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Key points

Maritime shipping is vital to the global economy, handling over 80% of global trade by volume.
Developing economies, particularly in Asia, play a significant role in this sector. The industry's
economic expansion has led to substantial environmental impacts, reinforcing the urgency of
sustainable solutions.

Shipping is a major source of environmental pollution, including chemical, biological, and
energy-related contamination, as well as greenhouse gas emissions. In addition to these ship-
generated pressures, port activities also negatively affect marine ecosystems and coastal
communities, intensifying issues such as eutrophication and habitat disturbance, and has an
adverse impact on human rights.

Decarbonization of the shipping sector is crucial, as greenhouse gas emissions from ships
contribute about 3% of global emissions. Strategies such as zero and near-zero fuels (e.g.
liquefied natural gas, methanol or hydrogen), improved ship designs and policy frameworks, are
aimed at reducing emissions, but the associated costs, expansion of infrastructure and fuel cycle
emissions remain significantly challenging.

Shipping affects human health through emissions that, for example, affect coastal communities.
In addition, the maritime sector faces issues such as crew safety, occupational health and gender
equity. Regulatory frameworks (e.g. low-sulfur fuel standards) are aimed at reducing human
health risks, although unintended environmental trade-offs exist.

Global regulations, primarily developed by the International Maritime Organization (IMO), are
central to governing shipping’s environmental impact. Conventions such as the International
Convention for the Prevention of Pollution from Ships, 1973, as modified by the Protocol of 1978
relating thereto, and as further amended by the Protocol of 1997 (MARPOL) and the International
Convention for the Control and Management of Ships' Ballast Water and Sediments 2004 set
standards to reduce pollution and invasive species spread. Continued updates and enforcement are
essential for sustainable ocean management and climate goals.

1. Introduction

Maritime shipping refers to the transportation of goods and passengers via sea. This sector, which

includes both vessels and landside support infrastructure (i.e. seaports), plays a dominant role in the ocean

economy’s contribution to global gross domestic product (GDP), and its importance in advancing the
sustainable development agenda cannot be understated (United Nations Trade and Development
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(UNCTAD), 2023). The present chapter contains a discussion of environmental pressures resulting from a
growing number of vessels active on the world’s oceans, as well as potential pathways and policies that
can lead towards a more sustainable shipping sector. Furthermore, the human dimensions of shipping,
such as safety, occupational health and human rights, are addressed.

International shipping activities reflect global economic and geopolitical situations. The impacts of the
2008-2011 financial crisis, followed by the 2020-2023 coronavirus disease (COVID-19), pandemic,
marked the first and second World Ocean Assessments respectively (see subsect. 5B, chap. 7). As the
global economy recovers from the pandemic, international shipping has rebounded, albeit with several
dampening effects as a result of geopolitical events, in the period 2022-2025, thereby demonstrating the
impact of geopolitical events on shipping and the marine environment (see sect. 4, chap. 1).

Globally, shipping accounts for over 80% of the international trade volume, making it an important part of
every nation’s economic growth (UNCTAD, 2024). Maritime transport, ports and warehouses, together
with other ocean economic activities, have been growing globally for the past 25 years, often outpacing
the growth of the global economy (Organisation for Economic Cooperation and Development (OECD),
2024).

The annual amount of goods loaded has doubled over the past three decades, with over 11 billion metric
tons moved by over 105,000 ships. Of that growth, 92% is attributed to dry cargo (carried by bulk
carriers, container ships and general cargo ships) (UNCTAD 2024; see also figure I below). This shipping
activity occurs across the world’s oceans (figure 1) and through a complex network of seaports and routes
with over 4.6 million port calls in 2023.! Those seaport activities accounted for 13% of the global value
added of ocean industries and are projected to increase to 16% (exceeding $3 trillion) by 2030
(UNCTAD, 2023). Developing economies dominate international shipping, with Asian seaports
accounting for 50% and 30% of goods discharged and loaded, respectively (UNCTAD, 2023).

I See https://unctadstat.unctad.org/datacentre/dataviewer/US.PortCallsArrivals.

958


https://unctadstat.unctad.org/datacentre/dataviewer/US.PortCallsArrivals

Figure I

Upward trend in the development of international maritime trade as annual goods loaded
worldwide (billions of tons) and the world shipping fleet by vessel type (millions of deadweight tons)
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Source: UNCTAD Data Hub, 2024.

Note: In 2025, UNCTAD changed its methodology applied for data from the year 2000; accordingly, both the new and the
previous data available are included.
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Figure II

Emissions over water from world shipping routes and the related human health impacts on land

Source: Sofiev and others, 2018.

Note: Bolder lines correspond to major routes. American sulfur emission control areas have been effective in reducing human
health impacts in North America.

Environmental pressures from shipping and related port activities include chemical, biological and energy
pollution and physical disturbance from anchoring and dredging. Climate change introduces additional
pressures by shifting marine habitats at times into shipping lanes and by making possible the opening of
new shipping routes in the Arctic. In the second World Ocean Assessment (subsect. SA, subchap. 3B), it
was reported that, while shipping activities continued to increase, there had been fewer shipping accidents
leading to reduced oil pollution into seas; in addition, more stringent global or regional regulations to
reduce sulfur oxides and nitrogen oxides have led to decreased air pollution in the atmosphere.

In the current Assessment, a comprehensive framework is used to assess the environmental pressures and
impacts of shipping and their relevant international regulations (figure III). Besides impacts to natural
ecosystems, shipping emissions also impact human health (Sofiev and others, 2018; see also subsect. 5B,
chap. 2).

Since the publication of the second World Ocean Assessment in 2021, efforts have continued to enhance
the sustainability of the shipping sector. They include the development of international and regional
regulations and the advancement of technological solutions such as emissions abatement (Inal and others,
2022), hybrid sources of renewable energy (e.g. solar, wind, fuel cells), zero and near-zero fuels (e.g.
liquefied natural gas, methanol) (Pan, and others, 2021), hull and engine design and life-cycle cost
management. Advances have also been made in shipbuilding, an area in which recycling and the
promotion of a “circular economy” has taken hold. The Blue Ports Initiative establishes a strategy for
seaports to integrate economic efficiency with social responsibility and environmentally friendly practices
into port activities, operations and management. Assessments on how the shipping sector may contribute
to the sustainable development agenda are presented in the paragraph on Sustainability pathways below.
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Regional and international shipping regulations adopted since the publication of the second World Ocean
Assessment are presented in part 2 below on Sector-relevant governance.

2. Environmental pressures and the impacts of shipping activities

The positive impacts of shipping are well-known and include economic growth, job creation and new
investments in research and development. However, ships have an array of subsystems (see columns in
figure I11) that exert pressures on the marine environment (see rows in figure III) (Jalkanen and others,
2021; Shu and others, 2022; Ytreberg and others, 2022). The present part of the chapter contains a
discussion of these pressures in four primary categories: chemical pollution, biological pollution,
greenhouse gas emissions and energy pollution (including hydrodynamics, noise and light). Although the
focus is on impacts from vessels in the present chapter, it is recognized that additional impacts from
seaports are important to consider when it comes to the degradation of coastal areas and soil pollution.

Figure 111

Pressures from ship activities on the marine environment
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Source: Modified from Jalkanen and others, 2021.

Abbreviations: AFS: International Convention on the Control of Harmful Anti-fouling Systems in Ships; BWMC: International
Convention for the Control and Management of Ships’ Ballast Water and Sediments, 2004.

; PM, particulate matter.

Note: Grey water is often mixed with sewage, implying that Annex IV, indicated by * in the table, will indirectly apply.
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Chemical pollution

Ships continue to emit large amounts of sulfur and nitrogen oxides into the environment, which cause
acidification and human health impacts. This has been mitigated in recent years with the use of low-sulfur
fuels and pollution-control technologies, although these reductions often come with climate change trade-
offs (Sofiev and others, 2018; Yuan and others, 2024). In the case of exhaust gas cleaning systems
(scrubbers), another trade-off is increased contaminant load into the marine environment (Lunde
Hermansson and others, 2021). Currently, the approximately 5,000 ships equipped with scrubbers, which
allow for the continued use of cheap heavy fuel oil, account for 25% of the global marine bunker fuel
consumption and a major share of metals and organic contaminants from shipping (Lunde Hermansson
and others, 2024), in addition to particulate matter entering the marine environment (Anders and others,
2025; Gondikas and others, 2025).

Ships also leach metals and other chemicals into the marine environment through anti-fouling paint and
cooling water where sacrificial anodes are used. Indeed, these are the largest sources of copper and zinc
from ships (Amara and others, 2018). Organotin compounds and cybutryne in ship anti-fouling paints
have been prohibited since 2008 and 2023, respectively, by the International Convention on the Control of
Harmful Anti-fouling Systems on Ships (Marine Environment Protection Committee (MEPC) 2021c¢).
Tributyltin, despite being banned in 2008 due to slow degradation and previous high pollution levels, is
still found at very high levels in many harbours and hot spots throughout Europe, Asia and North and
South America (Beyer and others, 2022). Metals and organic contaminants also occur in treated and
untreated bilge water and propeller shaft lubricants. For example, in the Baltic Sea, maritime shipping is
estimated to be a major contributor of copper (almost 40% of total load when compared to all other
sources, such as riverine run-off, atmospheric deposition and point sources on land), vanadium (12%),
phenanthrene (9%) and anthracene (8%) (Ytreberg and others, 2022). Studies have indicated that shipping
can be a significant contributor of contaminants in other estuarine and coastal areas with intense ship
traffic and limited water exchange (Aghito and others, 2025; Calgaro and others, 2025).

Nitrogen oxides in ship exhausts deposited on the sea surface will, together with nitrogen and phosphorus
in ship-generated food waste, untreated sewage and grey water, contribute to eutrophication (Raudsepp
and others, 2019). The resulting excess biomass, together with directly discharged organic matter from
food waste and sewage sludge, is deposited on the sea floor, where it can cause oxygen depletion (Diaz
and Rosenberg, 2008; Wilewska-Bien and others, 2016).

Plastic litter is recognized as a major environmental problem. Even though dumping of plastic material as
waste has been prohibited by the Convention on the Prevention of Marine Pollution by Dumping of
Wastes and Other Matter and the 1996 Protocol to the Convention and even though discharge of plastic as
garbage is regulated by annex V to MARPOL, shipping and fisheries industries are still recognized as
marine sources of plastic litter. Further work to increase the availability and adequacy of port reception
facilities for the collection of plastics are vital for tackling this issue; as a result, IMO adopted a marine
litter strategy in 2021. There is emerging but inconclusive evidence that anti-fouling paints may be an
important source of microplastics in the sea (Dibke and others, 2021). In summary, shipping contributes to
cumulative pressure from contaminants, eutrophying and acidifying substances to the marine environment
(see sect. 4, chap. 6). Chemical pollution due to shipping also threatens a broad range of human rights,
including the rights to a clean, healthy and sustainable environment, life, health, food, water and
sanitation, and safe and healthy working conditions (see A/79/163).
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Biological pollution

Ships are the primary vector spreading non-indigenous marine species on hulls, in niche areas or in the
ballast water of ships (Bailey and others, 2020; see also sect. 4, chap. 6). Ballast water treatment systems
use mechanical, physical, chemical, biological or combined treatments (Sayinli and others, 2022) and
have been regulated by the Ballast Water Management Convention (IMO, 2004) since 2017. Hull
biofouling also increases the surface roughness of a ship’s hull (i.e. its frictional resistance, shear stress
and weight), thereby increasing fuel consumption and, as a result, emissions to maintain the speed profile.
Shipping is suggested to have a more pronounced effect on marine invasions than climate-driven
environmental changes (Sardain and others, 2019).

Greenhouse gas emissions

Shipping accounts for about 3% of global greenhouse gas emissions, with a projected increase between 90
and 130% of 2008 levels by 2050, following increased maritime trade under a business-as-usual scenario
(IMO, 2020a). These emissions are considered to contribute significantly to global warming and climate
change, causing significant impacts on the environment. A number of technical and economic approaches
are being taken to address these emissions, such as the development of a goal-based marine fuel standard
regulating the phased reduction of the marine fuel's greenhouse gas intensity and a pricing mechanism for
maritime greenhouse gas emissions (MEPC, 2023d).

One major impact of global warming is the reduction of Arctic sea-ice extent and thickness, which
reduces ice albedo and leads to even more global warming and concomitant ice reduction
(Intergovernmental Panel on Climate Change (IPCC), 2022). With reduced ice, more ships are expected
to travel to the Arctic during certain months of the year (Corbett and others, 2010). Ships navigating in
Arctic waters are required to comply with the International Code for Ships Operating in Polar Waters
(Polar Code) and related regulations relating to the safety of navigation, the protection of the marine
environment and manning and training for seafarers (MEPC, 2015). By 2050, polar class 6 and non-ice-
class vessels will likely have access to more route options through the North-west passage, the Northern
Sea Route and the Transpolar Sea Route (Smith and Stephenson, 2013 Melia and others, 2016, Theocharis
and others, 2018). The use of Arctic shipping routes will reduce travel time and the consumption of fossil
fuels and the associated carbon dioxide (CO:) and other emissions; for example, using the North-West
Passage can reduce CO; emissions by 49% to 78% compared with conventional shipping routes (Schayen
and Brathen, 2011). However, other ship emissions, such as black carbon, may create near-term
environmental and climate concerns as these Arctic routes are opened (Corbett, Lack and others, 2010;
Corbett, Winebrake and others, 2010). Shipping activities in Arctic waters should be carefully managed to
protect the Arctic's sensitive marine ecosystem and consider the interests of Indigenous Peoples.

Energy pollution

Energy from ship propulsion can physically affect the marine environment. Depending on water depth,
vessel speed and the distance from the ship's course (Huang, and others, 2023), ship-generated waves can
account for large portions of the total wave energy in confined waterways and coastal areas, where ships
also produce a localized depression in the water that can drive strong currents (Dempwolff and others,
2022). The waves can cause morphological changes in nearby coastal slopes, damage infrastructures
(Grue, 2017; see also sect. 4, chap. 6) and disturb the biodiversity of marine habitats (Gabel and others,
2017). Propeller action is the main source of turbulence, which can extend over considerable distances
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and contribute to oceanic mixing (Nylundand others, and others, 2023). In methane-rich coastal
environments, ship passages can trigger substantial methane emissions from the bottom water to the
atmosphere. For example, fluxes of 11.1 mmol per m? per day or 20 times higher than the surrounding
background flux, were reported from the Neva Bay shipping lane (Nylund and others, 2025). Due to the
significant impact of the propeller on ship efficiency, extensive research is focused on its optimization.

Ship-generated underwater noise, primarily from the hulls, engines and propellers of ships may interfere
with the ability of marine animals (such as whales, sea turtles or fishes) to navigate to preferred habitats
to find food and mates, to communicate with each other or to avoid predators (Jones, 2019; Rako-Gospic¢
and Picciulin, 2019). While it has been suggested that airborne noise pollution from ships could be
reduced by the use of electric motors, which would also improve fuel efficiency, a recent study shows that
underwater noise is not reduced from a fully electric ship (Andersson and others, 2024).

Light pollution from ships, an established but incompletely described type of pressure, can lead to the
fragmentation or loss of ecosystems and a decline in biodiversity. Artificial light affects species
orientation, recruitment and reproduction, predation and communication. It mainly affects the functioning
of nocturnal species. Symptoms include confusion and attraction or aversion to light sources (Cari¢ and
Mackelworth, 2014; Davies and others, 2014). In addition, seabirds attracted to artificial light can lose
their way, crash into buildings, run out of food, become exhausted or be caught by predators (Merkel and
Johansen, 2011). Predicting how fish will react to artificial light is difficult, as their ability to perceive
light underwater depends on several variables, including the positioning of the light source in water or
above and variation in species-specific response (Marangoni, Davies and others, 2022).

3. Sustainability pathways

Despite the significant environmental impacts of maritime shipping on the global environment discussed
above, there are opportunities to find a more sustainable pathway moving forward that is in line with the
2030 Agenda for Sustainable Development. New technologies (such as sewage treatment systems) and
operational changes (such as slow steaming and e-navigation) can reduce the amount of contaminants
ships emit into the environment. New engine and hull designs can reduce noise pollution, and new
advances in ballast water treatment can reduce the likelihood of invasive species transport. However,
because of the critical importance of addressing climate change, the present part of the chapter is focused
on sustainable pathways related to the decarbonization of the maritime shipping sector.

Decarbonization pathways

Greenhouse gas emissions from ships represent approximately 3% of global anthropogenic greenhouse
gas emissions (IMO, 2020a), and policymakers and industry are focusing attention on reducing
greenhouse gas emissions from international shipping (UNCTAD, 2023). IMO and its member States
have taken significant steps in this regard, implementing new policies to reduce greenhouse gas emissions
from ships (MEPC, 2023d). While the long-term effectiveness of these measures is uncertain, member
States have adopted an ambitious greenhouse gas strategy that is aimed at reaching net-zero emissions
from international shipping by or around 2050. The strategy includes reductions of at least 40% in the
carbon intensity of international shipping, that is, the CO, emissions per transport work (IMO, 2020a), by
2030 compared with 2008 (MEPC, 2023b). These goals are aligned with Sustainable Development Goal
13 on climate change.
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The decarbonization of international shipping will require the implementation of a variety of technical,
operational, and behavioural changes in the international shipping sector (Winebrake and Corbett, 2010;
IMO, 2020a; Kanchiralla and others, 2022). These changes will need to be induced through policy
instruments that range from command-and-control directives (such as emissions standards and design
indices) to market-based approaches (such as emissions fees or market-based credit systems). Existing
policy instruments are focused on the technical and operational aspects of reducing emissions, such as
mandating energy efficiency and carbon intensity standards (MEPC, 2023b). The draft amendments to
annex VI MARPOL, the "IMO net-zero framework", is awaiting adoption. Moreover, new technologies
are being developed that have the potential to capture and store carbon from ships’ exhaust (Kanchiralla
and others, 2024). Another key to guiding decarbonization is the transparent measurement, reporting and
verification of ship fuel consumption (Singh and others, 2016; Sabine, 2024). In 2016, IMO launched its
data collection system for this purpose (MEPC, 2016).

Finally, while the 2006 Stern Review on the Economics of Climate Change estimated that the cost of
global inaction on climate change significantly outweighs the expected cost of coordinated global action,
the cost of reducing greenhouse gas emissions from the international shipping sector is expected to be
substantial and bears a risk of disproportional negative impacts, especially on developing countries, in
particular small island developing States and least developed countries. UNCTAD (2023) reports that
estimates show that decarbonizing the world’s fleet by 2050 could require $8 billion to $28 billion
annually” and that “the infrastructure for 100% carbon-neutral fuels could need an even heftier $28
billion to $90 billion each year”. If achieved, full decarbonization could double yearly fuel costs, driving
the shipping industry to seek finance frameworks to achieve economic, environmental and social
sustainability (Haugan,2024). The present part of the chapter is focused on some of the more prominent
decarbonization strategies being explored by the sector and contains a discussion of the opportunities and
challenges of each strategy, with emphasis on the marine environment.

Zero and near-zero fuels and propulsion technologies

Many promising options exist for the use of zero and near-zero fuels as bunker fuel for ships. These fuels
have a lower carbon intensity compared with conventional heavy fuel oil or other diesel-based marine
fuels, and therefore could have a lower climate impact when used. The variety of fuels being considered
includes methanol, ammonia, hydrogen, electricity and biofuels. The assessment of future fuel mixes is a
complex task (Kanchiralla and others, 2024). However, the majority of existing life-cycle assessment
studies of marine fuels lack transparent disclosure of the methodological choices and assumptions and
lack an uncertainty analysis, which suggests that they cannot provide clear guidance on the potential
environmental impacts of marine fuels (Roux and others, 2024).

Two primary challenges associated with introducing these “clean” fuels into the global shipping sector are
cost and access. With respect to cost, as many of these zero and near-zero fuels are priced considerably
higher than conventional fuel oils, ship operators must be properly incentivized to spend more for them,
either through policy mandates or economic incentives. With respect to access, many of these fuels,
including hydrogen and ammonia, have immature landside supply-chain and bunkering infrastructure that
may also require extra safety measures. Moreover, it will be challenging to switch vessels to these fuels if
there is no guarantee that refuelling options exist across the complex maritime transportation network
used by them.
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In addition, although many of the zero and near-zero fuels, such as ammonia, show significant promise in
terms of reducing greenhouse gas emissions from vessels, there may be considerable greenhouse gas
emissions that occur during the extraction, production and transportation of these fuels to bunkering
outlets, as well as from unburned hydrocarbons, such as methane, that are emitted when used on board a
vessel (“methane slip”). In addition, ammonia is known to be toxic to marine invertebrates, with growth
inhibition, oxidative stress and immunological responses being the top three types of acute responses and
growth inhibition, nervous system injury and metabolic disorder dominating the chronic responses
(Zhang, Li and others, 2023). However, under moderate ammonia stress, ecosystem complexity dampens
effects, consistent with previously observed scale-dependent toxicity of ammonia on aquatic organisms
(Liu and others, 2022). Ammonia as a nutrient pollutant is well-known, and any spill in areas sensitive to
eutrophication will be detrimental (see sect. 4, chap. 6). Accounting for all these emissions as part of a
total fuel-cycle analysis is important (Kanchiralla and others, 2022). Greenhouse gas emissions from fuel
extraction (or electricity production) through to end use are called “well-to-wake” emissions, and studies
have shown that it is critically important to consider well-to-wake emissions when comparing fuels
(Winebrake and others, 2019; MEPC, 2024¢; Roux and others, 2024).

Nevertheless, opportunities exist for a variety of zero and near-zero fuels when considering the full well-
to-wake greenhouse gas life cycle (Carr and others, 2024). Most promising are fuels that can be produced
sustainably (i.e. through renewable means), as well as those that do not need massive infrastructure
investment to be operationalized. Indeed, the order book for new vessels operating on zero and near-zero
fuels shows over 400 ocean-going vessels investing in methanol, ammonia and battery-assistance,
although it should be noted that these orders represent only a small fraction of the total number of vessels
on order (ibid.). Continued assessment is needed to demonstrate how these fuels can be produced
sustainably and operate effectively in the maritime sector.

In addition, it is imperative to address the safety issues related to alternative fuels as well as to ensure the
necessary training of seafarers.

Operations and logistics

Another set of options for reducing the carbon-intensity of the shipping sector is through modifications in
operations and logistics, or how ships are deployed and used in global transport. Three opportunities that
are particularly noteworthy are slow steaming, just-in-time arrival and e-navigation systems.

Slow steaming is when vessel speed on the water is adjusted as it moves goods from origin to destination.
Since a vessel’s fuel usage is exponentially proportional to its speed, slowing vessel speeds can have a
dramatic impact on fuel use and emissions. Reducing speeds by 50% can lead to a 70% reduction in fuel
use (Corbett and others, 2009). Although slow steaming is promising, it faces challenges as a long-term
solution to decarbonization. For example, slow steaming leads to slower delivery times, which needs to
be balanced against the general customer tolerance for longer transit times (Vakili and others, 2023); it
may even be unacceptable for certain commodities, such as fresh food (Dere and others, 2022). Slower
deliveries without loss of service implies that vessels must be added to the global shipping fleet, which
may offset the emissions reductions gains from slow steaming in the first place. In addition, APEC (2019)
has highlighted that the complexity of analysis of impacts of slow steaming for the economies of remote
islands necessitates further studies to ensure that small island developing States are not negatively
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affected by, for example, global strategies for slow steaming. Nevertheless, for certain commodities that
do not have a best-before date, slow steaming is a viable option for reducing greenhouse gas emissions.

Another existing option for reducing emissions from ships is the concept of “just-in-time arrival”. This
operational strategy addresses a common problem in the shipping sector, whereby vessels arrive at port
but are unable to dock due to congestion, availability or other factors. When faced with such a situation,
vessels anchor outside of port, burning fuel — sometimes for days —while they wait for an opportunity to
dock. During this period, the on-board subsystems impact the marine environment (Argiiello and others,
2022). Just-in-time arrival is designed to address this problem by providing real-time data to vessels
under voyage so that they can adjust their routes or speeds according to their ability to dock at a
destination port. While economic incentives exist that encourage the use of just-in-time docking, data
exchange systems or port community systems must be made more robust for the practice to be taken up
more holistically in the shipping sector, especially in small island developing States (World Bank, 2024).
However, certain operational and market dynamics can work against just-in-time practices, such as when
ships remain at sea to await higher cargo prices or when liquefied natural gas feeder vessels spend
substantial time at sea simply to burn off gas to manage tank pressure, without performing any actual
transport work (Horteborn and Hassellov, 2023).

Lastly, an important tool for making informed decisions regarding the safety and efficiency of ship
operations is marine weather data, which comes from various sources, such as satellites, buoys, ships and
ground stations (Miloslavich and others, 2024). The maritime industry is undergoing a digital
transformation. E-navigation is a key component of smart shipping, as it integrates human engagement
with navigational advancements and leverages technological achievements to improve safety and security
at sea, enhance berth-to-berth navigation and protect the marine environment.

Ship design and retrofitting

Another approach to decarbonizing global shipping is through ship design and retrofitting. Since the early
2000s, IMO has been working with the shipping industry to improve the efficiency of ship operations.
These initiatives have been focused on three primary areas: (a) the Energy Efficiency Design Index,
which is an increasingly stringent energy efficiency metric per capacity mile (e.g. per ton-mile) on the
basis of ship classification; (b) the Ship Energy Efficiency Management Plan, which is a mechanism for
achieving greater efficiency in on-board energy management and includes tools to help to monitor energy
use (MEPC, 2022a); and (c) the Energy Efficiency Existing Ship Index and the carbon intensity indicator
rating, which went into force in 2022 and 2023, respectively, with the goal of providing a metric for
energy efficiency and carbon emissions for existing ships that must be improved annually.

All three approaches are tools to help shipbuilders and operators find ways to reduce greenhouse gas
emissions. These approaches are technology-neutral and do not dictate which energy-efficiency measures
or other technologies are required on board a vessel. Instead, they provide guidance and targets to the
sector that can be met in a variety of ways. Energy-saving devices, such as wind-assisted propulsion
systems, air lubrication systems, waste heat recovery devices and photovoltaic power generation, are all
options that ship operators may explore (MEPC, 2021a).

The costs and benefits of these options are vessel-dependent and sometimes require sophisticated analysis
that includes significant uncertainty and validation difficulty due to a lack of full-scale data. For example,
recent evidence suggests that modelling uncertainties remain higher than the maximum net benefit
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typically offered by many energy-saving devices (Ponkratov, 2017; Andersson and others, 2022; Terziev
and others, 2022). Given the risks involved, ship operators may be reluctant to implement some of these
technologies without additional data validation and operational experience at full scale.

Circular economy ship recycling

Another consideration for sustainable pathways beyond decarbonization is how the sector deals with ships
at the end of their operational life, in line with the concept of “cradle to grave”. By recovering steel,
various metals and a wide range of used materials, the need for further extraction of natural resources is
minimized. For steel, in particular, which accounts for up to 95% of a ship’s weight, recovery through
ship recycling can lead to a 70-90% reduction in the ecological footprint and environmental impact, in
comparison with the production of ships from iron ores (Rahman and Kim, 2020). However, as many
current recycled ships were built in an era with weaker environmental regulations, they can also contain a
variety of hazardous and toxic substances, including asbestos, metals, polychlorinated biphenyls (PCBs),
polycyclic aromatic hydrocarbons (PAHs), glass wool and biocide antifouling coatings such as tributyltin.
Unsustainable ship recycling operations and waste disposal poses environmental and health risks (Dey
and others, 2021). The sustainability challenges in ship recycling are multidimensional and include
corruption to circumvent environmental laws, for example when flags of convenience are used to allow
obsolete ships to berth in ship recycling facilities in countries that have not ratified the relevant
international conventions. In the global trade fleet, 61% of ships sport such flags, which allows
developing countries with less stringent labour and environmental protection legislation to offer scuttling
of obsolete ships or to offer long-term low-cost scrapping areas(Devault and others, 2017). Currently, the
focus is on the sustainable recycling of ships, minimizing environmental impact and maximizing material
recovery (Hiremath and others, 2015; Zhou and others, 2021; see also sect. 3). By taking a holistic
approach to the life cycle of a ship, appropriate decisions during the design and construction of a ship (the
“design for recycling” concept) and throughout its life cycle can contribute to reducing the environmental
impact during the scrapping stage. This is the aim of the Hong Kong International Convention for the
Safe and Environmentally Sound Recycling of Ships, 2009, which entered into force at the global level on
26 June 2025.

Ocean observation and monitoring

Effective and resource-efficient monitoring and ecosystem-based management strategies are essential for
the conservation of marine ecosystems. Fixed-wing or mobile rotary-wing unmanned aerial vehicle
remote sensing platforms can be used to collect multidimensional marine data. These vehicles have been
effectively used to monitor the marine environment for tasks such as oil spill detection, marine debris
identification, algal bloom observation, carbon stock estimation, dissolved organic carbon (DOC) content
detection and total suspended sediment assessment. Data on marine physics, chemistry and biology can be
coordinated and collected by underwater gliders equipped with a variety of sensors. Unmanned surface
vehicles reach various offshore destinations from the nearest shore. Numerous sensors are carried by them
for important monitoring of atmospheric and marine environmental variables (Yuan and others, 2023).
With the right sensors, maritime autonomous surface ships can operate autonomously or remotely to
continuously measure ocean parameters. Satellite remote sensing platforms can provide physical
oceanography-related monitoring, detect oil spills and contribute to the monitoring of biological patterns.
FerryBoxes, which are automated surface water monitoring systems that are fitted to ships’ through-flow
systems and equipped with various sensors, can collect data on physical, chemical and biological ocean
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parameters (Intergovernmental Ocean Commission (IOC) and the United Nations Educational, Scientific
and Cultural Organization (UNESCO), 2024). The Voluntary Observing Ship (VOS) programme (see e.g.
https://vos.noaa.gov/) depends on the volunteer participation of crew members and gathers information on

weather observations that are valuable for climatologists. Lastly, automatic identification system (AIS)
data, originally developed for enhanced navigational safety, are currently essential both for the assessment
of environmental pressures with respect to shipping and for relating sensor data collected by ships
(Calewaert, 2024; Miloslavich, 2024).

4. Social components

With respect to addressing the social elements of sustainable development, two areas are considered
below: (a) the conditions of seafarers (including issues of gender and equity) and the broader impacts of
the shipping sector on the people who work in it; and (b) the social and human impacts of the shipping
sector.

Seafarers

The shipping industry as a whole is facing challenges with respect to the recruitment and retention of
seafarers (Caesar, 2024). As the shipping industry is predicted to grow, the increasing shortage of
seafarers will pose even more challenges in the future (Drewry, 2024). It is recognized that shipping is a
high-risk occupation with a high incidence of accidents, morbidity and mortality (Sliskovi¢, 2015).
Despite the fact that mariners’ relationship with the sea is important for their identity (Glithero, 2024), the
physical work environment is also demanding (Oldenburg and others, 2010). Furthermore, the often harsh
operational environments are unpredictable and add more challenges to the work (Ventikos and others,
2018; see also subsect. 5B, chap. 7). Elements of the psychosocial aspects of work have been given more
attention through identification of challenges such as isolation, extended time away from family and
friends, bullying, sexism, stress and fatigue, all of which have a negative impact on the on-board work
environment (Jepsen and others, 2017; Jonglertmontree and others, 2022; Osterman, 2022; Toygar and
others, 2023). These are important issues to address to make shipping a more attractive career choice.

There is evidence that seafarers can be treated unfairly. One such example is when seafarers serve on
vessels under flags of convenience. The International Transport Workers’ Federation (ITF) has found that
such crews experience substandard working conditions and low wages and are forced to work under poor
safety conditions (Christodoulou-Varotsi, 2012; ITF, 2024; see also subsect. 5B, chap. 5). Over the years,
various initiatives have been taken to secure social sustainability in the shipping industry to improve
conditions for seafarers. The Maritime Labour Convention, 2006 was thus adopted with the aim of
ensuring that seafarers have decent working conditions and job security (ILO, 2006). In addition, IMO
and the European Maritime Safety Agency have recognized the challenges that seafarers face, and regard
the human element, that is, the complex interplay between people and the systems they work within, as a
key element in addressing the social, equity and equality issues related to employment within the industry
(IMO, 2006; European Maritime Safety Agency (EMSA), 2023). The Special Rapporteur on the
implications for human rights of the environmentally sound management and disposal of hazardous
substances and wastes has called for a human rights-based approach to this sector by States and
businesses (see A/79/163).

Other interested organizations have identified the importance of well-being and psychological safety of
crew on board. The Oil Companies International Marine Forum performs inspections on board tanker
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vessels to address concerns about substandard operational practices (Oil Companies International Marine
Forum (OCIMF), 2024). As of 2024, Forum inspections have included not only technologies but also
human factors and various aspects of the work environment of the crew (OCIMF, 2021).

The shipping industry is facing technological developments that will prove to be disruptive, causing
changes to the sociotechnical system. As digitalization and automation are introduced, the way work is
done and will be done will further change (Mallam and others, 2020). In preparation for a future with
highly automated and autonomous operation of ships, IMO has conducted regulatory scoping exercises
relating to ships with various levels of automation (IMO, 2024c). New concepts of operations will require
significant modifications to the International Convention for the Safety of Life at Sea, 1974 (IMO, 2024b)
and the International Convention on the Standards of Training, Certification and Watchkeeping for
Seafarers (IMO, 2017), and will need to address safe work practices and identify the future competencies
required by mariners. Current maritime education and training has been scrutinized for such gaps in the
knowledge needed to adequately prepare future navigational officers and marine engineers for roles on
automated and remotely controlled vessels (Jurdzinski, 2020; Wang and others, 2020; Lokuketagoda and
others, 2023). Fortunately, the disruptions arising from increased levels of automation should create new
opportunities for recruitment and retention of newly trained operators and mariners and should address
social inequities in employment in a traditionally male-dominated industry.

Human rights, gender and equity

The maritime sector traditionally has been characterized as male-dominated. Women represent only
1.28% of the worldwide number of seafarers certified under the International Convention on Standards of
Training, Certification and Watchkeeping for Seafarers to work as captains, deck officers, chief engineers,
engine officers or radio officers (Baltic and International Maritime Council (BIMCO) and International
Chamber of Shipping (ICS), 2021; see also subsect. 5B, chap. 6). The majority of women seafarers work
in non-technical and non-operational sections such as catering and hotel sections on cruise ships and
ferries, to which they are stereotypically considered to be more suited (Kitada, 2022). The same trend is
observed among women working in ports and shore-based maritime industries, although there are
significant variation across countries and regions and between public or private ownership structures
(World Maritime University (WMU), 2019; IMO and Women's International Shipping and Trading
Association (WISTA), 2021; Kitada, 2022; UNCTAD, 2023).

Impacts on human health

Atmospheric ship emissions such as sulfur and nitrogen oxides, despite occurring over water, undergo
chemical changes in the atmosphere and are transported over land (see figure II), where they can have
deleterious effects on human health (Corbett and others, 2007; Winebrake and others, 2009). The social
impacts of these effects range from work and school days missed to loss of life due to respiratory ailments
or other negative health impacts. In addition, as emissions from port activities tend to occur in areas that
are heavily populated, often with lower-income populations, issues of environmental justice and equity
are also a concern.

Due to the human health and environmental concerns related to sulfur emissions, IMO implemented new
low-sulfur fuel standards in 2020 (IMO, 2020b). These standards limit the sulfur content of fuels to 0.5%
outside of emission control areas and to 0.1% within emission control areas. New low-sulfur fuels and
scrubbers are now being used to achieve these low-sulfur emissions goals. The new regulations are
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expected to have significant beneficial impacts on human health (Sofiev and others, 2018); however,
unintended trade-offs also exist. By reducing sulfur particles in the atmosphere, the use of low-sulfur
fuels indirectly increases global warming (compared with high-sulfur fuels) due to radiative forcing
effects (Yuan and others, 2024). Moreover, scrubber technology involves the discharge of effluent into the
marine environment that includes toxic contaminants (Hassellov and others, 2020).

Sector-relevant governance

The United Nations Convention on the Law of the Sea serves as a constitutive legal framework that
addresses all issues relating to the ocean (Koh, 1982), as complemented by previously existing and
subsequently developed legal instruments and customary international law, as well as a wide range of
non-legally binding instruments (see sect. 3). The development and implementation of laws and
regulations on international shipping within this framework are also influenced by laws and regulations
on the marine environment, fisheries, biological diversity, climate change, human rights, marine science
and technology and global political initiatives including the Sustainable Development Goals. In
addressing the triple planetary crisis, shipping laws and regulations will evolve alongside other legal
instruments, such as the United Nations Framework Convention on Climate Change (1994) and the Paris
Agreement (2015), the Convention on Biological Diversity (and the Kunming-Montreal Global
Biodiversity Framework (2022)) and the Agreement under the United Nations Convention on the Law of
the Sea on the Conservation and Sustainable Use of Marine Biological Diversity of Areas beyond
National Jurisdiction (United Nations, 2023).

IMO is the specialized agency within the United Nations system with the global mandate to establish
rules and standards for international shipping on the safety, security and protection of the marine
environment (IMO, 2014). Special rules and standards have also been adopted by States and regional
organizations for certain types of ships and specific regions. Under the auspices of IMO, States have
adopted 59 legally binding conventions and nearly 1,000 non-mandatory codes, guidelines and
recommendations that they have carefully implemented (Status of IMO Treaties, 2025). There are eight
major conventions with protocols and amendments that directly address the issue of marine pollution
from ships. The present part of the chapter provides an overview of major developments at IMO
regarding environmental regulations on shipping between 2019 and 2024.

MARPOL is the main international convention covering the prevention of pollution by ships from
operational and accidental causes. It contains six annexes, targeting pollution from oil, noxious liquid
substances in bulk, harmful substances carried in packaged form, sewage, garbage and air pollution,
respectively (see part 2 above). Recent amendments have been focused on reducing sulfur content in fuel
oil to 0.50% m/m (mass by mass) globally (Marine Environment Protection Committee (MEPC), 2018b),
prohibiting the use and carriage of heavy fuel oil for use as fuel by ships in Arctic waters (MEPC, 2021b)
and permitting the establishment of regional reception facilities within Arctic waters (MEPC, 2022b and
2022¢). In addition, new emission control areas, covering nitrogen oxides, sulfur oxides and particulate
matter, have been designated for the Mediterranean Sea (MEPC, 2023a), the Canadian Arctic and the
Norwegian Sea (MEPC, 2024a).

To combat greenhouse gas emissions, annex VI of MARPOL has been updated with goal-based technical
and operational measures such as the Energy Efficiency Design Index, the Energy Efficiency Existing
Ship Index, the Ship Energy Efficiency Management Plan, the data collection system and the carbon
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intensity indicator rating for ships (IMO, 2024a). In 2023, IMO adopted an updated greenhouse gas
strategy (MEPC, 2023d) with new indicative checkpoints for reaching net-zero greenhouse gas emissions
by or around 2050. They are targeted for entry into force by 2027, and discussions are continuing
regarding the potential adoption of a basket of mid-term measures comprising both a technical element (a
goal-based marine fuel standard regulating the phased reduction of the marine fuel’s greenhouse gas
intensity) and an economic element (based on a maritime greenhouse gas emissions pricing mechanism)
following a comprehensive impact assessment process (MEPC, 2023d; MEPC, 2024b (and related
document in the introduction of the report); MEPC, 2024c). Further developments include the adoption of
guidelines on the life-cycle greenhouse gas intensity of marine fuels and discussions on the development
of an IMO life cycle assessment framework and the terms for conducting the fifth IMO greenhouse gas
study (MEPC, 2024c).

The International Convention for the Control and Management of Ships' Ballast Water and Sediments,
2004 entered into force in 2017. It is supplemented by the Code for Approval of Ballast Water
Management Systems and amendments relating to the official forms for the International Ballast Water
Management Certificate and the Ballast Water Record Book and the use of electronic record books. Under
the Convention, there are over 70 type-approved ballast water management systems to prevent harmful
organisms from spreading through ballast water (MEPC, 2018a). To further address the issue of invasive
aquatic species, IMO adopted Guidelines for the Control and Management of Ships’ Biofouling to
minimize their transfer into new marine environments (MEPC, 2023¢). Concerning the prohibition of the
use of harmful anti-fouling coatings on ships, IMO has continued to develop and update guidelines under
the International Convention on the Control of Harmful Anti-fouling Systems on Ships, including controls
on cybutryne (MEPC, 2021c).

The Hong Kong International Convention for the Safe and Environmentally Sound Recycling of Ships
(Hong Kong Convention), which entered into force at the global level on 26 June 2025, regulates all
issues around ship recycling, including the handling of environmentally hazardous substances such as
asbestos, heavy metals, hydrocarbons, ozone-depleting substances and others. It also addresses concerns
about working and environmental conditions in ship recycling facilities.

IMO has adopted and implemented strategies to reduce plastic litter from ships (MEPC, 2021d) and has
approved recommendations for the carriage of plastic pellets by sea in freight containers (MEPC, 2024d),
which address packaging, transport information and stowage of plastic pellets. The topic of plastic litter
has also been under consideration by States in the context of the Convention on the Prevention of Marine
Pollution by Dumping of Wastes and Other Matter and the 1996 Protocol thereto concerning marine litter
and microplastics, and the end-of-life management of fibre-reinforced plastic vessels and alternatives to
at-sea disposal .

In order to address underwater noise, IMO adopted the revised Guidelines for the Reduction of
Underwater Radiated Noise from Shipping to Address Adverse Impacts on Marine Life (MEPC, 2023c)
and approved an action plan for the reduction of underwater noise from commercial shipping and
guidance on the experience-building phase to address barriers to the uptake and implementation of the
revised Guidelines (MEPC, 2024c).

Between 2019 and 2024, all major IMO environmental conventions gained additional ratifications. The
largest increase in Parties was to the Ballast Water Management Convention (18), followed by the Anti-
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fouling Systems Convention (17), the Hong Kong Convention (17) and annex VI to MARPOL (16). The
effectiveness of international shipping regulations depends on the ability of States to fulfil their
obligations as required by the instruments to which they are Parties. The current legal framework relies
heavily on flag State implementation, supplemented by port State control and limited coastal State
enforcement measures. IMO has adopted unified procedures to guide port State control inspections (IMO,
2024e) and collaborates with 10 port State control regimes operating globally (IMO,2024e¢). In addition,
IMO has developed various mechanisms to assist IMO member States to improve their capabilities and
overall performance to fully comply with IMO instruments, including, since 2016, a mandatory IMO
member State audit scheme (IMO 2013a and 2013b). As of October 2024, 92 of 176 IMO member States
and 3 associate members have been audited (IMO, 2024d), and an annual report has been issued
summarizing best practices to enhance implementation (IMO, 2024b). Between 2016 and 2022, the IMO
secretariat issued five anonymous consolidated audit summary reports on a periodic basis containing
lessons learned from the audits. The analysis and lessons contained in the consolidated audit summary
reports are reviewed by the relevant committees and fed back into the regulatory process of IMO to help
to make measurable improvements in the effectiveness of the international regulatory framework for

shipping.
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