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The introduction of several alternative marine fuels is considered an important
strategy for maritime decarbonization. These alternative marine fuels include
liquefied natural gas (LNG), liquefied biogas (LBG), hydrogen, ammonia,
methanol, ethanol, hydrotreated vegetable oil (HVO), etc. In some studies,
nuclear power and electricity are also included in the scope of alternative fuels
for merchant ships. However, the operation of alternative-fuel-powered ships
has some special risks, such as fuel spills, vapor dispersion and fuel pool fires.
The existing international legal framework does not address these risks
sufficiently. This research adopts the method of legal analysis to examine the
existing international legal regime for regulating the development of
alternative-fuel-powered ships. From a critical perspective, it evaluates and
predicts the consequences of these policies together with their shortcomings.
Also, this research explores the potential solutions and countermeasures that
might be feasible to deal with the special marine environmental risks posed by
alternative-fuel-powered ships in the future.

KEYWORDS

alternative-fuel-powered ships, maritime decarbonization, marine environmental
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1 Introduction

Emissions arising from maritime transport continue to significantly contribute to air
pollution (IMO, 2021). The introduction of several alternative marine fuels and
renewable energy is considered an important strategy for maritime decarbonization
(OECD, 2016; Chen et al, 2019). Especially after the International Maritime
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Organization (IMO) adopted its initial strategy for reducing the are many international conventions in place covering the use of
emissions of greenhouse gas (GHG) from ships, transitioning to alternative marine fuels and energy, many issues related to their
the use of alternative fuels and energy sources has become a potential environmental risks remain. These issues include the
realistic need for many shipping companies (IMO, 2018). These lack of common legal standards for methanol contamination, an
cleaner alternative marine fuels and energy include liquefied insufficient legal framework for the regulation of biofuel, solar
natural gas (LNG), liquefied biogas (LBG), hydrogen, ammonia, power and electric ships, the need for a delicate balance between
methanol, ethanol, hydrotreated vegetable oil (HVO), fuel cells, the establishment of safety zones around bunkering
nuclear power, wind power, solar power, and electricity (ITF, infrastructures and freedom of navigation, and the inadequate
2018; Wang and Wright, 2021; Al-Enazi et al., 2021; Santos et al., liability and compensation framework for marine environmental
2022) (Figure 1). The use of alternative fuels and energy in the damage induced by alternative-fuel-powered ships (Xu et al.,
context of carbon neutrality focuses on reducing carbon 2015). These potential shortcomings and insufficiencies
emissions from the shipping sector but ignores the other embedded in the existing international legal framework make
potential risks to the marine environment that these “carbon- it difficult to formulate an effective regulatory regime to address
clean” alternative fuels and energy might involve. The operation the emerging challenges in the era of carbon neutrality.
of alternative-fuel-powered ships also has some special risks, In this context, this research aims to address the following
such as alternative marine fuel spills on water, fuel vapor three main questions: (1) What are the conventions, protocols,
dispersion, and fuel pool fires. Although the chances of marine and resolutions that constitute the existing international legal
environmental damage as a result of marine fuels leakage may be framework for pollution prevention and the remedies for
somewhat limited, other kinds of damage, such as methane slip- alternative-fuel-powered ship-induced environmental risks and
induced atmospheric contamination and unforeseeable damage incidents? (2) Can the existing legal framework effectively
to human health and property due to the toxicity of ammonia address the environmental risks and challenges that alternative
(Yadav and Jeong, 2022), remain a tangible possibility requiring fuels may pose? (3) What might be the potential implications
attention and needing to be addressed. and possible ways to move ahead? This research primarily uses a
The legal system and rule of law play important roles in legal analysis approach to analyze the international legal
protecting the marine environment (Chang and Shi, 2020). framework regulating environmental risks and incidents
Existing international legal regimes have significantly stemming from alternative-fuel-powered ships and to analyze
influenced the regulation over vessel-source pollution, the the potential shortcomings and insufficiencies that might be
transportation of hazardous and noxious substances (HNSs), embedded in the existing framework, including the complicated
and marine environmental protection. However, although there structure of the institutional framework, some inconsistent
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FIGURE 1
Technologies and fuels on a pathway to maritime decarbonization. Source: Department for Transport, 2019; Al-Enazi et al., 2021.
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legislative principles and approaches, the parallel application of
different fuel and energy conventions for multifuel and hybrid
power ships, deficiencies in pollution prevention and bunkering
safety regulation, the failure to resolve the potential tension
between bunkering facility regulation and freedom of
navigation, the lack of international environmental
enforcement standards related to alternative fuels, deficiencies
in the liability and compensation system for pollution damage,
and inadequate international cooperation in pollution
prevention and response. On this basis, this research explores
the potential implications and solutions that might be feasible to
deal with the special marine environmental risks posed by
alternative-fuel-powered ships.

2 Literature review, materials and
analytical framework

2.1 Literature review

The maritime sector is a key asset for the global economy
(Prussi et al., 2021). Four fifths of the total world trade must be
completed by maritime transportation, so sea transportation
plays an important role in the development of the global
economy (UNCTAD, 2017). The increasingly strict GHG
emission regulations set for ships are making ship owners/
operators find new efficient methods of fulfilling these
requirements (Ushakov et al.,, 2019). Currently, the maritime
industry is urgently searching for clean, reliable and affordable
alternative fuels and energy (Al-Enazi et al., 2021). Therefore,
alternative fuels and energy are essential for decarbonization in
international shipping (Wang and Wright, 2021). Many
countries have focused on alternative marine fuels, such as the
USA (Bicer et al., 2016), Japan (Tanaka, 2013), Europe (Prussi
et al, 2021), Australia (Paul et al., 2018), China (Yang et al,
2019), Poland (Mietkiewicz, 2021), Norway (Laribi and Guy,
2020), etc. Existing research and practice on alternative marine
fuels and energy mainly focus on the follows:

First, existing research examines the advantages and
applicability of alternative marine fuels and energy. Studies
have shown that due to the regulation of sulfur emissions, the
use of LNG as a maritime fuel has increased (Anderson et al.,
2015). LNG is a highly efficient and clean low-carbon energy
source (Zhu et al., 2022), and scholars contend that LNG is one
of the best solutions compared with others (Wattum, 2011;
Kumar et al,, 2011; Schinas and Butler, 2016). At the port of
Heraklion, through empirical research, compared with gas
emissions after using LNG and marine diesel oil, Livaniou
et al. (2022) found that the SO,, CO,, CO, NO,, HC, CH,,
and PM emissions of LNG were reduced by 76%. LNG is widely
accepted because it also fulfils other regulations, such as those
concerningCO, and NOy, and is the cheapest fuel (Bas et al,
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2017). Overall, LNG is the most researched alternative shipping
fuel by scholars in the past. However, scholars have paid more
attention to other alternative shipping fuels, including methanol,
ammonia and hydrogen fuels. (Ampah et al,, 2021). There is
already an increasing global demand for ammonia, which can be
used as a versatile marine fuel (Cheliotis et al., 2021), especially
in the United States and Europe (Al-Enazi et al., 2021).
Furthermore, “a sustainable global energy future can be
attained by utilizing hydrogen fuel in addition to other clean
fuels” (Al-Enazi et al., 2021).

Second, existing research also analyzes the disadvantages of
alternative marine fuels, given that there are still many obstacles
and difficulties in their application to shipping. Researchers find
that, indeed, not all alternative fuels make a ship more climate-
friendly (Martin, 2021) and LNG could be a rather dangerous
liquid (Zhu et al, 2021). During the methanol manufacturing
process, a large amount of GHG emissions is also produced
(Martin, 2021). Scholars point out that cost (Valera-Medina
et al.,, 2018; Prussi et al., 2021; Bicer et al.,, 2016; Salmon and
Banares-Alcantara, 2021; Martin, 2021) and GHG emissions
(Pavlenko et al., 2020; Prussi et al., 2021; Bicer et al., 2016; Jang
et al., 2021) are the most critical issues in the use of alternative
marine fuels. Other aspects are also crucial: technical maturity
(Desai, 2017; Biofuels International, 2019; Manouchehrinia
et al, 2020; Valera-Medina et al., 2021; Van Hoecke et al.,
2021; IEA, 2022), safety regulation (Deniz and Zincir, 2016),
the expertise needed (Prussi et al., 2021), etc. Moreover, the wide
application of alternative marine fuels may encounter legal
obstacles (Valera-Medina et al,, 2021; Al-Enazi et al., 2021)
and need to comply with the requirements under international
conventions and related agreements (Chang, 2020). Alternative
marine fuels often lack sufficient support from domestic
legislation (Paul et al., 2018).

Third, existing research studies propose the potential
directions, methods and measures to solve the problems
existing in the wide application of alternative marine fuels.
Given the economic cost of alternative marine fuels, scholars
suggest that simultaneous operations should be used to reduce
costs (Fan et al., 2021) and the promotion of alternative marine
fuels can be realized through the establishment of marine energy
funds (Yang et al,, 2019). For GHG emissions, a “technology
warming potential” approach (Thomson et al., 2015) and risk
assessment framework (Wu et al., 2021a) can be adopted, and
the use of dual-fuel engines is proposed as an efficient method
(Mestemaker et al., 2020). In response to technical problems, it is
recommended to incentivize technological innovations by
formulating corresponding laws (Thomson et al., 2015;
Lindstad et al., 2020; Xu and Mukherjee, 2020), which may in
turn supports safety control, loss prevention and emergency
response (Wu et al, 2021b). In summary, facilitating the
adoption of alternative fuels calls for effective policy and
technical frameworks created from a system-wide perspective
(Wang and Wright, 2021).
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The research above shows that compared with traditional
diesel oil, alternative marine fuels and energy have certain
advantages. However, their widespread use and promotion will
not be smooth sailing since the use of alternative marine fuels and
energy still needs to take into account economic costs, technical
conditions, legal systems and other factors. Therefore, scholars
have made useful suggestions on how to overcome these
difficulties. Existing research proposals are basically focused on
further reducing carbon emissions and measuring and responding
to economic costs, as well as measures for technological
innovation. There lacks sufficient research focusing on the other
potential risks to the marine environment that these alternative
fuels and energy might have and how the existing international
institutional framework functions in regulating these special
environmental risks.

2.2 Methods, materials and
analytical framework

“International law and institutions serve as the main
framework for international cooperation and collaboration
between members of the international community in their
efforts to protect the local, regional and global marine
environment” (Chang, 2012). Rule of law has been
considered one of the most important elements of good
ocean governance (Chang, 2012). Therefore, this research
chooses to explore in depth the use of alternative fuels and
energy for maritime decarbonization from an international
law perspective. It uses a legal analysis approach to analyze the
international legal instruments in place that cover the use of
alternative marine fuels and energy as well as related marine
environmental issues, and it tries to determine whether there
are shortcomings and insufficiencies embedded in the current
international legal framework and whether the existing
institutional framework is well equipped for entering the era
of maritime carbon neutrality. The materials used for the
research are mainly the international conventions, protocols,
resolutions and other relevant instruments that involve
pollution prevention, safety regulation, pollution liability
and compensation for the use of alternative fuels and energy
in maritime transport. These international legal instruments
are collected from the official websites of the United Nations
Treaty Collection, IMO and International Atomic Energy
Agency (IAEA). However, many related legal instruments
are temporarily absent, such as the special regulatory
frameworks for ships using electricity, solar power, offshore
wind energy, biofuels or fuel cells. This absence also highlights
the problem of the “legislative lag” of the international legal
regime in the face of emerging issues in the era of carbon
neutrality (Abel, 1982).
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In addition to Section 1 and Section 2, the following sections
provide a critical examination of relevant matters from an
international law perspective. Section 3 analyzes the special
environmental risks that may exist in the operation of ships
using alternative fuels and energy for maritime decarbonization.
Section 4 analyzes the international legal framework regulating
the use of alternative fuels and energy as well as its potential
environmental risks in maritime transport. Section 5 examines
the shortcomings and insufficiencies embedded in the current
international legal framework, showing how they might bring
difficulties in formulating an effective regulatory regime to cope
with the emerging challenges in the era of carbon neutrality.
Section 6 proposes some potential implications and tentative
ways that might be feasible to move forward in the future.

3 Special marine environmental
risks posed by alternative-fuel-
powered ships

Alternative fuels and energy can help achieve low-carbon
and zero-carbon emission goals, but their use often requires
corresponding high-cost technical and operational measures as a
safety guarantee (Xing et al., 2021; Salmon and Banares-
Alcantara, 2021). Most importantly, the use of alternative
marine fuels and energy in the context of carbon neutrality
focuses on reducing carbon emissions from the shipping sector
but often ignores the other potential risks to the marine
environment that these “carbon-clean” alternative fuels and
energy might involve (Figure 2). Carbon-free fuels and energy
such as hydrogen, solar energy, and wind energy may achieve the
target of zero-carbon shipping; however, it is currently difficult
to fully replace carbon-based fuels such as diesel oil and LNG,
both technically and economically (Al-Enazi et al., 2021). Solar
energy and wind energy may not be widely used on ships of all
types of routes due to the high restrictions on ship size and
routes. The production cost of electrolyzing water to produce
green hydrogen is prohibitive. Additionally, life cycle assessment
studies have found that although alternative fuels such as
hydrogen and electricity do not cause pollution when working
as fuels on board, there are still significant GHG emissions
during their production or transportation. Moreover, biofuels,
ammonia, and electricity may have negative impacts on
acidification potential and eutrophication during production
and disposal. In addition to natural environmental pollution,
the inherent characteristics of various alternative fuels make
their use on board present other marine risks to the crew and
other people. Factors such as different ship types, speeds, and
routes may impede the contribution of various alternative fuels
to environmental risks, but from a macro perspective, these
environmental risks cannot be ignored.
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FIGURE 2

Special marine environmental risks posed by alternative-fuel-powered ships. Source: Authors’ Compilation.

3.1LNG

Methane slips occur throughout the LNG supply chain.
Measures such as recovery, processing and liquefaction, the
transport of natural gas, engine operation (Lowell et al., 2013),
and safe maintenance operations (Pavlenko et al., 2020) emit
carbon dioxide and methane. As a GHG, methane is
approximately 28-34 times more potent than carbon dioxide
(UNECE, 2022). A report by the International Council on Clean
Transportation (ICCT) noted that “the most popular LNG ship
engine, particularly for cruise ships, emits between 70% and 82%
more life cycle GHG emissions over the short term than engines
powered by clean distillate fuels” (Pavlenko et al., 2020). While it
does indeed reduce carbon dioxide emissions, as a carbon-based
fuel, LNG continues to emit carbon dioxide (Balcombe et al.,
2022) and can only be used as a mitigation option (Bouman
et al., 2017; Hwang et al., 2020).

In addition, in accidents during ship-to-ship LNG bunkering
or LNG ship collisions, LNG leaks can cause significant hazards.
First, inhalation of LNG vapor by humans may cause
asphyxiation or severe lung damage (Luketa-Hanlin, 2006).
Second, as LNG is stored at temperatures below -260 F°, direct
exposure to extremely cold temperatures can lead to serious
human injury and hull material embrittlement (Luketa-Hanlin,
2006). Third, downwind dispersed LNG vapor that reaches its
flammable limits and is ignited by a spark or any other ignition
source will lead to a vapor fire and cause damage to the
surrounding hull or personnel through “thermal radiation,
burn damage, overpressures, etc.” (Sun et al., 2017). Fourth, it
is likely an LNG pool fire could occur if LNG leaks during
bunkering and if there are nearby sources of ignition, for

Frontiers in Marine Science

05

example, sparks from engine combustion or the burning of
substances from extreme heat waves (Sun et al., 2017).

3.2 Ammonia

On the one hand, as an alternative fuel, ammonia has a
strong acidification potential, and the deposition of acidic
pollutants will reduce the productivity of natural ecosystems
such as soil, groundwater, and surface water. Nitrogen oxides
and sulfur dioxide caused by the compressors of gas
transportation and during the production of high-pressure
(HP) steam are the most important reasons for the
acidification potential of ammonia fuel (Makhlouf et al., 2015).
The “acidification potential of ammonia-fueled vehicles is higher
than that of gasoline and diesel vehicles” (Bicer and
Dincer, 2018).

On the other hand, ammonia is a toxic corrosive gas, and
thus, whether transported by the sea or burned as fuel for ships,
there is an accident risk of exposure to ammonia. When
ammonia comes into contact with wet surfaces, its corrosive
and exothermic properties can immediately cause severe
irritation and burns to the eyes, skin, mouth, and respiratory
mucous membranes (National Research Council Committee on
Acute Exposure Guideline Levels, 2008). When a large amount
of ammonia is uncontrollably released, clouds of ammonia will
form, which may have a large and unpredictable impact due to
air movement, putting the safety of people and animals
underneath the clouds at risk (Nowatzki, 2008). In an
ammonia storage tank collision, the potentially lethal area of
the ammonia cloud may extend to hundreds of meters, causing
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serious injury and death even far from the release point
(National Research Council Committee on Acute Exposure
Guideline Levels, 2008). Even if regulations and protocols exist
for the safe transport and handling of ammonia, it is
indisputable that ammonia is highly toxic to humans and
poses a risk to marine transportation efforts.

3.3 Biofuels

Biofuels come from biomass and can be regenerated from
crops or biological waste, such as growing maize to produce
ethanol and using animal waste products (Varuvel et al., 2012).
Large-scale cultivation of the same plants may cause pests, while
the use of fertilizers and pesticides will pollute water sources and
potentially reduce biodiversity (Vollebergh, 1997; Wang et al.,
2022a). The production of energy crops produces GHGs, of
which N,O emissions are usually high. The production of wheat
ethanol produces even higher total GHG emissions than the
production of gasoline (Vollebergh, 1997).

Furthermore, the challenges posed by biofuels include fuel
instability, microbiologically influenced corrosion (Eide et al.,
2014), and emulsion properties. Because water is essential for
microbial growth, biofuels are inherently more hygroscopic than
fossil fuels. It is difficult to completely remove water from biofuel
systems, and the presence of water causes chemical corrosion
and microbiologically influenced corrosion in storage tanks
(Sorensen et al,, 2011), increasing the risk of contamination
from fuel spills at sea.

In the case of biodiesel - “a mixture of fatty acid methyl
esters”, once a biodiesel spills, samples of seawater from
contaminated waters would be “indistinguishable from a fossil
diesel spill for a short period”, hindering effective efforts for “spill
source identification and forensic investigations” (DeMello et al.,
2007). However, the good news is that relevant experiments
predict that biodiesel will be consumed by marine bacteria
(DeMello et al., 2007). In the case of a spill of biodiesel
mixtures with oil derivatives, biodiesel’s “low speed of
amendment may increase the incorporation of oil droplets
into the water column”, facilitating the “downward transport
of oil into the water column” (DeMello et al., 2007). Hence, it
may extend the contaminated marine area and worsen the effects

of oil pollution on marine organisms.

3.4 Hydrogen

GHG emissions from hydrogen fuel depend to a large extent
on the energy source of hydrogen, with the majority of emissions
coming from steam methane reforming and liquefaction
processes (Hwang et al, 2020). At present, the use of fossil
fuels is the main method of producing hydrogen energy, such as
coal gasification and steam methane reforming (Hwang et al.,
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2020; Van Hoecke et al,, 2021), which lead to a large amount of
GHG emissions during the process of producing harmless
hydrogen fuel.

Safety is also worth considering when bunkering, storing
and using hydrogen fuel on board. The flammable and
diffusible nature of hydrogen may affect the integrity of the
hull and the safety of the crew. Hydrogen molecules are so
small that they can easily leak through pipes or storage joints
and cracks. Although hydrogen is nontoxic, it may reach
flammable concentrations (between 4% and 75% in air) and
ignition temperatures and then burn, or it may cause
asphyxiation by displacing oxygen from the air when leaking
into a closed environment (Hydrogen Tools, 2022). The energy
required to burn hydrogen is so small that even the sparks from
a crew member’s cigarette may ignite it (Hydrogen Tools,
2022). When a ship collides, the pressurized storage system
for hydrogen may leak, and once hydrogen explodes and burns,
even in an open environment, hydrogen flames can severely
damage the objects touched, including the hull, cargo,
personnel, etc.

3.5 Nuclear

The use of nuclear-powered ships and offshore nuclear-
powered platforms may lead to marine radioactive
contamination in the absence of adequate nuclear safety
measures. Particularly in exceptional circumstances, such as
extreme weather, collisions, external threats, or operational
errors, nuclear-powered ships and offshore nuclear-powered
platforms may leak sources of radioactivity, leading to serious
marine pollution incidents. When a reactor melts down and the
main containment is breached, nuclear fuel may leak from the
core into the surrounding environment and widespread marine
pollution is likely to result. “Radioactive wastes are not
biodegradable, nor is there any possibility of removing them
from the sea once they have entered it. These substances vary in
their effect, but in general, they are absorbed by marine
organisms, often becoming concentrated as they move up the
food chain, and affecting the growth, reproduction and mortality
of marine life” (Churchill et al., 2022).

3.6 Electricity

Electric ships may not have harmful environmental effects
during navigation, but during the production and disposal of
electric energy, they have harmful effects in terms of
acidification, eutrophication of water bodies and toxicity to
humans. The main cause is the disposal of spoil from lignite
mining in surface landfills (Bicer and Dincer, 2018).
Eutrophication is a process that disrupts the aquatic ecological
balance, in which large quantities of nitrogen- and phosphorus-
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containing compounds are discharged into the water, causing
algae and other aquatic organisms to proliferate and consume
too much oxygen in the water, causing fish plankton to die from
a lack of oxygen. In turn, their decomposing bodies cause
water pollution.

3.7 Methanol

GHG emissions from methanol are largely determined by
the raw materials used to manufacture it and the conversion
process (Martin, 2021). Methanol from natural gas has the same
degree of global warming potential as heavy diesel fuels, while e-
methanol and biomethanol have a lower global warming
potential. However, biomethanol fuels operating in marine
engines also carry the risk of methane slips.

Methanol biodegrades rapidly, but it is toxic at higher
concentrations. Thus, in the event of a collision, grounding, or
other ship accident resulting in methanol leakage, there may be
localized marine environmental impacts before dilution (Brynolf

10.3389/fmars.2022.1082453

etal, 2014). Moreover, the eutrophication potential produced by
methanol and biomethanol fuels is approximately twice as high
as that of LNG (Brynolf et al, 2014), which may lead to
imbalances in marine water ecosystems. Additionally, the low
flash point of methanol makes it a risk of fire on ships.

4 Existing international legal
framework regulating alternative-
fuel-powered ships related to
marine pollution

Marine pollution resulting from ships powered by
alternative fuels and energy is subject to the regulation of a
series of international conventions, protocols and resolutions
(Table 1), including both maritime conventions regulating
vessel-source pollution, atmospheric pollution, waste
management, dumping, the transportation of HNSs, and
marine environmental protection and conventions and

TABLE 1 Alternative fuels and energy-related international conventions, protocols, and resolutions.

Category Conventions

1972 Convention on the Prevention of Marine Pollution by Dumping of Wastes and Other Matter (London Convention)

1973 International Convention for the Prevention of Pollution from Ships (MARPOL)

1973 Protocol Relating to Intervention on the High Seas in Cases of Marine Pollution by Substances Other Than Oil

Marine pollution related

1974 International Convention for the Safety of Life at Sea (SOLAS)

conventions

1982 United Nations Convention on the Law of the Sea (UNCLOS)

1996 International Convention on Liability and Compensation for Damage in Connection with the Carriage of Hazardous and

Noxious Substances by Sea (HNS Convention)

2000 Protocol on Preparedness, Response and Co-operation to Pollution Incidents by Hazardous and Noxious Substances (OPRC-

HNS Protocol)

1960 Convention on Third Party Liability in the Field of Nuclear Energy (Paris Convention)

1962 Convention on the Liability of Operators of Nuclear Ships

1963 Vienna Convention on Civil Liability for Nuclear Damage (Vienna Convention)

1963 Convention Supplementary to the Paris Convention (Brussels Supplementary Convention)

1971 Convention Relating to Civil Liability in the Field of Maritime Carriage of Nuclear Material

Nuclear fuel related
conventions

1979 Convention on the Physical Protection of Nuclear Material

1986 Convention on Early Notification of Nuclear Accident

1986 Convection on Assistance in the Case of a Nuclear Accident or Radiological Emergency

1994 Convention on Nuclear Safety

1997 Joint Convention on the Safety of Spent Fuel Management and on the Safety of Radiation Waste Management

1997 Convention on Supplementary Compensation for Nuclear Damage (CSC)

1983 International Code for the Construction and Equipment of Ships Carrying Liquefied Gases in Bulk (IGC Code)

Gas fuel related conventions

2015 International Code of Safety for Ships Using Gases or Other Low-Flashpoint Fuels (IGF Code)

Source: Authors” Compilation.
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resolutions specifically regulating ships using various fuels and
energy types. These conventions form a fairly complex legal
system for the regulation of alternative-fuel-powered ships in the
era of carbon neutrality.

In the maritime convention system, the most important is
the 1982 United Nations Convention on the Law of the Sea
(UNCLOS), which is considered as the “constitution of the
oceans”. It sets a general framework for regulating the
pollution that may arise from ships using alternative fuels and
energy. A general duty established by the UNCLOS is that “states
have the obligation to protect and preserve the marine
environment” (UNCLOS, 1982, Article 192). States are
required to adopt all necessary measures to “prevent, reduce
and control pollution of the marine environment from any
source” (UNCLOS, 1982, Article 194). It also defines the
jurisdictional rights and obligations in regulating marine
pollution resulting from ships and other various sources, “both
legislative and enforcement, of flag, coastal and port states”
(UNCLOS, 1982, Articles 207-234; Churchill et al., 2022).
Responsibility and liability for fulfilling international
obligations regarding marine pollution and for ensuring the
availability of legal recourse and prompt and adequate
compensation for causing marine environmental damage are
imposed on states (UNCLOS, 1982, Article 235). In addition,
alternative-fuel-powered ships are subject to a series of
international maritime conventions regulating pollution from
ships adopted under the auspices of the IMO (Bai and Li, 2021).
For example, the 1973 International Convention for the
Prevention of Pollution from Ships (MARPOL, 1973) aims to
prevent marine pollution from both the routine operation of
ships and their accidental discharge of harmful substances. In
particular, Annex VI of the MARPOL is one of the main
international legal instruments regulating air pollution control
for ships. The 1974 International Convention for the Safety of
Life at Sea (SOLAS, 1974) specifically stipulates the navigation
safety requirements for ships carrying dangerous goods and
nuclear-powered ships. If an issue involves the dumping of fuel
waste and spent fuel, the treatment of high seas pollution, and
the cooperative handling of pollution incidents, alternative-fuel-
powered ships may also be subject to the 1972 Convention on the
Prevention of Marine Pollution by Dumping of Wastes and Other
Matter (London Convention, 1972), the 1973 Protocol Relating
to Intervention on the High Seas in Cases of Marine Pollution by
Substances Other Than Oil (Protocol relating to intervention on
the high seas in cases of marine pollution by substancesother
than oil, 1973) and the 2000 Protocol on Preparedness, Response
and Co-operation to Pollution Incidents by Hazardous and
Noxious Substances (OPRC-HNS Protocol, 2000). In terms of
liability and compensation for marine environmental damage,
alternative-fuel-powered ships may also be subject to the 1996
International Convention on Liability and Compensation for
Damage in Connection with the Carriage of Hazardous and
Noxious Substances by Sea (HNS Convention). This convention
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establishes a two-tier system for compensation for
environmental damage in the event of accidents at sea: The
first tier is paid by compulsory insurance taken out by
shipowners, and the second tier is paid from a fund composed
of collective contributions from the receiver and titleholder of
the HNS cargo. This compensation also goes further in that “it
covers not only pollution damage but also the risks of fire and
explosions, including loss of life or personal injury as well as loss
of or damage to property” (HNS Convention, 1996; IMO,
2022d). However, it is worth noting that two considerations
negatively impact the role of the HNS Convention in regulating
alternative fuels: The first is that the HNS Convention is
considered to apply only to issues arising in connection with
the carriage of HNS as cargo rather than as marine fuel, which
may question the applicability of the convention to alternative
marine fuels (Xu et al, 2017); and the second is that the
Convention has not yet come into force.

Ships using different alternative fuels and energy propulsion
are also regulated by their respective special fuel and energy
category conventions. As shown in Table 1, nuclear-powered
ships and offshore nuclear-powered platforms may involve the
application of a series of nuclear-related international
conventions. These international conventions set the
institutional framework for the use of nuclear energy facilities
in terms of nuclear safety, the notification and handling of
nuclear accidents, nuclear liability, the safety management of
radioactive waste and spent fuel, and the maritime
transportation of nuclear material. Notably, however, these
conventions involving nuclear energy are not all inclusive in
their scope of application; that is, their scope of application is
controversial (Handrlica, 2019). If interpreted strictly, then
many important nuclear liability conventions, for example, the
1960 Convention on Third Party Liability in the Field of Nuclear
Energy (Paris Convention, 1960) and the 1963 Vienna
Convention on Civil Liability for Nuclear Damage (Vienna
Convention, 1963), may apply only to land-based nuclear
installations (Handrlica, 2019). Since nuclear-powered ships
and nuclear-powered platforms are not land-based nuclear
installations, they may not necessarily be covered by these
nuclear liability conventions.

The international legal framework regulating ships using gas
fuel and low-flashpoint fuels involves the 1983 International
Code for the Construction and Equipment of Ships Carrying
Liquefied Gases in Bulk (IGC Code), the 2015 International Code
of Safety for Ships Using Gases or Other Low-Flashpoint Fuels
(IGF Code) and MARPOL Annex VI - Prevention of Air
Pollution from Ships. Although the objective is to “provide an
international standard for the safe carriage by sea in bulk of
liquefied gases” (IMO, 2022a), the IGC Code has introduced a
special chapter regulating the use of cargo as a marine fuel,
providing several safety requirements for the use of LNG in
propelling machinery spaces (Xu et al., 2015). While the old
version of the IGC Code permitted the use of LNG as fuel only in
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the main propulsion plant of gas carriers, the revised version of
the IGC Code permits the use of other nontoxic gas cargoes as
fuel. However, this means that ammonia and other toxic gas
cargoes are not permitted to be used as fuel under the IGC Code
(Yadav and Jeong, 2022). The IGF Code establishes a series of
functional requirements and regulations for the design,
construction, operation, maintenance, bunkering process and
seafarer training of ships which use gases and other low-
flashpoint fuels but mainly from a safe operation and
navigation perspective. With corresponding amendments to
the SOLAS, the IGF Code has become a mandatory part of the
SOLAS since 2015. In addition, as mentioned above, MARPOL
Annex VI regulates atmospheric pollution from ships. It sets
limits on SO, and NOy emissions from ships, designates SOy
“emission control areas”, prohibits any “deliberate emissions of
ozone-depleting substances”, sets requirements for international
air pollution prevention certificates, and streamlines the
enforcement practices for regulatory states (Thomson
et al,, 2015).

In addition to the abovementioned conventions and
protocols, customary international law may also have influence
in regulating alternative-fuel-powered ships’ marine
environmental risks. For example, if coastal states or port
states fail to effectively set safe navigation areas or issue
navigation warnings based on the particularity of alternative-
fuel-powered ships or fail to carry out effective supervision and
pollution control over areas around bunkering infrastructures
and therefore cause dangers to the navigation safety of
alternative-fuel-powered ships or marine pollution, then they
might be required to assume responsibilities under customary
international law. In the Corfu Channel case (1949), the
International Court of Justice (ICJ) imposed an obligation on
the Albanian authorities to notify “for the benefit of shipping in
general, the existence of a minefield in Albanian territorial
waters” and warn “the approaching British warships of the
imminent danger to which the minefield exposed them”. Such
an obligation of managing environmental risks and giving
“warning of known environmental hazards” has been
considered by some scholars as a customary international law
obligation for the following reasons (Birnie et al., 2009): First, as
ICJ stated in the Corfu Channel case, such an obligation is based
on “certain general and well-recognized principles, namely:
elementary considerations of humanity, even more exacting in
peace than in war; the principle of the freedom of maritime
communication; and every state’s obligation not to allow
knowingly its territory to be used for acts contrary to the
rights of other states” (Corfu Channel case, 1949). Second, in
the International Law Commission’s Draft Articles on Prevention
of Transboundary Harm from Hazardous Activities, such an
obligation is also imposed on the state in the territory of which
the transboundary harm origins (International Law
Commission, 2001). The International Law Commission
pointed in the commentaries that such an obligation has been
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widely adopted in a series of international and regional
conventions (International Law Commission, 2001). For these
reasons, these scholars note that “it is legitimate to view the
Corfu Channel case as authority for a customary obligation to
give warning of known environmental hazards” (Birnie et al.,
2009). If convincing evidences support such a customary
obligation, it might be applied to the above-mentioned cases
involving alternative-fuel-powered ships and bunkering
infrastructures. In this sense, customary international law
could also have a crucial influence when dealing with marine
pollution issues related to alternative-fuel-powered ships and
even when shaping the development of the whole international
legal framework concerning the use of alternative fuels for
maritime decarbonization. However, it is also worth
mentioning that proving that a rule or an obligation “has
become so generally accepted as to render it a norm of
customary international law binding on all states” is often of
very high threshold (Xue, 2003). The high standard of proof
therefore may make the application of customary international
law be of uncertainty and controversy. In particular, considering
that alternative-fuel-powered ships are quite new things in
practice, customary international law rule sometimes may
either appear to be “too vague to be very effective” or face the
problem of insufficient authoritative evidence to prove long-
term state practices (Churchill et al., 2022).

5 Insufficiencies embedded
in the existing international
legal framework

In the context of moving toward carbon neutrality, various
alternative fuels and energy sources have been used for ship
propulsion in practice. However, the relevant international legal
framework seemingly fails to catch up with the pace of
alternative fuel application in practice, and it has several
shortcomings and insufficiencies in dealing with the potential
pollution of the marine environment caused by alternative-fuel-
powered ships.

5.1 Complicate institutional framework
and application confusion

As mentioned above, pollution from ships using alternative
fuels and energy for propulsion is subject to a series of maritime
conventions, fuel-specific conventions, and principles and rules
in customary international law. These conventions constitute a
structurally complex institutional framework. Multiple
stakeholders, including regulators of flag states, coastal states
and port states, ship owners and operators, and victims suffering
as a result of marine pollution, must face the issue of
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institutional complexity and its related confusion regarding
convention application.

From the perspective of the institutional framework
regulating marine pollution, the traditional pollution source-
based approach could bring confusions. Under the existing
framework, marine pollution is divided into several specific
categories based on different pollution sources: pollution from
ships, pollution from land-based sources, pollution from seabed
activities, pollution from dumping, and atmospheric pollution.
Based on these different sources, different legal rules have been
established to regulate marine pollution (Churchill et al., 2022;
Tanaka, 2019). However, in practice, the pollution source-based
approach could lead to uncertainties in regulating ships
propelled by alternative fuels and energy. For example, some
gas-fueled ships emit methane into the atmosphere during
navigation, causing atmospheric pollution and the greenhouse
effect. Whether pollution should be regulated based on vessel-
source pollution or atmospheric pollution may raise uncertainty.
Another example illustrating the problems faced by the pollution
source-based approach involves bunkering infrastructures and
floating refueling platforms. In international law, there are
disputes over the positioning of floating bunkering platforms
in terms of whether they should be defined as ships, artificial
islands, facilities, or structures (Morris and Kindt, 1978; Kindt,
1983; TAEA, 2013; Luo and Liu, 2020; Song, 2021). In the Case
concerning Passage through the Great Belt (1991), the issues of
whether “floating oil rigs” should be identified as ships and enjoy
the same right of free passage as ships were raised before the IC].
However, because the case was settled out of court, the ICJ did
not adjudicate the merits of the case. The different positionings
of floating bunkering platforms and related disputes will raise
issues for pollution regulation under the traditional pollution
source-based approach: Should these platforms be regulated
based on vessel-source pollution or land-based pollution? If
considered as vessel-source pollution, can floating nuclear
platforms be covered by existing nuclear liability conventions,
as some scholars disagree with the broader interpretation of the
nuclear liability conventions and argue that these conventions
apply only to land-based nuclear installations? (Handrlica, 2019)
In this sense, the traditional pollution-source-based approach is
seemingly not well equipped to clearly and effectively deal with
the marine environmental risks and pollution problems that
may result from alternative-fuel-powered ships.

From the perspective of the institutional framework
regulating ships and their pollution control, inconsistent
approaches and fragmentation issues may also create
confusions. For example, nuclear-powered ships and offshore
nuclear-powered platforms are subject to both conventions
concerning nuclear safety and nuclear liability formulated
under the auspices of the IAEA and conventions concerning
navigation safety, radioactive material transport, and nuclear-
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powered ships formulated under the support of the IMO. The
former often impose liabilities on the operator of nuclear
installations, while the latter are inclined to impose liabilities
on shipowners. The different approaches to the liability
assumption may result in confusion. Another example for
such confusion concerns the multifuel and hybrid power ships.
With the development of multifuel and hybrid power ships, the
propulsion power sources of ships may not be limited to one
type. The latest 49/60 DF four-stroke engine developed by the
German engine manufacturer MAN Energy Solutions can run
on LNG, diesel, biofuel blends and synthetic natural gas, offering
flexible fuel options for maritime decarbonization (MAN Energy
Solutions, 2022). However, the use of multiple fuels in the same
ship indicates that the ship may be bound by different
international conventions regulating the use of specific energy
sources, including the traditional oil pollution conventions, gas
fuel conventions, and conventions on HNS transportation.
Multifuel and hybrid power ships are more likely to face the
problem of a “convention maze” in their pollution control
regulation. In addition, the international regulatory framework
regulating alternative-fuel-powered ships and their pollution
control has the problem of unbalanced development. The
alternative fuels and energy that were put into application
decades ago, such as nuclear power and LNG, are subject to
abundant international rules, while emerging fuels and energy,
such as wind power, electricity and biofuels, lack sufficient
regulatory rules.

5.2 Deficiencies in regulation based on
pollution-prevention and safety grounds

Not only does the navigation of some alternative-fuel-
powered ships, in particular ships using gas fuels such as LNG,
hydrogen or ammonia, involve safety and marine pollution risks,
but their bunkering process in coastal and port bunkering
infrastructures is also dangerous. Considering that vessel-
source pollution can sometimes endanger the safety and
security of coastal states and port states, these states are
empowered to regulate foreign ships based on safety and
security factors according to UNCLOS (Bodansky, 1991;
Becker, 2005). The IGF Code also establishes certain rules to
ensure the safety of ships using gases and other low-flashpoint
fuels during navigation and bunkering process.

However, under the existing international legal framework,
the safety and pollution-prevention regulations over ships
propelled by alternative fuels and energy are largely
inadequate. Although certain relevant rules can be found
scattered in some conventions, many problems such as
disputes over the applicability of the rules, the ratification
deadlock of conventions and the limited number of

frontiersin.org


https://doi.org/10.3389/fmars.2022.1082453
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Wang et al.

contracting parties subject to mandatory constraints, have
plagued the effective regulation of alternative-fuel-powered
ships. Furthermore, the existing legal framework places
oversight on the high seas in the hands of the flag state.
However, “experience shows flag states often fail to provide
adequate oversight with so-called ‘flags of convenience’ offering
low-cost registration, loose environmental and operational
requirements, and weak enforcement” (Hutchins, 2021).
Hence, regulation and oversight over alternative-fuel-powered
ships in areas beyond national jurisdictions may be of serious
flaws. Additionally, scholars have noted that the “comprehensive
operational guidance on the interface between a bunker vessel
and a receiving vessel is woefully inadequate” (Xu et al., 2015).

Moreover, regulation of alternative-fuel-powered ships
based on pollution control and bunkering safety grounds may
also create tensions with freedom of navigation, reflecting the
ongoing contest between the “freedom of navigation of maritime
states” and the “regulation of coastal states” (Bodansky, 1991;
Zhang and Wang, 2022). However, the existing international
legal framework is not effectively equipped to cope with relevant
emerging challenges. For example, considering that there are
safety and environmental risks associated with the bunkering
process for some alternative-fuel-powered ships, especially gas-
fueled ships, a question in international law that may arise is
whether coastal states are allowed to adopt regulatory measure
such as traffic separation schemes or establishment of safety
zones around bunkering infrastructures based on navigation
safety and environmental considerations. UNCLOS allows
coastal states to establish a “maximum 500-meter safety zone
around artificial installations or structures” in their exclusive
economic zone or on the continental shelf (UNCLOS, 1982,
Articles 60, 80). If authorized by the “generally accepted
international standards or as recommended by the competent
international organization”, the breadth of safety zones can
exceed 500 meters (UNCLOS, 1982, Article 60). However, in
terms of the safety zone issue for the deployment of bunkering
facilities and infrastructures in the ocean, there is a lack of
relevant “applicable international standards”, “generally
accepted international standards” or recommendations from
the IMO. In the lack of relevant international standards and
guidelines, if coastal states are allowed to have discretion in
deploying bunkering facilities and infrastructures, it is likely to
result in safety zones with a wide variety of breadth, which may
negatively affect navigation, fishing and marine scientific
research activities in surrounding waters. If coastal states
vigorously promote the development of alternative fuels and
energy and build many bunkering and charging facilities in the
ocean, it could even lead to a potential effect of “closing off large
areas of the sea to navigation” (Todd, 2012). Therefore, to ensure
the safe use of alternative marine fuels and to mitigate potential
tensions between coastal states’ pollution regulation and
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maritime states’ freedom of navigation, the formulation of
relevant rules is called for to more precisely define the
regulatory authorities of coastal and port states over
alternative-fuel-powered ships and their bunkering process.

5.3 Lack of international environmental
enforcement standards

Compared with traditional crude oil and diesel, alternative
marine fuels are quite new, and their environmental impact
assessment involves many cutting-edge issues and even issues
that are currently unknown to humankind. This also implies that
their usage will pose a series of challenges to international law when
dealing with relevant marine environmental protection issues.

“Generally accepted international standards” for the safety
level of harmful substances discharged or emitted by some
alternative-fuel-powered ships into the marine environment
are lacking. For instance, in terms of whether LNG can be
considered an absolute clean fuel and what emission standard
should be set for potential methane slips and contamination,
there are many controversies. A report by the World Bank points
out that LNG plays only a limited role in maritime
decarbonization because of its methane leakage problem;
additionally, “over 20-year and 100-year time horizons,
methane is respectively 86 times and 36 times more potent a
GHG than CO,” (Englert et al., 2021). Using ammonia as fuel
not only involves toxicity and the danger of an explosion but also
may cause air pollution, acid rain, photochemical smog and
other environmental problems due to the immaturity of current
ammonia combustion-related technology (Valera-Medina et al.,
2021). These special environmental impacts of marine
alternative fuels other than carbon reduction may pose
difficulties for the environmental impact assessment process.
They also indicate the difficulty in establishing “generally
accepted international standards” to ensure the safety level of
harmful substances discharged or emitted by alternative-fuel-
powered ships.

Moreover, under existing technology and skills, it often may
not be easy to accurately assess the long-term effects of marine
pollution caused by accidents involving some alternative-fuel-
powered ships. In cases of alternative fuel leakages or marine
accidents, some short-term pollution consequences, such as
pollution of the surrounding waters or the death of fish, can be
observed. However, “constrained by the inadequacies of existing
science, skills and technology”, much about the long-term
marine environmental impacts remains unknown. This implies
that the precise evaluation of harmful substances in the ocean
and the precise determination of long-term damage to the
marine environment might be incomprehensive (Fossi et al,
2020; Wang et al,, 2022b). Difficulties in precisely assessing
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environmental impacts and establishing emission standards for
harmful substances discharged or emitted that could be generally
accepted may affect many issues in international law, such as
accountability, the establishment of legal standing, and the

determination of compensation amounts.

5.4 Insufficiencies in the liability and
compensation system

Marine pollution caused by alternative-fuel-powered ships
may involve multiple parties, including flag states, coastal states,
ship owners and operators, the owners and operators of
bunkering facilities, bunker suppliers, insurance companies,
and protection and indemnity (P&I) clubs. How to divide
responsibilities among these multiple parties and determine
who shoulder the liabilities for marine environmental
pollution caused by alternative-fuel-powered ships concerns
the “environmental justice for the ocean” (Hale, 2011;
Rudolph et al., 2020).

However, different from the unified international legal
framework for oil pollution liability, a comprehensive legal
framework for ships using alternative fuels and energy is
lacking (Xu et al, 2017). A series of key issues concerning
liability and compensation for environmental damage remains
unclear, including whether the liability of ship owners and
operators is fault-based. Are liabilities channeled exclusively to
ship owners and operators, as in a nuclear accident? Is the fuel
supplier liable? In the event of an accident during bunkering,
how are the responsibilities allocated? Are there mandatory
insurance requirements? Is there a need to establish a
compensation fund? If the environmental damage is
enormous, is the flag state subject to supplementary liability?
Does the coastal state have additional responsibility for marine
pollution from bunkering facilities? Are there any limitations on
liability? While existing gas fuel conventions have introduced
binding regulations on the use of gases and other low-flashpoint
fuels, these measures are primarily concerned with ship safety
rather than liability and compensation (Xu et al, 2015).
Although several nuclear liability conventions stipulate liability
and compensation, some scholars oppose a broad interpretation
of these conventions for transportable nuclear-powered ships or
platforms (Handrlica, 2019). Therefore, it is quite controversial
whether the liability conventions can be applied to nuclear-
powered ships or floating nuclear platforms. The liability and
compensation framework for biofuel and electric ships is even
more lacking. Although the HNS Convention establishes the
relevant system of pollution liability and compensation for a
large number of substances, it has not yet come into effect, and it
is generally considered to apply only to the case of HNS being
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carried as cargo. The extent to which it applies to marine fuels
remains controversial (Xu et al., 2017; Xu and Mukherjee, 2020).

In addition to the problems in pursuing liability and
compensation under existing international conventions, the
potential dilemma of legal relief can be seen based on past
judicial precedents, especially when the damage is enormous and
the relevant countries are required to bear supplementary state
responsibility. For transboundary environmental compensation,
the claimable damage is often required to be “significant
damage” or “material damage”, as ruled in the Trail Smelter
case (1941) and the Lake Lanoux case (1957). Merely showing
the “risk of potential damage” is not “sufficient to be entitled to a
legal relief” (Xue, 2003). The burden of proof is placed on the
affected parties, for whom it can sometimes be quite challenging
to prove significant or material damage and its causal link with
the operation of or an incident involving a ship (Gupta and
Schmeier, 2020). Moreover, the Bering Sea Fur Seals Fisheries
case (1893) and the Nuclear Tests case (1974) raised the issue of
“whether a state had standing to bring an environmental claim
to prevent damage to an area beyond national jurisdiction”
(Sands et al., 2018). Requiring the affected parties to prove
that they have legal standing to the claim could pose
difficulties for claims and remedies for marine pollution
caused by ships using alternative fuels in areas beyond a state’s
national jurisdiction. Additionally, restricted by the current level
of science, technology and skills, the precise damage may be
difficult to assess, and currently, internationally recognized
uniform standards and specific guidelines for accurate
environmental impact assessments are lacking. This situation
may also pose challenges to international judicial bodies in
adjudicating marine pollution claims involving alternative-
fuel-powered ships.

5.5 Inadequate international cooperation
in pollution prevention and response

Cooperation among states is crucial when large-scale marine
pollution occurs (Churchill et al., 2022). Coping with marine
pollution from alternative-fuel-powered ships also requires
extensive cooperation from the international community.
UNCLOS provides a general framework for international
cooperation in coping with pollution to the marine
environment by requiring states that are aware of “imminent
danger to the marine environment” to notify the affected states
and competent international organizations and to cooperate in
“eliminating the effects of pollution and preventing or
minimizing the damage” (UNCLOS, 1982, Articles 198, 199).
In particular, the 2000 OPRC-HNS Protocol aims to establish a
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special global framework to promote international cooperation
in dealing with marine pollution caused by HNSs. However,
some of its response measures or even the “organizational
framework for command, control, and co-ordination” follows
the principles of the International Convention on Oil Pollution
Preparedness, Response and Co-operation (OPRC Convention,
2018). It has been questioned whether “the conventional
resources established for oil spill response may not be
applicable to many HNS spills” (Regional Marine Pollution
Emergency Response Centre for the Mediterranean Sea, 2018).
Moreover, the limited number of contracting parties in the
OPRC-HNS Protocol, which currently only 41 states have
ratified, may limit the practical functioning of the protocol in
promoting global cooperation to cope with large-scale marine
pollution caused by HNSs.

In addition to the insufficiency in cross-state cooperation,
the existing international legal framework is insufficient in
promoting cooperation by the private sector to jointly deal
with marine pollution induced by alternative-fuel-powered
ships, effectively achieve risk sharing and transfer, and
enhance compensation capacity. The insurance industry and
the mutual insurance system for the shipping and energy
industries can effectively share and transfer risks for pollution
accidents, facilitating victims in obtaining compensation. These
compensation mechanisms from the private sector, therefore,
play an important role in ex post pollution accident relief. In the
International Law Commission’s Draft Principles on the
Allocation of Loss in the Case of Transboundary Harm Arising
out of Hazardous Activities, insurance and “industry-wide
funds” have been proposed as feasible measures for ensuring
“prompt and adequate compensation” for transboundary
damage arising from hazardous activities (International Law
Commission, 2006). Although mandatory insurance is provided
for in the nuclear liability conventions and HNS Convention, the
applicability of these conventions to alternative-fuel-powered
ships is currently debated, as mentioned above. There is also a
series of emerging issues that need to be resolved, such as
whether shipowners using alternative fuels for ship propulsion
should be required to have mandatory insurance, whether the
flag state should be required to undertake supplementary
financial security, and whether the “flag of convenience” may
undermine the state’s supplementary financial security. In this
sense, alternative-fuel-powered ships and their special
environmental risks may pose many new challenges to the
interaction and cooperation between the insurance industry,
energy industries and maritime transport.

6 Implications and the way forward

The use of alternative fuels brings many challenging issues to
ocean governance from a rule of law perspective. The existing
international law framework has many insufficiencies in dealing
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with these new challenges. Therefore, a further improvement in
the existing international legal regime is called for to effectively
prevent marine pollution and ensure prompt and adequate
compensation for marine environmental damage to ensure the
implementation of marine environmental justice in the era of

carbon neutrality in maritime transport.

6.1 Reforming the legal framework for ex
ante pollution prevention

As mentioned above, the existing international legal
framework regulating marine pollution caused by alternative-
fuel-powered ships has several insufficiencies in safety
management and pollution prevention and control because
rules made decades ago make it difficult to foresee how the use
of alternative fuels will affect shipping safety and the marine
environment. UNCLOS could not provide a sufficiently concrete
framework for the regulation of alternative-fuel-powered ships.
Although the MARPOL has more specific regulations for the
prevention of atmospheric pollution from ships, it mainly
focuses on the control of air pollution that may be caused by
the discharge of NO,, SO, and ozone-depleting substances. For
some substances whose pollution effects are not yet clear, such as
methane and ammonia, there are insufficient regulations. The
OPRC-HNS Protocol cannot play a more important role because
of its limited number of ratifying countries. Special nuclear
conventions are embroiled in a debate over their applicability.
Special gas fuel conventions focus more on the use of gases as
cargo than as fuels, and effective regulations for emerging gas
fuels such as hydrogen, ammonia, and methane are lacking. The
complicated institutional framework and relevant insufficiencies
have impeded effective pollution regulation of alternative-fuel-
powered ships. Therefore, a reform of the legal framework for
pollution prevention concerning alternative-fuel-powered ships
under the auspices of the IMO is called for.

At present, the IMO has begun to promote the inclusive
development of gas fuel regulations. During the eighth session of
the IMO Sub-Committee on Carriage of Cargoes and Containers
held in September 2022, the Sub-Committee continued its work
to promote the inclusiveness of the IGF Code, making the code
go beyond its initial focus on LNG to encompass more relevant
marine fuel types. “Interim guidelines for the safety of ships
using methyl/ethyl alcohol fuel” have been included in the code,
and relevant rules on the use of LPG, hydrogen and ammonia
are being developed (IMO, 2022b). In addition to establishing
rules for gas fuels, the diversification of alternative fuels calls for
the IMO to play in the rule-making process to promote effective
regulation for pollution prevention and control of alternative-
fuel-powered ships.

First, many existing international rules for alternative fuels
are still missing, and there is a need to establish relevant legal
standards for the use of these alternative fuels, for example, legal
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standards for methane emissions, regulations to prevent
methanol contamination, regulations to mitigate the toxicity
risks of ammonia during storage, a legal framework for biofuel
regulation, safety regulation and pollution control for the
bunkering process, and the coordination of bunkering safety
zones with freedom of navigation.

Second, it is also necessary to promote coordination with
existing nuclear conventions to prevent the problem of
regulatory fragmentation for nuclear-powered ships and ships
fueled by other hazardous substances (Wang et al., 2022b). The
current nuclear safety and nuclear liability conventions have
many deficiencies in the regulation of nuclear-powered ships
and nuclear-powered platforms. Whether some traditional
principles for dealing with nuclear accidents can be applied to
these ships is uncertain. For example, will the operator exclusive
liability principle exonerate shipowners from liabilities, and will
the principle of the installation state’s supplementary liability
become invalid in the case of a flag of convenience? All these
issues require further coordination and integration of the rules
between the IMO and IAEA to solve the potential regulatory
dilemma for nuclear energy ships and floating nuclear
power platforms.

Third, gradually promoting the further multilateralization of
many important conventions is important, as doing so could
help lay the foundations for establishing a more comprehensive
legal framework for the international community to jointly
address the variety of issues brought by alternative-fuel-
powered ships in the future. For example, the international
navigation of alternative-fuel-powered ships and the
transnational nature of marine pollution mean that a single
state cannot address marine pollution related to alternative-fuel-
powered ships. Encouraging more countries to ratify the OPRC-
HNS Protocol, demonstrate cooperative preparedness, and
respond to pollution incidents involving hazardous materials
on more multilateral platforms is urgently needed.

6.2 Establishing the legal framework
for in-process environmental
impact monitoring

Effective marine environment impact monitoring not only
helps to quickly discover pollution but also serves as an
important basis for judicial institutions to determine the damage
to the marine environment as well as liability and compensation
after a pollution accident occurs. At the current stage, it is almost
impossible to establish “generally accepted international standards”
to determine the safety level of every harmful substance discharged
or emitted by alternative-fuel-powered ships. Nevertheless,
establishing an effective regulatory framework for monitoring the
environmental impact of alternative-fuel-powered ships and
integrating new technologies for navigation safety and pollution
control in the era of intelligent shipping may provide a feasible
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path for the international community to jointly address pollution
accidents involving alternative-fuel-powered ships.

At present, the IMO has formulated a series of technical and
operational measures to reduce and control carbon emissions
from maritime transport, including the energy efficiency existing
ship index, the enhanced ship energy efficiency management
plan, the designation of emission control areas, the carbon
intensity indicator rating scheme, and the establishment of the
multi-donor trust fund to support technical cooperation and
capacity-building activities (Shi and Gullett, 2018; IMO, 2022c).
Despite some imperfections (Shi and Gullett, 2018), these
measures play an important role in regulating carbon
emissions from shipping and can be considered as a reference
in regulating other harmful substances discharged or emitted by
alternative-fuel-powered ships. Technical and operational
measures, such as adopting an effective monitoring program to
supervise the methane slips of LNG-fueled ships, monitoring
NOy emissions from ammonia fuel, supervising methanol
contamination situations, and monitoring the concentration of
hydrogen and ammonia fuels in the air mixture to prevent the
risk of an explosion and toxic emissions, could assist in
controlling pollution and provide an effective database for
dealing with special environmental risks and environmental
impact assessments (Liu, 2022).

6.3 Improving the legal framework for ex
post liability and compensation

In terms of liability and damage compensation in pollution
accidents caused by alternative-fuel-powered ships, the many
insufficiencies in the existing international legal framework have
negatively affected relief for victims and the realization of
environmental justice after pollution accidents. The most
important problem is that the existing conventions on civil
liability and compensation have not only fallen into a deadlock
regarding ratification but also have controversies regarding their
application to alternative-fuel-powered ships. For example,
although the 1962 Convention on the Liability of Operators of
Nuclear Ships tried to address liability issues related to nuclear-
powered ships, the ratification of the convention has fallen into a
deadlock, and it has not yet entered into force (Handrlica, 2009).
Furthermore, the existing nuclear liability conventions are often
deemed to apply only to nuclear installations, and whether they
can be broadly interpreted to cover nuclear-powered ships is highly
controversial (Handrlica, 2009). The same situation also exists
when HNSs are used as marine fuels. By establishing a two-tier
structured liability mechanism, the HNS Convention has
established a rather comprehensive framework for the liability
and compensation caused by HNSs. The convention covers a wide
variety of substances including oils, LNG, LPG, and liquid
substances defined as noxious or with a low flashpoint, and
therefore, many alternative fuels can seemingly be covered by the
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convention. However, the HNS Convention is considered to apply
only to HNSs as cargo, and whether it covers HNSs as marine fuels
is controversial (Xu et al., 2017; Xu and Mukherjee, 2020).
Furthermore, the HNS Convention is not in effect because the
number of ratifying states is not yet sufficient. Therefore, initiatives
by the international community are needed to address the
conspicuous gap left by the existing international legal
framework. Measures such as adopting a new international
convention that addresses the liability and compensation issues
of alternative marine fuels or extending the application scope of the
HNS Convention to make it applicable to HNS-related alternative
marine fuels have been proposed as solutions to address the
existing gap in international law (Xu and Mukherjee, 2020).
However, it must also be recognized that regardless of which of
the above measures is adopted, the measure may not be
implemented in a short period due to the inconsistent principles
and approaches that exist. The premise of establishing a
comprehensive international legal framework for liability and
compensation for alternative-fuel-powered ships is that the
international community needs to first seek a more unified
framework for the basic principles and approaches in dealing with
liability and compensation issues. At present, the international
community has achieved a large degree of unity regarding some
aspects, such as mandatory insurance, limitations of liability, and the
use of compensation funds as supplements. However, on several
issues, there are still inconsistent principles and approaches. For
example, in the existing liability system, the HNS Convention follows
the oil pollution conventions and adopts a shipowner liability
approach, while the nuclear-powered ship convention follows
nuclear liability conventions and adopts an operator liability
approach. The different approaches may especially confuse
multifuel and hybrid power ships. Similarly, in terms of the
compensation fund contribution, the HNS Convention requires
the cargo receiver or LNG titleholder to pay for the contribution,
while the nuclear liability conventions require the installation state to
pay for the collective fund contribution (HNS Convention, 1996,
Articles 18, 19; Jacobsson, 2019). Nevertheless, neither of these two
approaches seems to be suitable for dealing with pollution damage
caused by alternative-fuel-powered ships because there are no
receivers for the fuels that are consumed during transport.
Furthermore, the flag of convenience states would not be willing
to pay for state contributions. The establishment of a comprehensive
international legal framework for liability and compensation first
needs to solve these inconsistencies in principles and approaches.
In addition, the bunkering process is one of the potential
sources of pollution risks. Because of the involvement of
multiple parties, such as the owner and operator of the
bunkering facility, the country in whose territorial land or
waters the bunkering facility is located, and alternative-fuel-
powered ships and their flag state, fuel bunkering will pose
further challenges to the liability and compensation framework.
Therefore, a corresponding international legal framework is
urgently needed to allocate the obligations and responsibilities
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in the bunkering process, clarify whether the bunkering facility
operator has to obtain mandatory insurance, ascertain whether a
compensation fund needs to be established, and determine
whether the state where the bunkering facility is located has to
assume supplementary liability for pollution damage.

7 Conclusions

With increasing government commitments to achieving
carbon neutrality, transitioning to the use of alternative fuels
and energy sources has become a realistic choice for many
shipping companies. The use of alternative marine fuels and
energy in the era of carbon neutrality focuses on reducing carbon
emissions from the shipping sector, but such a transition may
ignore the other potential risks to the marine environment that
these “carbon-clean” alternative fuels and energy might involve.
Environmental risks such as methane slip-induced atmospheric
contamination and the unforeseeable damage to property and
human health due to the toxicity of ammonia remain a tangible
possibility requiring attention and needing to be addressed.

Although there are many international conventions in place
covering the use of alternative marine fuels and energy, this
research has found that there are several shortcomings and
insufficiencies embedded in the current international legal
framework, which might pose difficulties in formulating an
effective regulatory regime to cope with the emerging
challenges in the era of carbon neutrality. These insufficiencies
mainly include the complicated structure of the institutional
framework, some inconsistent legislative principles and
approaches, the parallel application of different fuel and
energy conventions for multifuel and hybrid power ships,
deficiencies in pollution prevention and bunkering safety
regulation, the failure to resolve the potential tension between
bunkering facility regulation and freedom of navigation, the lack
of international environmental enforcement standards related to
alternative fuels, deficiencies in the liability and compensation
system for pollution damage, and inadequate international
cooperation in pollution prevention and response.

This research reviews some special environmental risks that
may exist in the operation of ships using alternative fuels and the
insufficiencies of the existing international legal regime in tackling
these potential risks. It also tries to highlight the potential
implications and propose several ways that might be feasible to
move forward. Nevertheless, although the international law
perspective provides a lens through which to reflect the
improvement of regulation over alternative-fuel-powered ships,
international law alone is not a panacea to address all their
special environmental risks, as many international legal
instruments per se are struggling with problems such as
insufficient contracting parties, lack of legal-binding effect or
failure to fulfill by the parties. Therefore, formulating a more
effective international response mechanism to address alternative-
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fuel-powered ships’ special environmental risks involves
multidimensional issues concerning science and technology,
political economy and power politics in international relations.
Consequently, it calls for more cross-disciplinary research to further
improve the international institutions concerning the regulation of
alternative-fuel-powered ships. It is hoped that this research from
an international law perspective could shed light on future research
about regulating the use of alternative fuels, improving the
international legal regime, and promoting the capability of the
international community to respond to the special environmental
risks of alternative fuels in the era of carbon neutrality.
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