systematic literature review (SLR) tech-
nique, which employs a methodical, transparent, and replicable methodology to identify
and assess significant contributions relevant to a specific research topic [10]. Based on the
study by Maestrini et al. [11], SLR includes four phases: (i) source identification, (ii) source
selection, (iii) source evaluation, and (iv) data analysis, as illustrated in Figure 4.
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Figure 4. Literature search and evaluation process.

Two databases were used during the source identification step: SCOPUS and Google
Scholar. These two databases were selected to ensure a comprehensive and authoritative
collection of sources. SCOPUS, a peer-reviewed abstract and citation database, provides
access to high-quality academic literature and advanced search tools (c.f. [12]). By contrast,
Google Scholar broadened the scope of research with its inclusive and easily accessible
range of scholarly materials, including articles, theses, and conference papers, some of
which may not be indexed by other databases. By leveraging the credibility and precision
of Scopus along with the accessibility and breadth of Google Scholar, we aimed to establish
a well-rounded and robust foundation for literature review. A meticulous selection of
keywords was performed to increase the number of articles considered in the analysis.
The following keyword string was used: (Green OR Sustainable OR Circular Economy
OR Reverse Logistics OR Closed Loop Supply Chain Network OR Sustainable Supply
Chain) AND (Ship OR Vessel OR EoL Ship OR EoL Vessel) AND (Breaking OR Scraping
OR Recycling OR Dismantling).

A manual cross-checking process was carried out, and Mendeley bibliographic citation
software (Mendeley Cite v1.63.0) was utilized with the “sort by title” method to identify
and remove duplicate results. The screening was performed based on the abstracts of the
articles. The number of records has decreased from 145 to 95. The following criteria were
used to evaluate the remaining records as inclusion criteria:

e  Studies specifically addressing shipyard improvements in SR.
e  Studies developing potential sustainable methodologies and CE actions for SR.
e  Studies contributing to the CE in other industries, such as automotive and aviation.

The data analysis phase aimed to highlight key activities and summarize relevant
findings. Various tools, methods, approaches, opinions, and strategies related to SR are
examined and surveyed to address this research question comprehensively. Figure 5 illus-
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trates the trends in published articles based on specific keyword combinations from 2003 to
2022. The articles focused on various aspects of SR and its intersection with sustainability.
The depicted keyword combinations include themes related to circular economy, reverse
logistics, closed-loop supply chain networks, and sustainable supply chains. Each keyword
combination was distinctly represented through color-coded bars corresponding to the
number of publications in different time brackets. A notable observation is an escalating
interest in articles that align with the keyword “Ship Dismantling OR SR AND Circular
Economy.” Within the 2019-2022 range, there was a surge of 15,100 articles underscoring
the growing emphasis on integrating circular economy principles with SR.

15,100

3730
2170
. 726
84236 1 52 289 4%, 197 '
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Years Range
Figure 5. Keyword trend analysis (anywhere in the article), between 2003 and 2022.

Conversely, publications encompassing the “End of Life Ship OR SR AND Sustainable
Supply Chain” keyword demonstrate consistent traction, especially from 2015 onwards.
This steady interest implies continued exploration of sustainable supply chain practices in
SR. However, as reflected by their respective keyword combinations, reverse logistics and
closed-loop supply chain networks have witnessed varied publication numbers across the
years, hinting at fluctuating academic attention to these specific intersections. The graph
aims to track and compare the scholarly interest and attention given to the intersection of
SR and various sustainability concepts over the last two decades. This is significant given
the rampant need for sustainable practices in industries like SR.

Even after commercial use, ships continue to be potential marine and coastal pollution
sources. ‘SR’, as an industry, is also known as ‘ship breaking’ or ‘ship dismantling’ [13].
The SR industry is pivotal in global trade and the maritime sector, contributing significantly
to economic growth. However, this industry has long been associated with environmental
and social challenges, leading to an urgent need for sustainable practices [14]. Disman-
tling an old and non-functional ship to recover and recycle its constituent materials can
provide opportunities to reuse recyclable materials [15]. From this standpoint, it represents
a cost-effective and environmentally friendly approach for shipowners and developing
economies [16]. However, HSE issues during ship dismantling can lead to environmental
and ecosystem pollution and potential worker injuries [17]. Recently, companies have
implemented sustainable supply chain management practices to reduce negative environ-
mental and social impacts within their supply chains. During this period, supply chain
literature developed a circular approach to achieve these goals [18].
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Properly managing EoL ships is a critical issue affecting various stakeholders such
as governments, producers, treatment facilities, and users. Implementing regulations and
new laws has become even more important from both the environmental and economic per-
spectives.

Two decades ago, the management of EoL ships was in its early stages; however, it
evolved into a well-established and expanding research field. Table 1 summarizes 56 articles
related to EoL ships published over the past two decades. Properly managing EoL ships is
a critical issue affecting various stakeholders, such as governments, producers, treatment
facilities, and users. Implementing regulations and new laws has become even more im-
portant from both the environmental and economic perspectives. It compares the papers
based on three main categories: the solution approach, sustainability dimensions, and
study area. Table 1 elucidates the diverse array of methodological approaches employed
in the literature, ranging from material flow analysis (MFA) to life cycle analysis (LCA),
illustrating the breadth of the research techniques deployed to evaluate sustainability in
the context of EoL ships. In the initial decade of the study, the scholarly focus was pre-
dominantly on waste management practices, subsequently shifting towards incorporating
risk analysis methods. The consistent emphasis on managing hazardous materials across
the corpus of research underscores the need to address the safe and responsible handling
of toxic substances inherent in EoL vessels. In addition, despite the hazardous nature of
ship dismantling, relatively few studies have focused on worker safety during the first
decade; however, attention has increased in the second decade. Furthermore, economic
considerations are regularly examined, reflecting the significant costs entailed in SR and
broader economic ramifications for the maritime sector.

Table 1. Summary of publications on the EoL ships (MFA: material flow analysis, LCA: life cycle
analysis, BWM: best-worst method, CEM: circular economy modeling, RiA: risk analysis, DsM:
design modeling, WaM: waste management, ENV: environment, ECN: economy, SOC: society, PLL:
policies and laws, WSF: workers’ safety, DMM: dismantling method, HAZ: hazardous materials).

Paper

Sustainability
Aspects
ENV ECN SOC

Solution Approaches
MFA LCA BWM CEM RiA DsM WaM

Study Area
WSF DMM HAZ|

PLL

Tewari et al., 2001 [19]

v v

Srinivasa et al., 2003 [20]

Basha et al., 2007 [21]

Florent, 2008 [22]

Sonak et al., 2008 [23]

Moen, 2008 [24]

SNENENENEN
ANENERENENEN

Knapp et al., 2008 [25]

Chang et al., 2010 [1]

<\

Carvalho et al., 2011 [26]

SNENERENENERENENEN

Khan et al., 2012 [27]

Hougee, 2013 [28]

Sivaprasad and Kumar, 2013 [14]

NEIENENEIEN

Muhibbullah et al., 2014 [29]

Alam and Faruque, 2014 [30]

Cairns, 2014 [31]

Kurt, 2015 [32]

NENERENEREN

Hiremath et al., 2015 [33]

Rahman and Mayer, 2015 [34]

Nost et al., 2015 [35]

Frey, 2015 [36]

Jain et al., 2016 [37]

Yilmaz et al., 2016 [38]

Hossain et al., 2016 [39]

SR EN B AN ENEREN

Hiremath et al., 2016 [40]

ENENENENEREN B EN B ENENENENENENENEN

NENESERENEN
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Table 1. Cont.

Paper

Sustainability
Aspects
ENV ECN SOC| PLL

Solution Approaches
LCA BWM CEM RiA DsM WaM

Study Area
WSF DMM HAZ

MFA

Argtiello Moncayo, 2016 [41]

v v v

Rahman et al., 2016 [42]

v v v

Jansson, 2016 [43]
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Devault et al., 2017 [45]

(\
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Ignacio Alcaide et al., 2017 [46]

Sujauddin et al., 2017 [47]
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Schoyen et al., 2017 [17]
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Gilbert et al., 2017 [48]

Jain et al., 2017 [49]

Barua et al., 2018 [50]

Du et al., 2018 [51]

INENEN

Gunbeyaz et al., 2019 [52]

Ocampo and Pereira, 2019 [53]

Misra, 2019 [54]

Ozturkoglu et al., 2019 [15]

Rizvi et al., 2020 [55]

NI ENENEIENENEN

NENERENEREN
\

Singh et al., 2020 [56]

Hsuan and Parisi, 2020 [6]

Rahman and Kim, 2020 [9]

Gunbeyaz et al., 2020 [57]

Devaux and Nicolai, 2020 [58]

<\
ANENERENEREN

Steuer et al., 2021 [2]

Onal et al., 2021 [59]
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Rahman et al., 2021 [60]

Zhou, Liang, et al., 2021 [4]

Zhou, Du, et al., 2021 [61]

Soner et al., 2022 [62]

SNEN

Tanha et al., 2022 [63]

Gunbeyaz et al., 2023 [64]

Tola et al., 2023 [3]

AN ERENENEN B ENENEN AN ENENENENENEN I ENERENENENENEN
\
(\

v

<

3. Methods and Decision Factors for Ship Recycling

Ship-recycling procedures (displayed in Figure 6) are essential for the safe, efficient,
and environmentally responsible dismantling of EoL ships (i.e., shipbreaking). As the
global fleet ages, these procedures address economic, environmental, and social challenges.
The dismantling process starts with the superstructure, using a top-down approach and
cutting along welding lines while avoiding risks to oil tanks. Inspections for flammable
items in engine rooms precede the disassembly, including draining fluids and dismantling
connection pipes and equipment. Reusable equipment is carefully dismantled, and gas-
free examinations are conducted before fire-cutting processes. The dismantling strategy
progresses from easier to more challenging tasks, maintaining ship balance, recycling
efficiency, and access pathways. Engine room dismantling occurs simultaneously on both
sides to avoid imbalance [29,62,65].

Hull cutting begins from both forward and aft sections, prioritizing transverse com-
ponents before longitudinal ones to maintain balance and prevent structural failures. The
hull is divided into blocks for ashore transportation, with safety measures in place, espe-
cially when cutting cabins, to prevent lead poisoning. The final phase involves cutting the
bottom section, maintaining buoyancy and strength, and cleaning to remove sludge and
debris. The adherence to international and national regulations, comprehensive hazardous
material assessments, and best practices throughout the SR lifecycle is crucial. This ensures
worker safety, environmental protection, and sustainable practices in the industry. The
various methods of SR, including beaching, landing, alongside breaking, and dry docks, are
significant in determining the process’s efficiency, safety, and environmental impact [51,57].
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3.1. Shipbreaking Methods

Many existing studies on shipbreaking methods have primarily focused on commer-
cially viable approaches, particularly the beaching method. It is the most prevalent SR
technique and is performed during high tide by bringing the ship at full speed to the beach.
Approximately 66% of the world’s EoL ships are dismantled using this substandard SR
method [49]. In addition to this, labor exploitation and human rights issues may surface.
On average, the labor cost of beaching is 11 USD per ton of ship recycled, which can be
as low as 6 USD in Bangladesh [6]. Once beached, the ship is gradually dismantled using
manual labor and basic cutting equipment. It is cost-effective and labor-intensive; however,
it poses significant environmental and safety concerns owing to the lack of infrastructure
and appropriate waste management systems. Owing to their significant tidal range and
extensive mudflats, the SR yards in Chittagong, Bangladesh; Alang, India; and Gadani,
Pakistan, mainly use this technique [67]. India has the world’s largest ship-recycling yard
located in Alang. This yard accounts for 47% of all EoL ships recycled worldwide and
employs nearly 60,000 people [56]. When dismantling ships on tidal mudflats, a potential
concern is that any oil or remaining cargo spill may be carried away by the next tide, which
poses a significant challenge. However, this can be mitigated by implementing appropriate
measures and adhering to appropriate procedures.

Another method with a higher environmental impact and worker safety is the landing
method, also known as the ‘slipway method’, which is commonly used in Tiirkiye because
it has a low tidal difference. About 4% of the world’s recycling capacity uses it [49]. In
contrast to the beaching method, ships are pushed towards and pulled up onto a concrete
shipway, facilitating the containment of spills and the subsequent clean-up processes. No
steel plates, blocks, or other equipment are cut down to the waterline, and at least a portion
of the ship remains on dry land with a concrete sloping (slip) [28]. Usually, a mobile crane
working from the shore removes the hull and machinery pieces from a ship. The low tidal
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difference and improved access to the hull and working area may offer advantages for
safe and environmentally sound operations compared to the beaching method. Safety and
environmental concerns arise from using slipways, as they angle the ship, they may impose
impracticable working conditions, and there is no full containment.

Similarly, in terms of environmental protection, but safer for workers, is the practice
of alongside method, which constitutes the most practiced method in the USA, the EU, and
China. It is also known as ‘quayside’ or ‘pier side’ (see [28]). Thus, ships are docked along
a quay to disassemble them by using machines on the land. The ship is systematically
dismantled using cranes and a choice of automated cutting equipment such as mechanical
shears or gas cutting torches. The process follows a “top-down” approach, where the
superstructure and upper sections are initially removed, followed by progression through
the ship towards the engine room until only the double bottom remains. This method
ensures a planned and structured dismantling process. In the final step, the remaining body
is lifted out of the water to dismantle land or floating dry docks. The fluid leakage flowing
into the water can be contained (via oil booms) and subsequently removed. Finally, using
dry and floating docks constitutes the cleanest and safest means of SR; the probability of
polluting the adjacent environment is relatively low, and the danger of working accidents
is significantly reduced.

Finally, the most popular method in the EU is called the dry dock method in which ships
are disassembled in a dry dock, floating dock, or slipway with a locked gate and waterproof
floor structure. The dock area is equipped with cranes and additional arrangements as per
the established SR facility plan. To ensure stability, the ships were supported by blocks and
positioned on the floor per a predetermined docking plan. This is the safest and cleanest
way of recycling a vessel because the chance of polluting the surrounding water by accident
is almost zero, as everything is contained within the dock. The dock was cleaned before
flooding to disassemble the next ship and avoid contaminant accumulation. The only
negative aspect of this method is that it is expensive to recycle a vessel, which makes it
difficult to use. According to the latest list of ship dismantling facilities published by EUR-
LEX [68], Denmark, France, Italy, Latvia, the UK, Norway, Finland, and the Netherlands
are countries that use the drydock method.

Figure 7 emphasizes that no single recycling method is perfect across all the metrics.
While some methods prioritize safety or cost-effectiveness, they might compromise yard
cleanliness or environmental impact, and vice versa. The industry’s challenge lies in opti-
mizing these methods or innovating new ones to enhance both safety and environmental
friendliness while remaining economically viable.
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Items e “Slipway” “Pier Side” D7 LD S
Facility India, Pakistan, g EU, USA, and
Location and Bangladesh Tiirkiye China UKand EU
. Cargo & Oil Container & Passenger &
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o @ 88 G868 8888
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Figure 7. SR methods summary.
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Beaching, prevalent in South Asia, offers the lowest cost but at the expense of worker
safety, cleanliness, and environmental impact due to its reliance on manual labor in un-
controlled settings. Landing (slipway) slightly improves safety and cleanliness but still
presents challenges in pollution control. The alongside (pier side) method, used in more
regulated regions, further enhances safety and environmental standards, though with in-
creased costs. Dry dock recycling, the most controlled and advanced method, provides the
highest safety, cleanliness, and pollution control, but it is also the most expensive due to the
infrastructure and technology required. This spectrum highlights the trade-offs between
cost and operational standards in ship recycling, which are proxied with gradations for
each factor (safety, cost, yard cleanliness, and pollution), as shown in Figure 7.

The impact of ship recycling on environmental pollution is significant, primarily due
to the release of hazardous materials and pollutants during dismantling. Ships contain
toxic substances, such as asbestos, heavy metals, and oil residues [51]. When recycling
occurs in less controlled environments, such as in beaching yards, these substances are
often released directly into the surrounding soil, water, and air, leading to severe environ-
mental degradation [33]. This pollution can contaminate marine ecosystems, harm local
biodiversity, and pose long-term health risks to nearby communities. In contrast, more
controlled recycling methods like dry docks are designed to contain and manage these
pollutants effectively, minimizing environmental impact [67]. Hence, the less regulated and
controlled the recycling method, the higher the level of environmental pollution, choosing
the recycling method as a critical factor in mitigating ecological harm.

3.2. Economic Decision Factors in Ship Recycling

Ship owners and stakeholders in the maritime industry face complex decisions re-
garding vessel recycling. This section explains the key factors that influence SR decisions.
Understanding these factors is crucial for effective decision-making and promoting sus-
tainable practices in the SR industry. Figure 8 shows common factors in ship owners’
decisions to recycle a ship or not. These factors (current earnings, ship’s obsolescence,
scrap price, and future market expectations) control the demand and supply dynamics of
vessel recycling and freight markets because most ships taken out of the freight market are
supplied to the SR market.

Scrap Price Current Earnings

The low earnings, either due to high
operating costs or low freight rates, cause a
decline in the profitability of running a vessel

It doesn’t play a vital role in the
shipowner’s decision. A ship recycling yard
that offers a high price for an EoL ship is

always attractive to shipowners. 01
Ship Recycling
04 Decision Factors 02
Future Market 03 Ship’s Obsolescence

Expectatlons +  Physical obsolescence due to aging is a
The expectations of higher freight rates in natural process that occurs gradually.
future might affect the shipowner’s » Technical obsolescence is no longer
decision. profitable to remain in service due to
increased competitiveness by a more
efficient ship type.
Regulatory obsolescence due to a
violation of the regulatory requirements.

Figure 8. Four main economic-decision factors in ship recycling.

In addition to the clear indicators of low earnings, the market may also be depressed.
Consequently, ship owners rely on two crucial factors—current earnings and future market
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expectations—to determine whether or not to keep a ship active in the shipping indus-
try [61]. Low earnings caused by high operational expenses or low freight rates lead to a
decline in the profitability of vessel operations. This necessitates ship owners to implement
specific cost-saving measures, such as slow steaming, temporarily laying up ships, and con-
verting vessels for alternative trades. Once all cost-cutting measures have been exhausted,
ship owners are faced with two primary options: first, to continue operating in the market
despite incurring losses, with the hope that freight rates will improve soon, and, second, to
sell the ship either in the circularity market for continued trading under a different owner
or in the SR market for dismantling and recycling.

Ship obsolescence, controlled by physical, technical, and regulatory factors, leads to
varying dismantling ages (see Figure 9). Ships are typically scrapped around 25-30 years
old [49]. Recent data show fluctuating dismantling ages for different ship types, influenced
by market demand, technological advancements, and regulatory changes. Due to their
large initial investments and operational longevity, oil tankers and bulk carriers often have
higher average dismantling ages. In contrast, container and passenger ships see more
variable dismantling ages, likely due to rapid technological updates and shifting market
demands. Physical obsolescence naturally occurs as a ship ages, with increased wear and
tear leading to higher maintenance and repair costs, especially during the fourth and fifth
surveys [61]. These surveys, conducted every five years to renew class certificates, involve
expensive out-of-water inspections to check the ship’s structural integrity and compliance
with class rules. The increasing costs of docking and maintenance often make older ships
uneconomical. Technical obsolescence happens when a ship, despite being in good physical
condition, becomes unprofitable due to newer, more efficient vessels entering the market.
Regulatory obsolescence involves scrapping ships to comply with regulations, such as
environmental standards, to prevent disasters like oil spills [1,16]. Each factor plays a role
in determining when a ship is deemed obsolete and sent for recycling.

& *

=@— il Tankers —&=Bulk Carriers General Cargo Container Ships
== Chemical Tankers =@=QOffshore == Passenger Ships ==#==0ther
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Year
Figure 9. The average dismantling age for various types of ships (based on data in [7]).

Scrap prices do not play a vital role in the ship owner’s decision on when to scrap a
ship as much as deciding where to scrap a vessel. A ship operating unprofitably, with no
expectation of being profitable shortly, will likely end up in an SR yard for scrapping, even
at a low scrap price. Nevertheless, the decision to scrap a ship can be slightly delayed if
an increase in scrap prices is anticipated in the short term. An SR yard that offers a high
price to an EoL ship is always attractive to shipowners. Figure 10 shows the demolition
price (USD) per light displacement tonnage (LDT) relative to the number of dismantled
tanker ships in the Indian market. When the number of dismantled ships increased, the
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price increased, as is clearly shown during the two periods, from June 2016 to May 2018
and June 2020 to November 2021. As shown in Figure 10, the demolition price experienced
fluctuations over the years, with a noticeable downward trend between mid-2018 and early
2020 and a subsequent sharp increase, peaking around the end of 2020.
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Figure 10. Tanker ship demolition price vs. scrapped ships in the Indian market (based on data
in [69]).

The determination of the offer price for EoL ships is influenced by the fundamental
economic concepts of supply and demand on a global scale. Within the ship demolition
market, shipowner decisions regarding vessel scrapping shape the supply of obsolete ships.
However, a broader economic perspective reveals that the pricing of EoL vessels is anchored
in the principles of demand and supply. The inflow of obsolete ships earmarked for
scrapping forms the supply, whereas the demand is steered by the steelmaking industry’s
appetite for scrap steel. Local factors significantly influenced the offer prices of EoL ships.
These factors include adherence to health, safety, and environmental standards in SR
yards; the intended use of scrap steel (melting or re-rolling); market demand for other
recyclable items such as non-ferrous scrap, used machinery, and furniture; labor wages;
costs associated with waste disposal; taxes; and the chosen method of recycling (beaching,
slipway, alongside, drydock). Additionally, several other factors affect the offer price, such
as the distance between the ship’s last port of call and the recycling yard, contractual terms
and conditions such as “on delivery” and “as-is, where-is”, the complexity of the hull
configuration, the ship’s compatibility with the recycling yard in terms of size and draft
restrictions, and the presence of remaining items on board, including bunkers, waste oil,
and spare parts.

Ship owners may rationalize their choice to continue operating an unprofitable vessel
during an economic downturn by anticipating higher freight rates in the future. The
potential for substantial earnings justifies this decision during a period of booming freight
rates, which can offset losses incurred during a market downturn (Jain et al., 2016) [37].
However, if a ship owner foresees a prolonged period of lower freight rates, they may
be compelled to sell their ship. The decision to opt for the recycling market rather than
the circularity market is based on the ship’s selling potential and value in the circularity
market. When the scrap value exceeds the market value or when there is a lack of buyers
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in the circularity market, the ship will likely be sold in the recycling market (Zhou et al.,
2021) [61].

4. Circular Economy and Ship Recycling

Worldwide attention to CE has recently grown to overcome the current production
and consumption model based on continuous growth and increased resource throughput.
Three fields form the creation of a CE: ecological economics, environmental economics, and
industrial ecology [70,71]. CE successfully combined several hypothetical areas to develop
an alternative growth model for decoupling. For example, CE acknowledges entropic
limits, indefinite metal recyclability, and the restoration of ecological provision/services to
economic systems. From environmental economics, CE takes a holistic idea from industrial
ecology, system thinking, organizational learning, and human resources development.
From industrial ecology, CE draws from understanding material and energy flows between
industry and the environment.

The research on circular economy (CE) is expanding [72] from the automotive indus-
try [73] to textile and clothing [74] to novel food production [75], and the CE principles
in ship dismantling are gaining wider recognition, but significant gaps remain. Firstly,
there is a scarcity of studies on the practical implementation and effectiveness of CE in
real-world ship-dismantling operations. The lack of in-depth research on the challenges
and opportunities for adopting CE principles has hindered the development of robust
strategies for sustainable ship dismantling. Another critical gap is the limited focus on
the practical application of CE principles in ship-dismantling yards. Research is needed to
explore specific strategies, technologies, and business models that can facilitate the shift
from linear to circular economies in SR. This includes a comparative analysis across various
regions to identify and learn from successful CE implementations.

Additionally, there is a dearth of comprehensive impact assessments evaluating the
environmental and economic outcomes of CE practices in SR. Most studies focus on specific
aspects like material recovery or energy efficiency, but holistic assessments are lacking
considering overall sustainability, life cycle impacts, cost-effectiveness, and social conse-
quences. Lastly, the potential impact of emerging technologies and innovations, such as
automation, robotics, and sustainable dismantling methods, on SR circularity is under-
researched. Investigating these technological trends is crucial for guiding decision-makers
in adopting innovative solutions for CE implementation. Addressing these gaps is essential
for thoroughly understanding CE in SR, overcoming practical challenges, and guiding poli-
cymakers and industry stakeholders in promoting sustainable, circular practices. To that
end, we conduct a systematic literature review on some keywords and identify emerging
research patterns and influential scholarly works on GSR.

Rahman et al. [60] suggested that about 300 million gross tonnages will be available
for demolition in the next five years. The inability to recycle them would cost about
20 billion dollars. It also provides direct and indirect employment for over 100,000 workers
in Bangladesh and India [34]. More importantly, South Asian recycling nations have
suffered from economic losses and employment opportunities. In addition, among the
four recycling methods mentioned earlier, the beaching method stands out for its lack of
pollutant containment, which demands special attention to the management of hazardous
materials, such as asbestos, protection of the environment, and safety of workers [61].
Considering these challenges, it is unsurprising that most SR activities occur in regions of
the global south, where regulatory standards and labor remuneration are low [30,40,44].

Steuer et al. [2] indicated in their study that 99% of the dismantled ship materials
can be recovered. Where hazardous materials form approximately 1%, these numbers
are relatively higher than the findings in other papers, and differences in waste catego-
rization play a significant role. Upon delving into specific fractions, in Figure 11, the
Supplier-Input-Process-Output-Customer (SIPOC) diagram shows that scrap steel consti-
tutes approximately 75% of recyclable secondary resources, whereas non-ferrous metals
constitute 7.8%. Ship motors constitute a substantial fraction (9.6%), offering the poten-
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tial for refurbishment, reuse, or scrapping of valuable content. Approximately 6500 tons
(0.4%) of the remaining hazardous fractions (average 0.65%) was subjected to incineration,
whereas the remaining 2900 tons (0.2%) was transferred to landfills. From an environmental
and sustainable development perspective, the circular economy model is rarely applied in
developing countries compared to developed nations. CE is based on a fragmented collec-
tion of ideas from scientific fields, including emerging and semi-scientific concepts. For
example, these sources include industrial ecology, cleaner production, industrial symbioses,
industrial ecosystems, zero-emissions concepts, and product service systems. Currently,
the worldwide system follows a linear economy, mainly taking, making, and disposing of
products. However, as seen in Figure 11, the proposed CE model involves waste produc-
tion, consumption, and disposal to recycle it for further production. Therefore, it is mainly
managed using the 3R concept. Thus, the CE model is one of the most environmentally
friendly and sustainable development approaches [76].
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Figure 11. SIPOC diagram for ship recycling (based on data in [2]).

5. Transitioning from a Linear to a Circular Economy

The linear model, also known as the ‘take-make-dispose” model, depends on large
quantities of easily accessible resources and energy and, as such, is increasingly inadequate
for the reality in which it operates. de Oliveira et al. [77] explained the process as follows:
“This process begins with “take”, the extraction of natural resources, followed by “make”,
the production of goods and services, and “distribution”, when the product is delivered
to the consumer”. Working towards efficiency alone will not change the finite nature of
stocks but can only delay the expected. Transitioning to CE requires supporting conditions
that remove obstacles during product life extension and material recovery operations. CE
refers to an industrial economy that is healing by intention, aims to depend on renewable
energy, minimize, track, and eliminate the use of toxic chemicals, and eliminates waste
through cautious design. The CE concept extends beyond the mechanics of producing and
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consuming goods and services in the areas it seeks to redefine. CE is grounded in studying
non-linear systems, mainly living systems. The main consequence of taking insights from
living systems is optimizing systems rather than components, which can also be termed as
“design to fit” [78]. Consequently, a circular economy forms a sharp difference between the
consumption and use of materials.

A CE economy advocates the need for a “functional service” model in which manu-
facturers or retailers increasingly retain ownership of their products and, where possible,
act as service providers, selling the use of products, not their one-way consumption. This
shift directly impacts the development of efficient and effective take-back systems and the
proliferation of product and business model design practices that generate more durable
products, facilitate disassembly and refurbishment, and consider product-service shifts
where appropriate. In line with Ulkii and Engau [79] and Ulkii et al. [80], Figure 12 exhibits
the salient features of a circular supply chain (CSC) compared to its linear (traditional)
and sustainable counterparts as follows: “The CSC is a sustainable and resilient supply
chain designed to end waste by valorizing any material flows in shortened loops and
slowing down consumption. Within a circular economy, which requires systems thinking
and compliance with Quadruple Bottom-Line (QBL) imperatives (cultural, economic, envi-
ronmental, and societal long-term well-being), a CSC creates restorative and regenerative
products and processes while co-creating with stakeholders (across multiple industries,
public sectors, and consumer markets) a shared value via the circulation of resources (raw
materials, by-products, end-of-life, and end-of-use products, disposal of waste, process
capabilities), and timely and transparent information”.
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Figure 12. Linear SC vs. sustainable SC vs. circular SC (based on [80]).

As illustrated in Figure 12, CSC incorporates both an open loop and a closed loop.
The materials (i.e., raw materials, by-products, or EoL products) and process capabilities
(such as idle manufacturing capacity) that are recovered during the primary stages of an
SC (sourcing, manufacturing, and delivery) are reintroduced into the system as “circular
resource flows”. These circular resource flows can be restored within the closed-loop end
of the CSC through activities such as reusing, refurbishing, remanufacturing, repurposing,
and recycling components. These resources can be utilized within the same industry or in
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other industries as inputs in the open loop. Any remaining biological waste that would
otherwise have been disposed of in landfills is regenerated and transformed into biological
nutrients. These nutrients are returned to the biosphere and serve as natural capital for
future reuse.

As discussed, ship recycling helps support a circular economy if appropriately done.
It is also noteworthy to highlight the value of “upcycling”, which is increasingly becoming
a common practice, albeit in more advanced ship-recycling facilities. Upcycling involves
repurposing parts of decommissioned ships into valuable products, extending the materials’
lifecycle and reducing waste. For example, steel from ship hulls can be melted down
and reused in construction, while wooden interiors and furniture can be transformed
into bespoke architectural elements or furniture [33]. Smaller components like wiring,
machinery, and fixtures can be refurbished and resold in other industries [49]. Therefore,
upcycling conserves resources and reduces the environmental impact of extracting and
processing new raw materials. By creatively repurposing ship parts, the ship-recycling
industry can contribute to a more sustainable, circular economy with minimal waste and
prolonged life of products and their components.

5.1. Why Go Circular?

According to the circularity gap report issued by the Platform for Accelerating the
Circular Economy (PACE), “the global economy is consuming 70% more virgin materials
than the world can safely replenish: annual resource use was 89.8 billion tons in 2016
and has passed 100 billion in 2019. More than 90% of what we take from the Earth to
fulfill our needs and wants goes to waste, with only 8.6% of materials cycled” [81]. CE is a
broad concept; however, three principles can be defined. The first involves preserving and
enhancing natural capital by effectively managing finite stocks and utilizing renewable
resources. The second principle focuses on optimizing resource utilization by promoting
the circulation of products, components, and materials at their highest levels of utility,
encompassing both technical and biological aspects. The third principle aims to enhance
the system’s efficiency by identifying and eliminating negative externalities from the outset,
thereby ensuring greater sustainability.

In its 2015 report, EMF [78] highlighted five simple principles for CE. The first and
second principles, “design out waste” and “waste is food”, aim to maximize the utilization
of materials and maintain their highest value for as long as possible by leveraging both tech-
nical and biological cycles. In addition, the core CE concept revolves around reintroducing
products and materials into the biosphere through non-toxic restorative loops, which form
the essence of biological nutrients. Similarly, on the technical nutrient side, there is potential
for enhancing quality, a process known as upcycling. The third principle, “build resilience
through diversity”, suggests that systems that exhibit diversity, encompassing numerous
connections and scales, tend to display greater resilience when confronted with external
shocks than systems designed solely for efficiency. The fourth principle, “rely on energy
from renewable sources”, highlights the need to preserve and enhance natural capital by
using renewable resources. Finally, the fifth principle, “think in systems”, emphasizes the
ability to understand how parts influence one another within a whole, and the relationship
between the whole and parts is essential. It considers elements related to infrastructure, the
environment, and social contexts. Although machines are also regarded as systems, they
are typically considered to be bound and deterministic. “Systems thinking usually refers
to non-linear systems (feedback-rich systems)”. CE is often associated with the concept
of “Recycle”, but the most effective approach to achieving material efficiency and reaping
economic and environmental benefits is to prioritize waste “Reduction” and “Reuse” [82].
The 3Rs approach was recently expanded to include more actions in transitioning from LE
to CE.

The “R-list” (see Figure 13) shows the circularity principles required to transform from
LE to CE. These strategies can be used in the ship-recycling industry. Design Out Waste: this
principle is directly connected to the strategies of ‘Reduce’, ‘Refuse’, and ‘Rethink’ on the
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LE

R-List. These strategies emphasize reducing the consumption of new materials and energy,
refusing products with harmful impacts, and rethinking product utilization to minimize
waste generation during the design phase. Waste is Food: ‘Recycle’, ‘Remanufacture’, and
‘Repurpose’ strategies embody the idea that waste should be converted into a resource.
Recycling refines materials for reuse, remanufacturing uses parts from damaged products
to create the same function, and repurposing creates new products from the old, aligning
with the concept of converting waste back into useful inputs. Build Resilience Through
Diversity: ‘Repair” and ‘Refurbish’ contribute to this principle by promoting the repair of
defective products and renewing outdated products, respectively. These actions lead to a
more diverse and resilient system in which products and components are maintained and
used for extended periods rather than being replaced. Relying on Energy from Renewable
Sources: while explicitly listed in the R-List, the principle can be seen as an underlying
theme across all strategies, as a circular economy encourages using renewable energy in all
stages of the product lifecycle to minimize environmental impact. Think in Systems: the
R-List itself is an outcome of systems thinking, in which the entire lifecycle of products
is considered. The ‘Reuse’” and ‘Recover’ strategies involve revalorizing another user’s
discarded product for its original functions and retrieving energy from non-recyclable
materials. Both strategies require understanding and designing complex systems in which
materials and products flow in a loop while maintaining their value and utility within
the system.
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Figure 13. R-list strategies to transform from LE to CE (based on [83]).

5.2. Implications of Green Ship Recycling for Sustainable Development

The supply chain of SR is complex, involving a wide range of stakeholders where
information sharing is not transparent [6]. One of the main concerns with the regulations is
the management of toxic waste and dismantling practices in South Asia. Marine regula-
tion adoption and implementation in SR takes time. For instance, the Basel Convention
(adopted in 1989, entered into force in 1992, and still enforced) is a regulation to control
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the transboundary movements of hazardous waste and disposal. Under this regulation,
all EOL vessels can be classified as ‘waste’; hence, it becomes challenging to enforce and
control the disposal of hazardous materials (e.g., asbestos, waste oils, PBCs, etc.) contained
in the ships. The Hong Kong Convention (HKC) (adopted in 2009, expected to enter
into force in 2025) additionally focuses on safe and environmentally sound SR practices,
requiring the development and maintenance of the inventory of hazardous materials (IHM)
for new builds and existing ships as well as the survey and certification of the IHM. The
most stringent regulation is EU SR Regulation (EU SRR) (entered into force in 2013), only
enforced inside the EU. In compliance with HKC, it additionally requires that any ship,
regardless of its flag, calling at an EU port must have an IHM approved by its flag state
on board.

Transitioning into circular SR will undoubtedly present more demanding challenges
for an industry that is slow in ratifying regulations. When the maritime sector is the
primary transporter of goods, for the circular SR to take place, the circular supply chain
perspective should be considered by incorporating processes and operations on how
sustainable consumption is fed back to source, make, and deliver (i.e., the linear supply
chain) through the 3Rs (reuse, remake, recycle) that comply with QBL (recall Figure 12). This
means that the inventory of materials ‘recovered’ from the 3Rs is cataloged and traceable
after demolishing the ship. This is to ensure that all the components and materials (from
3Rs) are documented with specifications for any ship that intends to use them, potentially
creating markets for used parts. As such, ships should be designed for dismantling and
incorporating technologies that can reduce (or better, eliminate) the emission of hazardous
gases and particles into the atmosphere.

As UN’s Sustainable Development Goals become more integrated into national policies
as well as the organizational culture and mindsets of stakeholders engaged in responsible
SR, circularity also means that the development of business models to achieve social and
environmental goals should be fostered. It would be pertinent for HKC to be ratified and
EU SRR efforts to be extended to other parts of the world, especially South Asia.

6. Concluding Remarks

This paper delineated the greening-ship-recycling process and offered a systematic
literature review to identify research opportunities in sustainability and circularity. For
instance, the scholarly focus has shifted from waste management practices to incorporating
risk analysis methods. There is a consistent emphasis on handling toxic substances in
end-of-life vessels and an increasing research focus on worker safety.

Linking green ship recycling to the circular economy has also germinated exciting
fields of inquiry and new scholarly publications. Because it aims to improve resource-
use efficiency by focusing on urban and industrial waste to achieve a better balance and
harmony between the economy and the environment, research into circular economy
requires an interdisciplinary and system-wide approach. As green ship recycling progresses
from a linear, sustainable supply chain to a circular supply chain model, quadruple bottom
line imperatives (cultural, economic, environmental, and societal well-being) must be
adhered to. Such a transition will bring additional challenges to the already complex
supply chain, for example, human rights issues may quickly emerge if ship-recycling
facilities pose unsafe working conditions, labor is exploited, and regulations and control
are lax, among others. Moreover, investments in environmentally friendly technologies for
transitioning into GSR call for a compelling balance between the benefits of sustainability
(long-term goals) and profitability (in the short-term).

Regulations in the maritime sector play a crucial role in the sustainable development
of ship recycling, such as the ratification of the Hong Kong Convention and the further de-
velopment of European Union Ship Recycling Regulations. Discrepancies in ship-recycling
practices occur mainly in South Asian nations that depend on beaching methods, where
regulations may be lax and loosely monitored.
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For future research, exploring how Sustainable Development Goals can undergird
efforts from different maritime industrial sectors to collaborate to make circular ship
recycling a tangible goal would be interesting. In so doing, new markets, such as those
related to developing infrastructure for reverse logistics, would emerge, providing new
employment opportunities and economic development.
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