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ABSTRACT

Marine pollution, a widespread and intensifying global concern, significantly endangers the health
and biodiversity of marine ecosystems. The marine industry, an essential element of global commerce,
substantially contributes to pollution through multiple sources, including exhaust emissions, ballast
water discharge, and garbage disposal. This study examines the possibilities of combining green
shipping technologies with circular economy techniques to reduce marine pollution and advance a
more sustainable maritime industry. The paper examines all foreign agreements, rules, and policies
relevant to environmentally friendly transportation. Scholarly papers and business reports are also
under review to assess the success of these concepts and pinpoint possible problems for the marine
sector. It also provides ideas on how to make maritime activities more environmentally friendly. This
article investigated the probable advantages of green ship technologies and cycle economies for ocean
cleanup. By reducing waste and pollution, green technologies mitigate the harm human activity brings
to the environment; two examples are ecologically friendly materials and energy-efficient motors.
Promoting material reuse and recycling enables concepts from the circular economy to be used in
operations and shipbuilding. These techniques taken collectively could enable the maritime industry
to maintain marine habitats, reduce its environmental impact, and eventually become more
sustainable. The findings reveal that the adoption of green ship technologies can substantially
decrease harmful emissions and discharges, thereby minimizing the industry's environmental
footprint. Similarly, the implementation of circular economy strategies fosters a more resource-
efficient and sustainable maritime sector by promoting waste minimization and resource reuse. This
study emphasizes the importance of collaborative efforts among stakeholders, including policymakers,
industry leaders, and researchers, to accelerate the transition towards a greener and more circular
maritime economy. The benefits and drawbacks of implementing these concepts in worldwide
transportation are investigated in this work.
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INTRODUCTION

Marine pollution comprises chemicals and debris, predominantly from terrestrial sources and
subsequently transported into the ocean by water or wind. This pollution causes harm to the
environment, the health of all organisms, and global economic systems (Yu et al., 2023). Traditionally,
maritime safety is prioritized due to its implications for environmental concerns. Environmental
protection entails mitigating detrimental impacts on infrastructure, health, air, water, soil, and coastal
ecosystems. All parties must agree that methods for anticipating and reporting environmental
conditions have markedly advanced, especially in scientific analysis. This can provide direction on
establishing the necessary connections. In the maritime and other industries, vessel protection and
marine pollution are interconnected for safety and environmental concerns (Sulaiman et al., 2013).
The notion of maritime circularity has garnered heightened focus to tackle difficulties stemming from
the net-zero objectives of the maritime sector. The circular economy offers potential answers to these
difficulties via reuse, remanufacturing, and recycling activities (Okumus et al., 2024).

O'Shea et al. (2018) found that toxins in the ocean have long existed; creating problems, that modern
society is still trying to solve. Because of pollution, marine life has numerous challenges (Khan, 2018).
Carroll et al. (2017) state that light and sound are two contaminants that can reach the marine
environment through many pathways and sources. The better-known contaminants also fall under this
group. The well-being of the ocean and the businesses that rely on it can only be improved if we take
global action to end marine pollution (Willis et al., 2022). Feingold and Willige (2024) state that
around 90% of the world's goods are transported via the maritime industry, making it an integral part
of global trade and economic development. Air emissions (including sulfur oxides, nitrogen oxides,
and carbon monoxide), oil spills, solid waste, and hazardous compounds used in shipbuilding and
maintenance are among the sources of marine pollution that vessels cause, according to Chowdhury
etal. (2017).

Walker et al. (2018) state that several regulatory bodies, including the International Maritime
Organization (IMO), have passed stringent regulations to lessen the environmental impact of shipping.
According to Agarwala (2023) and Felicio et al. (2021), sustainable shipping and marine pollution
have been revolutionized by the principles of green ship technology and the circular economy. Al-
Enazi et al. (2021) listed several ways ships can lessen their environmental impact. These include
using alternative fuels (such as ammonia, hydrogen, or LNG), wind-assisted propulsion, scrubbers,
systems for treating ballast water, and air lubrication. Sustainable shipbuilding, effective resource
utilization throughout the ship's lifetime, recycling, and waste-to-energy conversion are key tenets of
the circular economy (Chowdhury, 2024). The maritime sector may be able to reduce carbon
emissions, damage to the environment, and resource consumption by adopting these practices. This
study aims to assess the potential of green ship technology and circular economy strategies to lessen
the environmental impact of the maritime industry's pollution. This analysis aims to examine the
challenges, benefits, and policy ramifications of sustainable inventions. Recycling ships in an eco-
friendly manner and finding alternative fuels are a few examples of these advancements in trash
management.

METHODOLOGY
This research used secondary sources and a doctrinal legal research method to examine how green
ship technologies and circular economy strategies can help clean up the oceans. As part of the study,
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many international agreements, laws, and rules are being examined. These include IMO rules and the
Hong Kong Convention for ship recycling. Additionally, academic journals, industry reports, and case
studies are examined to assess the effectiveness and challenges of implementing these solutions within
the maritime sector. A comparative legal analysis evaluates global best practices and policy
frameworks that support sustainable maritime operations. This study does not include empirical data
but synthesizes existing legal and scholarly literature to provide critical insights and recommendations
for enhancing regulatory compliance and environmental sustainability in the shipping industry.

Marine Pollution from the Shipping Industry

Tanker loading and unloading, ship movements inside ports and ship hoteling (lighting, heating,
refrigeration, and ventilation) cause air pollution (Kwon et al., 2023). Ship fuel and oil spills,
unintentional chemical, and oil spills during loading and unloading, and prohibited slop release pollute
ports and nearby areas (Roberts et al., 2023). Other sources of pollution include toxic antifouling
coatings like tributyltin that restrict marine development on hulls and alien organisms in ballast water
that disturb ecosystems and harm local fish stocks (Byrnes & Dunn, 2020). Ships squander a lot when
working. IMO, Annexes I-V regulate ocean discharge and non-dumping (Fares, 2023). Between 1925
and 2002, marine transportation CO, emissions nearly tripled. During the same period, SO, emissions
tripled. Shipping has grown rapidly over the past century, endangering global ozone depletion
(Organisation de coopération et de développement économiques, 2010). Recent studies suggest that
ships' CO2, NOy, and SO> emissions account for 2%—-3% (perhaps 4%), 10%-15%, and 4%—9% of
worldwide anthropogenic emissions (Sidhartha & Cheriyan, 2012). Ship's bilge water mixes with
engine and equipment room or repair oil. Solid garbage, chemicals, oil, and airborne contaminants
may be in bilge water (Amran & Mustapha, 2020). Even after filtering bilge water, tiny oil levels
might kill fish or cause long-term damage (Huang et al., 2011). Ship noise can affect marine animals
that communicate, navigate, and consume with sound (Erbe et al., 2019). Ocean floor plastics affect
plastic mobility and surface currents. Biofouling, marine biota interactions, degradation,
fragmentation, and additive leaching affect sinking (Dimassi et al., 2022). Untreated ballast water can
affect the environment, public health, and economy because ships carry dangerous invasive aquatic
organisms across the world's waters (Hasanspahi¢ et al., 2022).

Green Ship Technologies

In the last few decades, the maritime industries have been working hard to meet the growing demands
of the environment by implementing operations strategies and creating new technologies (S.E.
Hirdaris & Y.F. Cheng, 2012). As part of these technical steps, energy-efficient ships are being built
using efficient blades, energy-saving devices, and other new technologies. Air lubrication, wind-
assisted propulsion, and solar power are also given special attention (de Kat & Mouawad, 2019).

Table 1: Green Ship Technologies and Their Impact on Marine Pollution Reduction (Compiled by

Author)
Technology Description Benefits Source
Ships designed to Reduces the risk of
operate without invasive  species
No Ballast ballast water, transfer and (Lakshmi et
System preventing the minimizes marine al., 2021)
transfer of sediments ecosystem
and microorganisms. disruption.
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Use of liquefied

Lowers CO2, NOX,

LNG  Fuel natural gas (LNG) as a and SOx (Livaniou &
for cleaner fuel emissions, Papadopoulos
Propulsion alternative for main improving air , 2022)
engines. quality.
Utilization of LNG Reduces  overall
LNG  Fuel for continuous- emissions and (Wurster et
for Auxiliary running auxiliary ) L 2014
Engines engines onboard Improves - energy al )
efficiency.
vessels.
Achieves up to
0,
Sulfur Installs exhaust gas 95% _ _ SOx (Teuchies et
Scrubber scrubbers to remove reduction, limiting
. : : . al., 2020)
System sulfur from emissions. acid rain and air
pollution.
Advanced Optimized prop_eller Reduces _ fuel Green Ship of
Rudder and and streamlined consumption by up
X . The  Future,
Propeller rudder design for fuel to 4%, lowering
. e 2016
System efficiency. carbon emissions.
The Rice Speed
Enhances propulsion Nozzle attained a (David
Speed Nozzle efficiency, commonly 7% reduction in Barringhaus
P used in supply vessels fuel consumption, & Robert
and tugs. improving fuel Olds, n.d.)
efficiency.
A small layer of
Special coatings paint on the hull of
applied to reduce hull vessel . 1S (Autoliners,
. . decreasing  CO2 2022)
Hull Paint resistance and L
. emissions by 4%. (Seacoat,
improve
. Reduces fuel 2025)
hydrodynamics. .
consumption by up
to 12%.
Waste Heat Captures waste heat Scfr?sltcnis tion e
Recover from exhaust gases to betweenpzo/ t0 5% (Westhoeve et
y generate steam for : €700 97, al., 2022)
System onboard use improving energy
' efficiency.
Recirculates exhaust
Exhaust Gas gases to lower Lowers NOx
: : combustion emissions by 50 to (Woodyard,
Recirculatio o L
n (EGR) temperature and 60 /o_, improving air 2009)
reduce NOx quality.
emissions.
Water in Injects water into fuel Reduces NOx (Dibelius et
Fuel before combustion to emissions up to al., 1971,
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Technology

reduce cylinder
temperature.

50%, minimizing
pollution.

Kotob et al.,
2020)

Improved
Pump and
Cooling
Water
System

Optimizes  cooling
systems to decrease
energy resistance and
improve efficiency.

Optimizing  ship-
cooling water
systems, especially
with variable speed
pumps, can save
1% to 4% fuel
consumption.
Variable-speed
pumps in cooling
water systems save
a lot of power.
Studies have
shown that
pumping can be
lowered by 20% to
50% of power,
depending on the
system and
utilization.

(Durmusoglu
etal., 2015)
(Wang et al.,
2023)

Sail and Kite
Propulsion
System

Uses  wind-assisted
propulsion to
supplement
traditional engines.

WAPS have
already saved
between 4.5% and
9% on fuel costs,
and they could
save up to 25% if
installed as a
retrofit.

(DNV, n.d.)

Sandwich
Plate System
(SPS)

Uses composite metal
plates bonded with
polyurethane
elastomer instead of
conventional steel
structures.

Reduces ship
weight, corrosion,
and maintenance
costs, supporting
green ship
recycling.

(Ismail et al.,
2021)

Circular Economy Strategies in Maritime Sector

The circular economy has drawn much interest as a possible solution to the maritime sector's complex
problems (Okumus et al., 2024). Major economic sectors dedicated to becoming carbon neutral by
2050 share the goal of creating a circular economy (de Avila Segade, 2023). The circular economy
concept aims to maximize value extraction and retention while increasing resource utilization through
reuse, repair, remanufacturing, and recycling (Kirchherr et al., 2023). Barriers to recycling that
stakeholders mentioned were low awareness, problems with regulations and certification, long vessel
lifecycles, long distances between yards, a lack of technical expertise, how people felt about
remanufactured goods and problems with tracking equipment (Okumus et al., 202). The circular
economy might solve these problems by encouraging recycling, reusing, and remanufacturing
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(Okumus et al., 2024) projects.

Key Circular Economy Strategies in the Shipping Industry

Ship Recycling & Responsible Dismantling (Hong Kong Convention)

Ship recycling is one of the most important parts of the circular economy in the marine sector. The
Hong Kong International Convention for the Safe and Environmentally Sound Recycling of Ships
(HKC), which was signed in 2009, sets rules for properly breaking down old ships (Jain et al., 2013).
Waste-to-Energy Conversion Onboard Ships

The most recent cruise ships can carry an ever-growing number of people and limit their environmental
effects to the areas where their routes take them. The solid waste that is made greatly increases this
effect. Because of this, we show a new way to get energy out of this trash (Anderson, 2021). Toneratti
et al. (2022) say that microwave-assisted pyrolysis (MAP) and micro auto gasification (MAG) will
take the trash and turn it into synthesis gas (syngas), which the ship can use directly for energy.

Reusing Scrapped Materials from Old Ships

Ship recycling has become increasingly important in recent years because of the need for sustainable
practices in the maritime industry and the increased awareness of environmental issues (Moussa et al.,
2024). Effective ship recycling (SR) aims to produce no waste during activities. This helps the UN
reach Sustainable Development Goal (SDG) 12 by ensuring "sustainable consumption and
production”. As EIMenshawy et al. (2024) say, the SR industry is very important to the lifecycle of
ships because it helps recover important resources like steel and creates work in many coastal areas
worldwide. To get back materials and parts from ships that have ended their useful lives (EoL), they
must be destroyed and reused. Tola et al. (2023) say that this makes raw materials "circular,” which
may benefit the environment and the economy.

Eco-Friendly Shipbuilding Practices

A substantial quantity of waste and contaminants is emitted during shipbuilding procedures (Lu¢in et
al., 2023), posing significant risks to human health and environmental quality (Rahman & Karim,
2015), which has detrimental effects on society and contributes significantly to air pollution and
greenhouse gas emissions (Vakili et al., 2023). In order to lessen the environmental impact of ship
construction and operation, various activities are included in green shipbuilding techniques (Lucin et
al., 2023). These include using innovative materials to reduce emissions, using alternative fuels, and
energy-efficient designs (Onal, 2023). During shipbuilding, lightweight materials can increase vessel
payload for a given size or weight. They enable higher speeds. They minimize fuel usage and
environmental pollution for a given payload and distance (Noury et al., n.d.). Ships often develop
biofouling from prolonged seawater immersion, which includes barnacles and algae. Anti-fouling
coatings on vessel hulls are one of the best ways to address this issue. Due to the global focus on
environmental sustainability, anti-fouling coatings that are effective and meet strict environmental
criteria are in demand (Wu et al., 2024). Marine self-polishing anti-fouling coatings have unique
chemical features. Seawater hydrolyzes ester or metal-oxygen linkages in the coating matrix (Liang et
al., 2024). This hydrolytic reaction erodes the hull coating, releasing hazardous chemicals, including
copper ions and biocides, into the water. Copper ions have broad-spectrum biotoxicity and can impair
the metabolism of algae, bacteria, and small marine organisms, preventing biofouling (Ali et al., 2024).
Zero-emission ship propulsion systems must replace fossil fuel-based ones to reach the IMO's 2050
target of decarbonizing shipping (Arabnejad et al., 2024). There is significant promise for lowering
CO2 emissions with fuel cell-powered hybrid power systems and other types of wind-assisted
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propulsion (Xing et al., 2020). Wind-assisted ship propulsion (WASP), especially with Flettner rotors,
saves fuel and improves the environment for many ships (Lu & Ringsberg, 2020).

www.healthinformaticsjournal.com

Adoption of Green Ship
Technologies

Use of Alternative Fuels

Energy-Efficient Ship
Design

Regulatory Compliance &
Incentives

Integration  of  Circular
Economy Strategies

Sustainable Ship Recycling

Material Reuse & Waste
Reduction

Lifecycle Approach to
Shipbuilding

Industry Collaboration &

o Innovative Business Models
Crew Training

Reduced Marine Pollution

This flowchart illustrates the relationship between key strategies, their implementation, and the
expected outcomes in reducing marine pollution.

Challenges

Adopting environmentally favorable technologies, including fuel cells, hybrid power, and energy-
saving devices, is difficult for small and medium-sized shipping companies due to the substantial
upfront investment required (Stark et al., 2022). Certain technologies, including onboard emissions
remediation systems and carbon capture, are prohibited for large commercial vessels (Hanson et al.,
2021). IMO regulations, including MRPOL, EEXI, and CII, are enforced in varying locations and
manners, as per Czermanski et al. (2022). Due to the regulatory framework's deficiencies, managing
pollutants, disposing of waste, and controlling ballast water are all difficult (Bark et al., 2024). The
regulatory framework impedes all of these sectors.

CONCLUSION

In conclusion, the pressing issue of marine pollution, driven largely by the shipping industry,
necessitates urgent and collaborative action from all sectors. As highlighted, the adoption of green
ship technologies and circular economy strategies presents viable pathways to mitigate the
environmental impact of maritime operations. By embracing innovations such as alternative fuels,
energy-efficient designs, and sustainable ship recycling, we not only reduce harmful emissions but
also contribute to the conservation of marine ecosystems. However, the successful implementation of
these practices relies heavily on robust regulatory frameworks and industry collaborations. It is
imperative that stakeholders governments, shipping companies, and environmental organizations
work together to enhance compliance and incentivize sustainable practices across the maritime sector.
With global trade increasingly dependent on shipping and the dire state of our oceans, the time to act
is now. The integration of sustainable technologies and practices not only safeguards marine health
but also fosters economic resilience and sustainable development for future generations. Let us commit
to transforming the maritime industry and paving the way for a cleaner, more sustainable ocean.
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