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Abstract: Global maritime transportation is responsible for around 3% of total anthropogenic green-
house gas emissions and significant proportions of SOx, NOx, and PM emissions. Considering the
predicted growth in shipping volumes to 2050, greenhouse gas emissions from ships must be cut by
75–85% per ton-mile to meet Paris Agreement goals. This study reviews the potential of a range of
alternative fuels for decarbonisation in maritime. A systematic literature review and information
synthesis method was applied to evaluate fuel characteristics, production pathways, utilization
technologies, energy efficiency, lifecycle environmental performance, economic viability, and cur-
rent applicable policies. Alternative fuels are essential to decarbonisation in international shipping.
However, findings suggest there is no single route to deliver the required greenhouse gas emissions
reductions. Emissions reductions vary widely depending on the production pathways of the fuel.
Alternative fuels utilising a carbon-intensive production pathway will not provide decarbonisation,
instead shifting emissions elsewhere in the supply chain. Ultimately, a system-wide perspective to
creating an effective policy framework is required in order to promote the adoption of alternative
propulsion technologies.
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1. Introduction

Maritime transportation plays a vital role in global economic development, repre-
senting 80–90% of international trade. Experiencing continuous growth over the past
two decades, as of 2020 the global fleet, which is greater than 100 gross tons, represented
98,140 commercial vessels, with a capacity of 2.06 billion dwt, and was responsible for
moving 11,076 m tons of cargo [1]. Compared to other forms of transport, ships are very ef-
ficient in terms of fuel per unit distance; however, the global maritime sector is responsible
for approximately 3% of total anthropogenic greenhouse gas (GHG) emissions, emitting
around 940 m tonnes of carbon dioxide (CO2) in 2012. To provide a sense of scale, this
is higher than the emissions of Brazil and Germany, if the industry were considered as
a country. Globally, it would be the 6th largest CO2 emitter [2]. The third International
Maritime Organisation (IMO) GHG Study forecasts under a business-as-usual scenario
with no further mitigation that GHG emissions from international shipping would increase
between 50% and 250% by 2050. Furthermore, ships are the single largest emissions source
for nitrogen oxide (NOx), sulphur oxide (SOx), and particulate matter (PM) in the transport
sector and contributes significantly to emissions of carbon monoxide (CO) and hydrocar-
bons (HC). The average annual NOx and SOx emissions from international shipping were
20.9 m and 11.3 m tonnes for the period 2007 to 2015, respectively [3]. Importantly, these
GHG and air pollution emissions are unevenly distributed, tending to be concentrated in
major shipping lanes and port regions (Figure 1) [4–6]. Primary and secondary pollutants
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from shipping in these areas have been consistently linked to environmental damage and
harm to human health among the exposed populations [7–9].

Figure 1. Global distribution of shipping CO2 emissions in 2015 [3].

Responding to increasing environmental concerns on maritime pollution, policymak-
ers, including those from the International Maritime Organization (IMO), European Union
(EU), and United States, are tightening emission limits to curb NOx, SOx and CO2 emissions
from vessels. Currently, the most influential air pollution control regulation is Annex VI
of the International Convention for the Prevention of Pollution from Ships (MARPOL).
Annex VI, first adopted in 1997, implements increasingly progressive restrictions to vessel
emissions; and introduced emission control areas (ECAs) to further reduce those pollu-
tants in designated sea areas. Originally focused on reduction of SOx emissions, several
revisions have mandated progressive global reduction in emissions of SOx, NOx, CO2, and
particulate matter, as well as the introduction of further ECAs.

The IMO currently aims to reduce ship emissions by 80% for both SOx and NOx
emissions by means of these emission standards. The Annex set limits on the emissions
of SOx from marine fuel oil in 2000, with progressively stricter limits being introduced
since. The most recent limits set the sulphur cap in ECA zones to below 0.10% from
1 January 2015, and 0.5% in general sea areas from 2020. Furthermore, MARPOL also
sets a progressive reduction of NOx emissions. Emission reduction is implemented using
staged tiers: ‘Tier I’—ship constructed on or after 1st January 1990 but before 1 January
2000; ‘Tier II’—engines installed on ships constructed on or after 1st January 2011, and
‘Tier III’—ships constructed on or after 1st January 2016 and operating in the ECAs (North
American Emission Control Area and the US Caribbean Sea Emission Control Area).

The focus of the IMO and much of the international maritime community is now on
decarbonisation. The 2015 Paris Climate Conference (COP21) set a target to pursue efforts
to limit global temperature rise to 1.5 ◦C. Reflecting this focus, the IMO announced during
the Marine Environment Protection Committee (MEPC) in April 2018 that member state
delegates had agreed on a target to cut the shipping sector’s overall CO2 output by 50% by
2050. Considering the predicted growth in shipping volumes up to 2050, GHG emissions
from ships must be cut by 75–85% per ton-mile to meet the Paris Agreement goals. This
transition to low carbon will be multifaceted. In the short term (to 2023), the IMO will
review and strengthen the Energy Efficiency Design Index (EEDI), requiring international
shipping to reduce 15% to 20% of GHG emissions against a 2010 level. In addition, a clear
short-term strategy on reduction of GHG emissions from ships was announced during
the 4th GHG Working Group (the ISWGGHG 4th Meeting) and MEPC 73. An operational
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indicator will be developed by the IMO before 2023 to guide shipowners and operators
to reduce the speed of their ships and optimise the routes. In the medium (2023–2030) to
long term (beyond 2030), the IMO is planning to introduce for the shipping industry both a
new GHG reduction mechanism to be included among the operational indicators and also
an implementation programme to encourage the use of low-carbon alternative fuels [10].
This paper presents an in-depth review of various alternative fuels which may comprise
part of the transition to low carbon maritime. Fuels are considered from the perspectives of
economic and environmental performance, technical feasibility, fuel availability, and the
political context of their implementation. In the context of this paper we define “alternative
fuel” to be any fuel and/or source of energy other than conventional fuel-oils used for the
purpose of powering ships.

The fuels considered in this study include liquefied natural gas (LNG); liquefied biogas
(LBG); biodiesel; methanol; ammonia; hydrogen; and electricity, all considered to be poten-
tially feasible for use in the maritime sector. In the context of deep-sea shipping, renewable
technologies such as wind and solar power systems are only viable for auxiliary and supple-
mentary power and are therefore not included in this review. An overview of the potential
alternative marine fuel systems is presented in Figure 2, which illustrates the production
pathway of each alternative fuel, from primary energy sources/feedstocks, production
methods, distribution, and bunkering pathways to its consumption onboard ship.

Figure 2. Overview of alternative fuels from different production pathways.

1.1. Methane

Liquefied Natural Gas (LNG) (over 95% methane) is one of the most frequently used
marine alternative fuels for compliance with current SOx and NOx limits and to reduce CO2
emissions from ship operation. The LNG carrier industry has been utilising gas boil-off
from LNG cargo for more than 40 years to reduce fuel and voyage costs. The use of LNG
was limited to these niche capacities until the recent adoption of stricter emissions limits
over the past decade. LNG is a colourless and non-toxic liquid, created from natural gas
cooled to −162 ◦C. It typically comprises more than 95% methane (CH4), and less than 5%
mix of other hydrocarbons (typically ethane, propane, and butanes) and nitrogen [11].
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Methane can be obtained from both fossil-based sources and biomass. Fossil-based
LNG is obtained from the extraction of natural gas from the reservoirs. The gas is processed
to remove heavier hydrocarbon gases and other impurities and then cooled to cryogenic
temperatures in an LNG train to convert its state from gas to liquid. Biomethane is mainly
produced through anaerobic digestion (AE) or biomass gasification. Various feedstocks can
be used for AE and biomass gasification, although there is a trend to recover energy from
waste via gasification, for example, from agricultural wastes, organic wastes, manure, and
sewage sludge. Biomethane has similar properties to fossil-based natural gas, therefore it
can be liquefied and distributed by leveraging natural gas infrastructures. However, biogas
produced from anaerobic digestion contains a large fraction of CO2, which must be purified
to achieve a purity of biomethane over 95 vol% before use as a marine fuel. The costs of
purification are relatively high due to the use of energy and chemicals in the process, and
this is one of the main barriers for the wide adoption of biomethane as fuel [12,13].

1.2. Hydrogen

Hydrogen is the simplest and lightest element. It is recognised as one of the most
promising future alternative energy sources for transportation decarbonisation due to
several unique advantages. First, when using hydrogen as fuel, the only by-products are
water and a minor amount of NOx. Second, hydrogen can be produced from a variety
of renewable sources, including biomass, nuclear power, and non-bio renewable energy
such as wind and solar photovoltaics (PV). Thirdly, hydrogen has a high energy-to-weight
storage ratio, with the energy density of hydrogen between 120 and 142 KJ/kg [14]. Hy-
drogen has seen wide use as fuel in the aerospace sector; and attempts have been made by
the shipping and inland transportation sectors to use hydrogen as fuel since the late 20th
century [15,16].

One of the most abundant elements on Earth, hydrogen normally exists in compound
form. Therefore, it can be extracted from diverse sources including fossil fuels, biomass, and
water, or from a mix of sources. With the aforementioned sources, the production of hydro-
gen can be achieved via many different process technologies, including reforming (steam,
partial oxidation, autothermal, plasma, and aqueous phase), gasification, and pyrolysis
and water electrolysis [17–19]. The majority of hydrogen is currently produced from fossil
fuels. Around three-quarters of the global demand for hydrogen is currently generated by
steam methane reforming (SMR) with natural gas as a feedstock. Characterised by high
efficiency and low-cost production, it also leads to large quantities of GHG emissions [20].
Electrolysis utilising renewable energy sources can deliver clean hydrogen production,
however this currently only accounts for 3.9% of total global hydrogen production [21].

1.3. Biodiesel

Biodiesel can be used as a direct substitute for diesel fuel, produced from renewable
or waste sources. The American Society for Testing and Materials defined biofuel as mono-
alkyl esters of long-chain fatty acids resulting from edible oils, non-edible oils, and waste
oils. Biodiesel presents in a liquid state at room temperature and with similar chemical
characteristics to conventional diesel fuels. However, it contents no sulphur and has
more free oxygen than conventional petrol diesel. Having more free oxygen results in
complete combustion and less carbon monoxide emission, particulate matter, smoke, and
hydrocarbons in combustion [22–25]. In addition, the higher flashpoint, biodegradability,
non-toxicity, and inherent lubricity are other advantages worthy of mention when using
biodiesel as a marine fuel [26]. Biodiesel is compatible with the majority of existing diesel-
based engine systems, with little to no modification required. Therefore, it has the potential
to be used as a drop-in replacement, low sulphur content fuel.

Biodiesel can be produced from a wide variety of feedstock resources from veg-
etable oils, waste cooking oils, sludge from factories, to animal fats and other oleaginous
sources. The European Academies’ Science Advisory Council (EASAC) (2012) has classi-
fied biodiesels into four generations according to production feedstock. First generation
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biodiesel is produced from edible feedstocks (such as soybean oil, canola oil and rape-
seed oil), non-edible oils (for example Neem oil, Jatropha curcas, Nagchampa oil, Karanja
oil, honge oil) comprise the second generation, and biodiesel from waste oils the third
generation. Fourth generation biodiesel is comprised of oil derived from synthetic bi-
ology technology, typically that which is still under development and not yet widely
commercially available.

The main feedstocks for biodiesel production vary between regions depending on
availability. For example, biodiesel in the US is mainly produced from canola oil, rapeseed
oil in Europe, and palm oil in Malaysia. These first and second-generation biofuels often
compete with agricultural lands and, directly and indirectly, impact biodiversity and the
provision of ecosystem services [27–29]. Additionally, biodiesels obtained from different
feedstocks have observable variations in purity, composition, and characteristics [30–34].
Therefore, regional and national standards were proposed to check the quality of biodiesels
and their blends by determining several key parameters, such as EN 14214:2012 + A1:2014
in the EU and ASTM D6751-5a in the US [35–37].

1.4. Methanol

Methanol has been receiving increasing attention in the shipping industry over the
past decade. Various studies and projects have been conducted to test the feasibility of
using methanol as a marine fuel, for example, Effship, Spireth, Methaship, Leanships,
Summeth, and Greenpilot [38]. Methanol (MeOH) is the simplest alcohol, also known
as methyl alcohol or wood alcohol. It is a toxic, light, volatile, and flammable liquid at
standard temperature and pressure. In comparison with marine diesel fuels, methanol
has a higher H/C ratio, higher oxygen, and higher octane number (ON). The high oxygen
content assists in producing more efficient combustion in the engine systems [39]. As a
cleaner fuel, consumption in internal combustion engines generates nearly zero SOx and
delivers reductions in CO2 and PM emissions relative to HFO and MGO [40]. One of the
key advantages of methanol fuel in environmental performance is lower NOx forming
potential from the low-in-cylinder combustion temperature. Ships could comply with
stricter NOx emission regulations when using methanol as fuel [41–44]. Test data of the
world’s first methanol fueled ship, the Stena Germanica suggested that switching from HFO
to methanol could reduce SOx emissions by 99%, PM emissions by 95%, NOx by 60% and
CO2 by 25% from the ship’s operation [45].

Methanol can be produced from numerous sources, including carbon-containing feed-
stocks, biomass, and non-bio renewable energy. Currently, most methanol worldwide
is produced from catalytic conversion of synthesis gas (CO and H2) from natural gas
reforming or from the gasification of coal [46,47]. Both of these two pathways are carbon in-
tensive. To realize methanol as a viable alternative fuel for a low-carbon future, production
routes will need to shift toward cleaner solutions, where more sustainable feedstocks are
adopted or effectively capture the GHG emissions generated during the production pro-
cess [48]. Much of the current research and initiative practices in the industry are focusing
on the use of agricultural waste [49–51], forest biomass [52,53], and municipal solid waste
(MSW) [54,55], and CO2 [47,56–58] as feedstocks for methanol production. The Canadian
company Enerkem built a plant in Rotterdam capable of converting 350,000 metric tons
of MSW into 270 million liters of methanol per annum [59]. The Swedish company Södra
started the world’s first large-scale fossil-free biomethanol factory using Swedish forest
biomass; the factory can produce 5250 tonnes of biomethanol per year, with quality equal
to fossil-based methanol [60].

1.5. Ammonia

Ammonia (NH3), a carbon-free chemical compound, has gained significant attention
as a potential alternative fuel for marine use. Similar to hydrogen, ammonia can be
produced from renewable sources and potentially be consumed in an environmentally
benign way, making it a promising clean alternative energy source and hydrogen storage
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medium. The biggest advantage of ammonia compared to hydrogen is easier storage
and transportation [61,62]. The storage requirements of ammonia are similar to propane,
at standard temperature (25 ◦C), ammonia is required to be pressurized to 8.6 bar vapor
pressure to maintain its liquid form. The energy density of ammonia under standard storage
status is around 22.5 MJ/kg, with 17.8% hydrogen content by weight. Moreover, ammonia
fuel has a narrow flammability range. The flammability limit of ammonia is between
0.63 and 1.40, therefore it is generally considered non-flammable in the transportation
process [63]. In addition, ammonia has a very strong odor, and the leakage of ammonia
onboard is easy to detect, with a nose as low as ∼5 ppm [64].

Ammonia is currently produced worldwide by the Haber Bosch process, which
uses an iron-based catalyst under high temperatures and pressures (450 ◦C, 200 bar) to
combine atmospheric nitrogen (N2) and hydrogen to form ammonia [65]. In general, the
primary pathway in ammonia generation is SMR with a natural gas source followed by
coal gasification [66,67]. With the continuously increasing interest in emissions reduction,
alternative sustainable ammonia production pathways are under investigation, including
electrochemical and biological routes. The electrochemical and biological pathways can
be conducted under lower pressure and temperature levels relative to the Haber Bosch
process [68,69]. Adopting alternative pathways could potentially reduce the energy input in
ammonia production and reduce operation and energy costs. The emissions from ammonia
production can be further reduced by using hydrogen produced from renewable energy-
based water electrolysis instead of fossil fuel-based reforming and gasification [70–72].

A drawback to the use of ammonia as a marine fuel is its toxicity and hazardous
nature. Exposure to high concentrations of ammonia in the air can result in serious
health issues such as blindness, lung damage, brain damage, and potentially death [73,74].
Therefore, leakage of ammonia can rapidly become a serious threat to accommodation
space and onboard personnel. However, the toxicity problems have already been largely
addressed in the use of ammonia in various sectors, especially in agriculture, chemicals,
and refrigeration. Standards are well-established in ammonia handling, storage, and use in
various forms to cope with ammonia toxicity [75–77]. Moreover, the incomplete combustion
of ammonia could lead to an increase in NOx emissions. This issue is particularly related
to internal combustion engine systems with the direct application of ammonia. The narrow
flammability limits and low flame speed of ammonia can induce incomplete combustion in
the engine system [78]. The incomplete combustion issue can be mitigated if ammonia is
decomposed before injection into the engine; the mixture of hydrogen, nitrogen, ammonia,
and air has combustion characteristics comparable to gasoline [79,80].

1.6. Shore Power and Plug-in Battery-Powered Ship (Electricity)

Shore power (SP) is an emissions mitigation strategy of replacing on-board fossil fuel
with electricity supplied from shore. In terms of direct emissions, battery-powered ships
with electricity could eliminate emissions resulting from the operational stage. However,
SP is not a true zero-emission technology [81,82]. The provided SP comes from the local
power grid, and the emissions of SP are highly related to the electricity generation process
and sources used in electricity generation. The emissions are transferred from operational
areas to the generating stations of the electricity away from the harbor areas. Therefore,
to evaluate the environmental benefits of the ships with battery propulsion systems, it
is imperative to include the production chain of the SP supply. Worldwide, electricity
generation is still mainly based on fossil fuels. Acceding to the IEA, coal and natural
gas are major electricity generation sources. Electricity generation in 2018 from coal was
38.8%, natural gas was 23.1%, nuclear was 10.6%, and hydro was at 16.4% [83]. With the
continuing development of renewable electricity generation technologies, the share of
renewable energy sources in the world electricity grid mix has continued to grow. A review
of the electricity production data showed that the share of renewables in the electricity
supply has reached nearly 28% in 2020, and up to 60% of the global electricity demand could
be satisfied by renewable sources by 2050 [84,85]. The mix of electricity production varies
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between countries and very much depends on the availability of sources and the demands
of each region. Statistics show renewable sources have taken more than half of the share
in the 2018 electricity mix in countries including Austria (73%), Sweden (66%), Denmark
(62%), Latvia (53%), and Portugal (52%) [86]. In line with policies toward mitigating the
climate change issue, the goal of Denmark is to generate all of its electricity from renewable
sources by 2050 [87]. Electricity in countries with a high share of renewable sources in the
electricity mix can be recognized as a “green” alternative fuel for vessels [88].

2. Methodology

To compare the performance of alternative fuels and identify potential knowledge
gaps in the literature, the review is conduced based on a three-step procedure. The review
consists of (1) a systematic literature review and information synthesis, (2) a grouping of
studies which have the most prospective and promising solutions, and (3) an assessment
of accuracy and topic relevance. The literature search was completed by searching the
scientific databases Scopus and Web of Science. Alternative fuels in the marine industry are
varied in their chemical components, technical characteristics, economic and environmental
performance, as well as safety, availability, storage requirement, and production sources.
These elements from both the upstream and downstream of the supply chain of alternative
fuels and fuel usage could potentially influence the adoption of the fuels in the marine
industry. Therefore, various criteria have been proposed for evaluating the fuels and
supporting the decision-making of the stakeholders.

Alternative fuels in this study were evaluated following the criteria established
by [89,90]. Literature were eligible for inclusion in the review on the basis of the following
main concepts, (1) technical feasibility: technology maturity, availability, and infrastructure
development, (2) economic performance: investment costs of the systems, fuel price, and
additional costs in operation, (3) environmental performance: global warming potential,
acidification potential from well-to-tank (WTT) and tank-to-water (TTW), and (4) social
perspective: compliance with regulations. We have limited the scope of the review by
investigating studies published after the MARPOL Annex VI first came into effect in 2005.
Peer-reviewed journal papers, conference proceedings and research reports published
by research institutions and governments were included if they were published between
the periods of 2005 to 2021 and written in English. The review focused on the reported
results and not on the methods used. Studies without the full text of articles available were
excluded from the review.

Figure 3 presents how the literature search was conducted in this work. The selected
scientific databases were first searched using terms such as ‘alternative marine fuel’, ‘syn-
thetic fuel’, ‘emission reduction’, by key word, title, and abstract. A large number of
publications were found when these terms were searched, and most of the results were not
directly relevant to the topic and objectives of this work. Therefore, additional refinement
related to the field of energy has been applied with combination of the terms including
‘economic performance’, ‘environmental performance’, life-cycle assessment’, ‘utilisation’,
and ‘application’. The alternative fuels reviewed were selected based on the obtained and
synthesized results from the recent decade.
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Figure 3. Flow of methodology for literature review.

3. Utilisation Technologies

This section aims to review the utilisation technologies of the considered alternative
fuels in marine application. The prime plants to use the fuels in the marine sector include
the mono-fuel internal combustion engine (ICE), dual-fuel ICE, and fuel cells. In the
past decade, due to the development of battery technology, increasing attention has been
paid to pure battery-powered systems. A majority of the alternative fuels considered
in the study have the potential to be consumed by various presented technologies. Less
attention has been paid to the technologies and alternative fuels that are mature and already
used commercially, while more attention is given to emerging technologies. Gas turbine
technology is not included in this review due to its small share in the marine propulsion
sector and the limited published works about its use.

Fuel cells are an electrochemical device that converts chemical energy from gaseous
fuel into electrical energy; they have been successfully adopted in aerospace engineer-
ing, the automotive sector, and in power plants [91]. The one-step nature of the energy
conversion process has brought some unique advantages to this technology compared to
combustion technologies such as high energy conversion efficiency and low emissions [92].
Although the application of fuel cells is still limited in commercial ships, the technical
feasibility of utilising fuel cells for ship propulsion and auxiliary power has been demon-
strated by numerous studies (e.g., [93–97]). The fuel cells are classified according to the
choice of electrolyte and fuel. Presently, six major different types of fuel cells are available,
including: (1) proton exchange membrane fuel cells (PEMFC); (2) alkaline fuel cells (AFC);
(3) phosphoric acid fuel cells (PAFC); (4) molten carbonate fuel cells (MCFC); (5) solid oxide
fuel cells (SOFC); and (6) direct methanol fuel cells (DMFC) [98,99]. In principle, PEMFC
and MCFC are considered as the most promising types of fuel cells to produce electricity
onboard ships regarding the availability, efficiency and maturity in technology. In addition,
SOFC is a potential option for marine use for medium to long-distance ship applications.

Ship electrification is not a new concept in the marine industry. The first golden age
for electrically powered ships was in the period from the late 19th century to the early
20th century, and electrification has been recognised for decades as a potential solution
for reducing emissions from shipping activities. In recent years, with the improvement of
battery performance and successful implementation of batteries in the automotive industry,
there has been an acceleration in development of battery powered ships. The first large-
size pure battery-powered ferry, Norled’s Ampere, was put into operation in 2015. The
ferry is equipped with a 1 MWh battery system and capable of carrying 120 cars and
350 passengers [100]. Since 2015, further pure battery-powered vessels have been launched
with increasing tonnage and battery capacity, for example, Ellen (4.3 MWh), Project e5
(4 MWh), Guangzhou (2.4 MWh), AIDAperla (10 MWh) and Stena Jutlandica (50 MWh) [101].
Battery-powered propulsion systems are more energy-efficient than ICE and FC [102].
However, the technology is currently not feasible for deep sea-going ships due to the
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low mass and volumetric density of the battery systems. Table 1 presents an overview
of the utilisation efficiency of the selected alternative fuels associated with the different
propulsion systems. For a more detailed description of the different types of utilisation
technology please see accompanying Supplementary Information.

Table 1. Summary of marine alternative fuel characteristics in use. Data: Calorific Value [103], storage requirement [104,105],
Utilisation efficiency and by-products [103,106–112], availability of use [113–116].

Fuel Type
Calorific

Value
(MJ/kg)

Storage
Requirement

Onboard

Utilisation Efficiency
Utilisation

by-Products

Availability of Utilisation
Technologies in
Commercial Use

FC (Electric
Efficiency) ICE

Natural Gas
(liquefied) 50–55 −163 ◦C (Pressurised

or unpressurised)
45–60% (SOFC)

35–45%(PEMFC) 35–40% CO2, H2O,
NOx(ICE)

ICE: Yes, available for
wide commercial use

FC: Underdevelopment, no
commercial case in marine

application

Hydrogen 120–140

350–700 bar (gases),
−252.8 ◦C (liquefied),

Material-based
storage

50–60%
(PEMFC/SOFC) 30–35% H2O,

NOx(ICE)

ICE: Yes, available for
commercial use

FC: Yes, available for
commercial use

Ammonia 22.5
21 ◦C under 8.8 bar

or −33 ◦C under
atmospheric pressure

30–60% (SOFC)
15–30%(AFC) 35–40% H2O, N2,

NOx(ICE)

ICE: underdevelopment
FC: underdevelopment, no
commercial case in marine

application

Methanol 22.7 liquid at ambient
temperature

30–50%(SOFC)
20–30%(DMFC)

Up to
40%

CO2, H2O,
CO(ICE),
NOx(ICE)

ICE: Yes, available for
wide commercial use

FC: Underdevelopment, no
commercial case in marine

application

Bio-diesel 38–46 liquid at ambient
temperature 10–30% (SOFC) Varies

CO2, H2O,
CO(ICE),
NOx(ICE)

ICE: Yes, available for
wide commercial use

FC: Underdevelopment, no
commercial case in marine

application

Electricity _

High energy density
battery systems such
as: NMC, LFP, NCA

and solid state
battery

_ _ _
Yes, currently only

available for small size
shore-based ship

4. Environmental Performance of Marine Alternative Fuels

The assessment of alternative fuels considering whether they can genuinely support
reductions in exhaust gas emissions and associated impacts from shipping activities must
consider not only direct emissions generated onboard, but also the emissions from the
whole production chain, including production, storage, transportation and distribution to
end-users. The alternative fuels presented in this work have a common feature, that being
that all fuels can be produced through different methods and from a range of primary
sources. The effectiveness, efficiency, and emissions generated from fuel production are
varied based on these different pathways. Therefore, in this study, a comparison between
different fuel production pathways throughout their energy value chain has been presented.
Through evaluation and comparison of the emissions generated from both the WTT and
TTW phases, the advantages, disadvantages, and potential opportunities of alternative
marine fuels in marine decarbonisation and emissions reduction can be identified. However,
it should be noted that existing regulations in the marine sector are only applied to direct
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emissions generated from shipping activities. Upstream or out-of-sector emissions are not
typically considered in the existing legal frameworks.

4.1. Greenhouse Gas Emissions

Global warming potential (GWP) refers to the ability of a greenhouse gas to contribute
to global warming in the atmosphere relative to a reference gas, CO2. The life cycle GWP
results for typical alternative fuel production pathways are shown in Table 2. Hydrogen,
electricity, and ammonia show a noticeable advantage in the TTW GWP results; greenhouse
gas emissions are eliminated when consuming these alternative fuels with FC or in pure
battery-powered systems. For carbon containing fuels, no obvious advantage has been
identified for direct GHG emissions. Among all the carbon content alternative fuels, LNG
and LBG perform best in the TTW phase due to the smaller carbon content. Results from
the literature showed that consuming LNG fuel with ICE could bring a 20–30% reduction
in CO2 emissions compared with conventional marine oil [117]. Nevertheless, concerns are
apparent regarding rogue emissions from methane, or ‘methane slip’, primarily as a result
of poor fuel combustion due to low operational fuel-air ratios. Methane is the dominant
component of LNG and has been estimated to have 28 times the GWP of CO2 over 100
years [118]. Any significant methane slips can wipe out the advantage of LNG in GHG
emission reduction.

In the well-to-tank phase, GHG emissions of alternative fuels are varied significantly
from the different production pathways and prime energy sources for fuel production.
The well-to-wake (WTW) emissions of alternative fuels with no carbon content could be
even higher than conventional marine oil when produced from fossil-based sources. LNG,
hydrogen, ammonia, and methanol produced from natural gas have a similar lifecycle GWP
magnitude as conventional marine fuel oil, while a noticeable reduction in life cycle GHG
emissions can be identified from pathways of bio-diesel, bio-methanol, bio-methane, and
hydrogen, and ammonia from renewable sources. The reason for the significant reduction
in lifecycle GHG emissions for bio-based alternative fuels is mainly the carbon offset from
bio-mass growth. CO2 released from bio-based fuel consumption is offset by the CO2
absorbed during the growing cycle of bio-mass sources for fuel production. Plug-in battery-
powered ships with shore-based power are potentially game-changing in the pursuit of the
decarbonisation of the shipping industry. Percic, Ančić and Vladimira [119] evaluated and
compared the life cycle of GHG emissions of battery-powered hybrid systems with other
alternative fuels and identified the battery-powered system from shore-based electricity as
the lowest environmentally impacting alternative. Pure battery powered ships generate
no GHG emissions in the operational phase; however, it should not be assumed that
electricity is a true zero-emission alternative fuel for marine use. The life cycle emissions
of battery-powered ships significantly depend on the process of electricity generation.
The existing literature highlights the influences of the process and energy sources used in
electricity generation on the life cycle emission results. When the fossil-based sources take
the majority share of the electricity grid mix, the electricity has a limited advantage relative
to conventional fuel oil [120–122]. The high share of renewables in the electricity supply in
EU countries makes electricity a promising alternative fuel in the EU region.

4.2. Other Regulated Emissions

Ahead of the 0.1% limit within SECAs, results from all alternative fuel options indi-
cated straightforward compliance. The options of hydrogen, ammonia, electricity, and LNG
show a significant advantage in SOx emissions. SOx emissions are eliminated in the TTW
phase when consuming these fuels onboard due to zero sulphur content in the fuel. With
respect to NOx emissions, the results show a clear distinction between hydrogen, methanol,
ammonia, and electricity on one hand, and conventional liquid fuels and bio-diesel on
the other. A major environmental concern of using biodiesel is high NOx emissions. The
NOx emissions of neat biodiesel and its blends have been recognised as higher than that
of ordinary diesel fuel (see [123–126]). Up to a 15.5% increase in NOx emissions has been
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identified from pure biodiesel systems when compared with marine diesel [127]. LNG
fuel has been reported to have the potential to effectively reduce NOx emissions from
the TTW phase. However, the degree of reduction depends largely on the type of engine
used. Stenersen and Thonstad [128] tested four main gas engine types in the market,
which are lean-burn spark ignited engines (LBSI-), low-pressure dual-fuel engines (LPDF),
low-pressure dual-fuel engines (LPDF-) and high-pressure gas injection (HPDF). Only the
lean-burn and the low-pressure gas engine systems have been found to help effectively
reduce the NOx emissions (70–90%) from their operation. In contrast, the higher pressure
engine system can help achieve only up to 30% in NOx emissions reduction compared with
diesel operation.

Table 2. Summary of the emissions from well-to-tank and tank-to-water. Data: L1: liquefied natural gas from fossil, L2:
liquefied natural gas from biomass; [129–131]; M1: methanol from natural gas [132]; M2: methanol from biomass [133–136];
H1:hydrogen from SMR [137–139]; H2: hydrogen from wind-powered electrolysis [140,141]; A1:ammonia from natural gas
[142–144]; A2:ammonia from biomass [142,143,145,146]; B1: Biodiesel from rapeseed FAME [147,148]; B2: Biodiesel form
soy oil hydrotreated [148,149].

Emission
Factor (g/MJ) L1 L2 M1 M2 H1 H2 A1 A2 B1 B2

Emission to Air Well-to-Tank

CO 0.0027 0.0096 0.0063 0.025 0.01-
0.074 0.0075 0.0037

CO2 (fossil
fuel origin) 8.3–26.73 27 20 17 77.98–

84.16 7.90–9.66 64.89–
84.44

18.57–
29.78 19 15

CO2 (biogenic
carbon
uptake)

- 97 120 67 67

SOx
0.00083–
0.0233 0.073 0.0021 0.048 0.038–

0.07
0.051–
0.064 0.00044 0.04 0.03

N2O 0.00016 0.00033 0.00029 0.00022 0.00025–
0.0025 0.00041 0.00045 0.00045 0.087 0.001

NOx
0.0095–
0.091 0.053 0.046 0.056 0.034–

0.098
0.030–
0.039 0.044 0.044 0.06 0.15

CH4 0.033 0.018 0.011 0.042 0.15-0.49 0.0025–
0.0031 0.0053 0.03 0.02

Emission to Air Tank-to-Water

CO 0.13–0.27 0.13–0.27

CO2 (fossil
fuel origin) 54–58 69

CO2 (biomass
origin) 52–58 69 73 77

SOx
0.00056–

0.57
0.00056–

0.57
0.0002–

0.1
0.0001–

0.1

N2O 0 0
Need

further
research

Need
further

research
0.003 0.003

NOx

1.22
(HPDF)

0.11–0.37
(LPDF)

1.22
(HPDF)

0.11–0.37
(LPDF)

0.28–0.4 0.28–0.4
Need

further
research

Need
further

research

Need
further

research
0.17–1.7 0.17–1.7

CH4

0.00139
(HPDF)

0.71
(LPDF)

0.00139
(HPDF)

0.79
(LPDF)

0.01 0.01
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5. Economic Performance

In addition to the life-cycle environmental impacts and technical feasibility issues
surveyed in this work, the commercial viability of alternative fuels will also play an
important role in determining their level of deployment. In this section, a costs analysis
of the selected alternative fuels has been performed across the different fuel production
pathways (Table 3). In addition, costs for construction/purchase propulsion systems
are combined with costs of onboard fuel storage systems to determine the total capital
investment costs for the alternative fuel-based systems (Table 4).

5.1. Fuel Price

The most noticeable difference today between the LNG price and the crude oil price is
that the former varies significantly between different regions. Yegorov [150] explained that
differences in gas prices can come from the gas itself, from market influences, and from
the pricing mechanisms used by local markets. The gas industry today still lacks universal
pricing mechanisms. The Asia Pacific region is now the largest market for LNG imports,
but this does not bring these countries any benefit in terms of LNG import price. The Asia
Pacific region currently has the most expensive gas spot prices among all the major gas
markets in the world. After the 2008 economic crisis, the North American shale gas boom
and resultant fall in gas price has largely increased the viability of LNG as a marine fuel.
The LNG price in the North American market dropped from more than 12 US$/MMBtu
(million British Thermal Units) in December 2007 to around 3 US$/MMBtu in 2017, and it
has remained at a low level [151]. When using LNG as a marine fuel, bunkering charge
should also be taken into consideration. Algell et al. [152] carried out a detailed analysis of
LNG bunker changes, and the study concluded that cost differences in bunker methods
and the building of LNG bunker infrastructures in port could today lead to significant
differences in LNG bunker price; the additional supply cost of this fuel could vary from
50 US$/ton of LNG up to 630 US$/ton.

This review considers the price of hydrogen, ammonia, and methanol from the per-
spective of two different production pathways—conventional (SMR from fossil-based
natural gas or coal) and renewable (electrolysis based on renewable energy sources). In
general, fuel production costs depend heavily on the price of the energy inputs. Cloete and
Hirth [153] concluded that the price of hydrogen produced from the SMR pathway with
80% conversion efficiency can be presented as 1.25× the natural gas price plus 0.72 US$/kg
for capital and other operating costs. To produce low price hydrogen from SMR, it is
important for producers to access low price natural gas sources. Low gas prices in the
Middle East, Russia, and North America give these countries and regions an advantage
in the production of hydrogen from SMR. Conversely, gas importers in Asia, such as
Japan and China, have to contend with higher gas import prices, which makes for higher
hydrogen production costs. Research conducted by the Hydrogen Council indicated that
the optimal costs of hydrogen from SMR plus carbon capture and storage (CCS) systems,
with about 60% carbon capture could drop to below 1.20 US$/kg before 2025 in the low
gas price geographic locations. In regions like the EU, hydrogen from SMR with CCS cost
around 2.1 US$/kg, and this is expected to fall to 1.8 US$/kg by 2030 [154]. For renewable
hydrogen from electrolysis, the costs of hydrogen production will depend upon the eco-
nomics and scale of production, with the most crucial factor being the price of renewable
energy inputs. According to the IEA, the production costs of green hydrogen from water
electrolysis can be low as approximately 1.6 US$/kg using solar energy in the Middle
East [155]. For the UK, the long-term renewable electricity price is around 65 £/MWh
(around 92 US$/MWh),which would correspond to a low-carbon hydrogen production
cost, by water electrolysis, of 3.25–3.66 £/kg (around 4.61–5.19 US$/kg). The production
costs of ammonia and methanol follow the same trends as hydrogen. The geographical
market price of the feedstock is the dominant cost driver for conventional ammonia and
methanol production. The cost of feedstock could account for approximately 65–85% of the
total production costs [156].
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The production costs of biodiesel are largely attributed to the chemical technology
employed in the production plant and the costs of feedstock. Some reports to date have
estimated biodiesel production costs from different value chains, for example, [157–159].
Today, global biodiesel production is concentrated in regions of the EU, the US, Indonesia,
and Brazil, which together contributed over three-quarters of the biodiesel produced in the
year 2019 [160]. Biodiesel from soybean in the USA and Brazil costs around 0.42 US$/L and
0.64 USD/L [161]. The typical production costs of biodiesel based on palm oil in Indonesia
is 0.68 US$/L, while rapeseed-based European production is 0.75 US$/L [162,163]. See
Table 3 for a summary of the selected production cost ranges for alternative fuels.

Table 3. Summary of the literature on the selected production cost ranges for alternative fuels. Note that the average MGO
price in the global 20 ports between 2018 and 2021 has been used as a benchmark in comparison. The relative costs of each
fuel are compared on a $/MJ of energy content. Price multiple is calculated based on the production price of alternative fuels
compared to the benchmark (average MGO price in the global 20 ports) to evaluate competitiveness in the current market.
Data: MGO [164], LNG [165,166], LBG [13,151,167], Methanol [149,168–170], Hydrogen [19,171–174], Ammonia [175–179].

Fuel Pathway Feed Stock Estimated Fuel Production
Costs/Import Price ($/MJ)

Fossil Fuel
Price ($/MJ) Price Multiple

LNG Natural gas 0.0022–0.0092

0.014

0.16–0.66

LBG Biomass 0.0081–0.032 0.57–2.29

Biodiesel Soybean, palm oil, rapeseed 0.013–0.027 0.92–1.93

Methanol Biomass 0.021–0.037 1.50–2.64

Methanol Natural gas 0.006–0.022 0.43–1.57

Hydrogen SMR Natural gas 0.0063–0.035 0.45–2.5

Hydrogen electrolysis Wind-power, water 0.025–0.08 1.78–5.71

Hydrogen electrolysis Nuclear energy, water 0.019–0.045 1.36–3.21

Ammonia Natural gas 0.0093–0.036 0.66–2.57

Ammonia Wind-power 0.021–0.037 1.50–2.64

5.2. Capital Investment Costs for Propulsion and Fuel Storage System
5.2.1. ICE

To consume LNG/LBG fuel onboard, vessels are required to have a gas-powered
engine system. Existing MGO/HFO (fossil heavy fuel oil) engines can be converted to use
liquid methane fuels, but the retrofit cases are limited thus far and mainly concentrated in
small ships due to the high costs and the complexity of retrofit. We selected the unit price
of the gas-powered engine system provided by [180,181], 387 US$/kW and 850 US$/kW
are reported for new build four-stroke and two-stroke dual-fuel engines and 818 US$/kW
was reported for a system retrofit. As with LNG and LBG, hydrogen used as an Otto fuel
can also be consumed in spark-ignited, as well as different types of dual-fuel engines. The
hydrogen-based marine ICE system has not yet been widely commercialised; the costs of
the systems are considered the same as the LNG/LBG systems.

The technology of converting a conventional diesel-fuelled engine system to consume
methanol is mature, and low retrofitting costs are assigned to this technology. Experimental
research and existing cases indicated that the methanol-based/duel fuel systems converted
from a conventional system could achieve similar or even higher efficiency [182]. The detail
of system conversion can be found in [115]; the authors highlighted the issue of different
velocities of methanol and marine diesel oil in retrofitting, and estimated retrofitting costs
at 328 US$/kW. Ammonia ICE is a relatively novel concept in the marine sector. Marine
vessels use large size ammonia engines that are not commercialised yet, but the price of
an ammonia ICE system was to be evaluated based on DEM ICE systems. The price of
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low-flash injection engines is estimated to be 400–530€/kW (around 487–640 US$/kW)
by [183].

5.2.2. Fuel Cell

The high capital investment costs of FC systems are one of the primary barriers
limiting the wide adoption of the technology in the marine sector. At the current production
volume, the cost of marine FC systems is often estimated in the existing literature to be
over 1000 US$/kW. The possibility of using FCs onboard has been analysed in [184], and
the issues of high capital investment costs and relatively short expected lifetimes were
highlighted. The present factory costs for the SOFC system are reported as 9000 US$/kW
in [185], 5500$/kW in [99], and 4000–9000$/kW in [186]. According to some estimates, FC
system costs tend to go lower with increasing production volume. However, as there is
large uncertainty in future costs and degradation, the projected costs of marine FC systems
ranges widely in the literature. For PEMFC, best cost assessments for FC stake varied from
$40 at annual production volume reaching 500,000 units to $500/kW for 20,000 units/y.
For SOFC [187] suggested 2650€/kW (around 3200 US$/kW) for 2030, [180] proposed
1280€/kW (around 1560 US$/kW), and the United States Department of Energy (DOE)’s
target is 900 US$/kW between 2025–2030 [188]. Additional onboard costs may need to be
considered for equipment such as reforming (cracking), and the evaporator, gearbox and
electrical systems [189].

5.2.3. Fuel Storage

Fuel storage is one of the main challenges for the wider application of hydrogen in the
marine sector. Numerous techniques for storing hydrogen onboard have been suggested,
from pure physical storage (compressed hydrogen storage, liquid hydrogen storage) to
chemical storage (desorbed hydrogen storage, reversible hydrides storage). A general
trend going with the hydrogen storage technologies is that hydrogen under chemical
storage is less easily available than physical storage, higher energy or temperatures are
required to release hydrogen from chemical storage [190,191]. LNG and LBG also struggle
with low volumetric density. LNG/LBG onboard is stored in a specially designed energy
storage system to keep LNG in its liquid state. The IMO has defined three basic tank types
(type A, B, C), in addition to membrane tanks for marine use. Type A, B and membrane
tanks are non-pressurised and designed for high volume LNG storage, type C pressurised
tanks are generally used on small vessels due to the small capacity and no requirement
for a secondary barrier and boil-off gas (BOG) treatment system. The estimated costs
for a type IV 700 bar H2 storage system is between 515 $/kg at production volume of
500,000 systems/year and 868 US$/kg for 10,000 systems/year [192]. For a large-size stor-
age tank, the costs for Type IV 700 bar tank configuration with 220 kg H2 storage is reported
as 76,851 US$/vessel (around 349$/kg) [193]. The low-pressure membrane LNG/LBG
tanks are estimated to cost 380 US$/m3 between 15,000–20,000 m3 and 420 US$/m3 for
10,000–15,000 m3 [194].

The economic disadvantages of plug-in battery systems are mainly related to the high
capital cost of the battery system. In comparison to automotive battery systems, battery
systems on marine vessels are estimated to have a higher cost due to the stricter require-
ments on the insulation and cooling of equipment, as well as the requirement for additional
fire safety measures. As such, the current costs of a high capacity lithium iron phosphate
(LPF) marine battery system as suggested by an EMSA study is 500–1000 US$/kWh [195].
The price of lithium nickel manganese cobalt oxide (NMC) batteries, which are suitable for
marine applications, was considered to be 1000 US$/kWh in [196].
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Table 4. Capital investment costs of installing fuel technologies to new ships and to retrofitting existing ships. Values in 2021
US Dollars. The ‘price multiple’ is calculated considering the production price of the fuel compared to the average MGO
price (across 20 global ports). Data from: ICE [2,114,179,182,189], Fuel cell [195–197] Fuel storage [187,192–194,198–200].

Component Retrofit Cost (US$/kW) New Build Cost (US$/kW) Lifetime

Propulsion systems

ICE Diesel, Biodiesel - 240/460 a 30 years

ICE, Methanol 328 265/505 a 30 years

ICE, Ammonia 370/600 a 30 years

ICE, LNG, LBG, Hydrogen 900 387/850 a 30 years

Fuel cell, SOFC - 4000–9000 7–12 years

Fuel cell, PEMFC - 730–2860 7–12 years

Electrical and generator, LNG, LBG,
Hydrogen - 400 30 years

Electric motor - 250 30 years

Fuel storage system

Gas supply system + tank, LNG, LBG
(USD$/kg) 270–420 270–420 30 years

Gas supply system + high pressure
tank (700 bar), Hydrogen (USD$/kg) 576–868 30 years

Battery, Nickel manganese
cobalt oxide (NMC) (USD/kWh) - 400–1000, and expected to fall

to 124 in 2030
3000–4000 cycles

(8–11 years)

Battery, lithium–iron–phosphate
(LPF) (USD/kWh) - 210–1000, and expected to fall

to 70 in 2030
2000–5000 cycles

(7–13 years)
a Four-stroke engine/two-stroke engine.

6. Current Challenges and Future Policy Trends

The review in this work indicates that presently there are numerous challenges for
greater adoption of alternative fuels in the marine sector. Firstly, the availability of fossil
fuels and price differences across regional markets makes it hard for alternative fuels to be
globally cost-competitive. The prices of some alternative fuels, such as hydrogen and LNG,
in the global market currently have strong regional differentiation. A lower feedstock price
in the local market offers a noticeable advantage to the local development of an alternative
fuel bunkering service. Alternative fuels produced from fossil feedstocks are generally
cheaper than fuels from biomass or renewable energy sources and have greater availability.
The prices of alternative fuels from conventional pathways are competitive compared
with conventional low-sulphur content fuel oil in the regions with cheap fossil feedstocks;
however, the important sustainability concerns related to fossil-based production pathways
may outweigh their low price. Biodiesel is the next cheapest alternative fuel followed by
fossil-based methanol and ammonia, and has already been commercialised in the vehicle
sector. The main challenge that may be an obstacle to the wide application of biodiesel in
the marine sector is the debate on “food versus fuel”. Crops are still the main feedstocks
for biodiesel production, and it can be argued that fulfilling increasing demands for marine
applications with the biodiesel from first-generation (oil and food crops) may threaten
supplies for the food industry and increase competition in the biodiesel industry. In recent
years, increasing attention has been paid to new generations of biodiesel oils such as waste
oil, Neem, and algae. However, these fuels have not yet been produced at commercial
volumes and will require stable incentives and long-term policy to scale up. Overall, we
found that, absent strong policy support, it is unlikely that alternative fuels from renewable
sources can be cost-competitive with conventional, petroleum-based marine fuels for the
foreseeable future.
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This analysis found that the GHG savings from using alternative fuels vary widely
depending on the feedstocks. This review demonstrates that no widely available alternative
fuel currently exists to deliver a noticeable reduction in GHG emissions across the whole
fuel supply chain. Hydrogen, electricity, and ammonia generate no GHG emissions in
operation, but the total decarbonisation of the fuels relies on low-carbon energy input
and feedstock materials. “Green” hydrogen and ammonia from renewable sources cannot
currently support the volumes required by the maritime industry. The life cycle GWP of
biomass-based fuels is better than that of conventional marine fuels when considering
carbon offsets. Nevertheless, a key barrier that limits their application is the difficulties
in expanding production. As shown in the examples presented in Section 4, the crucial
obstacles that keep alternative fuels from achieving true decarbonisation are mainly located
in the upstream of their supply chain. The ways to overcome these challenges reside beyond
the scope of the marine sector itself, and stakeholders are lacking motivation to adopt true
low carbon alternative fuels without legal requirements or other external incentives.

There are risks inherent to fuel selection within climate policies. Generally, there are
two main ways to assist policymakers to achieve goals in emission control: traditional
measures (“command and control”) and market-based measures (MBMs) [201]. For the
traditional policy measures, at MEPC 70 in October 2016, the IMO approved a road map
for developing an ‘IMO strategy’ for GHG reductions with a view to adoption in 2023.
Following this, three additional measures, the Energy Efficiency Design Index for Existing
Ships (EEXI), a mandatory Carbon Intensity Indicator (CII), and the Enhanced Ship Energy
Efficiency Management Plan (SEEMP) were approved at MEPC 75, and are expected to
enter into force in 2023. A detailed description of the international and regional “com-
mand and control” approaches has been presented in [202,203]. The command-and-control
environmental measures have been largely responsible for emission reduction from inter-
national shipping operations in the past decade and applying a stringent global emission
cap may encourage the industry to re-rout towards sustainable pathways. However, the
difficulties and limits of the command-and-control approach have also been highlighted in
the literature. Standard economic theory concludes that command and control regulation
gives little or no incentive to innovation and improves the quality of the performance be-
yond the limits set by the particular standards [204]. When command and control systems
are introduced for pollution control, retrofit of existing systems that allow compliance
is generally observed, rather than the adoption of innovative technologies to improve
the situation. In turn, MBMs are more flexible and have the potential to encourage the
development and adoption of cheaper and innovative clean technology [205].

By 2010, a total of eleven MBM proposals have been submitted to the IMO. Norway
recommended a global emission trading system (ETS). The system uses an auctioning
system while it releases emissions allowances (corresponding to the cap) into the market
yearly. France and the UK submitted similar proposals, but with different methods on
the emission cap determination and auctioning design. Japan and the World Shipping
Council (WSC) have proposed an energy incentive scheme (EIS) as opposed to an ETS or
bunker levy. The efficiency and emission standards in the scheme are mirrors of the EEDI
baseline, and administer supplementary costs to be charged to ship-owners, operators,
or consumers in line with the amount of fuel consumed for non-compliance [206]. The
discussion on MBMs at the IMO continued until 2013 and was suspended with no decision
reached. There have been some recent actions taken by nations and organizations. The
ICS and Bimco et al. proposed in 2020 the establishment of an International Maritime
Research and Development Board (IMRB), a non-governmental mandatory contribution
fund to accelerate the introduction of zero-emission technologies for maritime transport.
The IMRB will be financed by shipping companies through a mandatory R&D contribution
of 2 US$/tonne of marine fuel purchased. The total revenues are estimated at US$5 bn [207].
The EU made a statement in 2016 that shipping will be brought into the EU-ETS by 2023 in
the absence of action from the IMO by 2021 [208]. A wide discussion has been conducted
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in the literature with regard to the design and potential influence of MBM systems such as
the Bunker Levy [209–211], GHG Fund [2,212], and Global Maritime ETS [212–214].

7. Conclusions

This study has reviewed a multitude of alternative fuels with potential to reduce
emissions from global shipping, including the characteristics of fuels, production pathways,
utilization technologies, energy efficiency, lifecycle environmental performance, economic
viability, and policies.

With the rapid growth in the bunkering infrastructure, LNG is currently the main
alternative to marine diesel and heavy fuel oil (MDO and HFO). It offers significant
advantages in local pollution emissions over traditional marine petroleum fuels. Switching
from marine petroleum fuels to LNG will reduce important air pollutants (e.g., SOx, NOx
and PM10) substantially and comply with all current and proposed emission reduction
requirements. However, LNG has limited potential in reducing GHG emissions from ship
operations. The actual GHG benefit of LNG is around 8–20% compared with HFO and
MGO when methane slip is into account. The 50% GHG emissions reduction target cannot
be achieved by switching to LNG alone, but must be combined with other efforts such as
slow steaming or blended with LBG.

Biodiesels as an alternative to petroleum fuels have already been commercialised for
terrestrial use. This review has identified that the technical and economic barriers to the use
of biodiesels in the marine sector are low. Biodiesels can be directly consumed by existing
marine engine systems with only minor retrofits. However, the complication in ensuring
sustainability across the full fuel life cycle and the debate on “food versus fuel” brings
uncertainties in expending the use of biodiesels in the marine sector. The GHG savings
from using biodiesels varies widely depending on the feedstocks used. Biodiesels from
west oils and renewable sources are considered to have higher potential in GHG reduction.
However, these fuels are not yet produced at commercial volumes.

Chemicals including hydrogen and ammonia were considered as an alternative fuel
for various utilisation technologies. High energy density and low emission in use make
hydrogen a potential solution for shipping decarbonisation. However, main barriers such
as the high capital investment costs and uncertainty in fuel supply will hinder the wider
adoption of hydrogen in the short term. Under current volumes, when accounting for
costs of the fuel storage system onboard, hydrogen is one of the most expensive fuel-
propulsion combinations. In addition, new infrastructures and distribution networks
are required for the greater deployment of hydrogen. The existing LNG infrastructures
may potentially be transformed for hydrogen distribution, but the feasibility needs to be
proven by further research. Ammonia, which has a high hydrogen gravimetric density
and is easily stored and distributed, has received increasing attention from researchers.
For ammonia-fuelled shipping to become reality, several key technical hurdles and safety
issues must be overcome in the design of ammonia propulsion systems, including poor
combustion properties and toxicity risks.

With an increasing share of renewable electricity in the global mix grid, running ships
with shore-based electricity presents potential environmental and economic benefits. Where
a battery-electric ship is charged with renewable electricity, it will have very low climate
impact across the whole fuel chain, and will have essentially no exhaust emissions in
operation. In recent years, progress has been made in the development of battery-powered
ships, but technical difficulties including low energy density in volumetric and gravimetric
terms and relatively short lifetimes still need to be overcome for large-scale commercial
use. This makes battery propulsion systems more suitable for light-duty shore-based ships
or for use as an auxiliary power onboard.

Methane has been known as a potential alternative for some time. Methanol demon-
strates economic advantages due to low production, storage, and system retrofit costs.
Storage of methanol is subject to substantially the same provisions as those used for
petroleum oil storage. Methanol could be stored in tanks made from mild steel or stainless
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steel and without pressurization; existing HFO/MGO storage tanks can be transformed
to handle methanol with only minor modifications. In most cases, conventional diesel-
fuelled engine systems can be converted to consume methanol with retrofitting costs of
around 300$/kW.

GHG savings from using alternative fuels vary widely depending on the feedstocks
for production. The results indicate that switching to low carbon content alternative fuels
from the carbon-intensive production pathways would not provide reductions to total
GHG emissions, but shifts emissions from ship operation to the fuel generation plants.
The decarbonisation of fuels like hydrogen, electricity, and ammonia rely on low-carbon
energy input and feedstock materials. The ways to overcome these challenges may reside
beyond the scope of the marine sector itself. Currently, there are no policy incentives for
stakeholders to adopt alternative fuels from low carbon/renewable pathways.

Alternative fuels are essential to the decarbonisation of international shipping. How-
ever, there is no single route currently able to deliver a noticeable emission reduction
over the whole fuel supply chain in a manner which is cost-competitive compared to
conventional petroleum-based marine fuels. A long-term, consistent, and effective policy
framework is required to promote the adoption of alternative propulsion technologies.
While efforts to control emissions from shipping under the IMO leadership over the past
decade have been paramount, in order to achieve the goal of net-zero in the shipping
industry the IMO and its member states must consider a multitude of public and private
initiatives in parallel with command and control measures. Policy experimentation in
market-based measures, such as inclusion of shipping into the EU-ETS from 2022 and the
NOx tax imposed by the Norwegian government provide learning at different scales on
best practices in policy design, implementation, and enforcement.
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103. Stančin, H.; Mikulčić, H.; Wang, X.; Duić, N. A review on alternative fuels in future energy system. Renew. Sustain. Energy Rev.
2020, 128, 109927. [CrossRef]

104. Vandebroek, L.; Berghman, J. Safety Aspects of the use of LNG for Marine Propulsion. Procedia Eng. 2012, 45, 21–26. [CrossRef]
105. Veldhuis, I.J.S.; Richardson, R.N.; Stone, H.B.J. Hydrogen fuel in a marine environment. Int. J. Hydrogen Energy 2007, 32, 2553–2566.

[CrossRef]
106. Kobayashi, H.; Hayakawa, A.; Somarathne, K.D.K.A.; Okafor, E.C. Science and technology of ammonia combustion. Proc.

Combust. Inst. 2019, 37, 109–133. [CrossRef]
107. Ghorbani, A. A comparative study of combustion performance and emission of biodiesel blends and diesel in an experimental

boiler. Appl. Energy 2011, 88, 4725–4732. [CrossRef]
108. Coronado, C.R.; Carvalho, J.A.; Yoshioka, J.T.; Silveira, J.L. Determination of ecological efficiency in internal combustion engines:

The use of biodiesel. Appl. Therm. Eng. 2009, 29, 1887–1892. [CrossRef]
109. Siddiqui, O.; Ishaq, H.; Dincer, I. Experimental investigation of improvement capability of ammonia fuel cell performance with

addition of hydrogen. Energy Convers. Manag. 2020, 205, 112372. [CrossRef]
110. Wang, Y.; Gu, Y.; Zhang, H.; Yang, J.; Wang, J.; Guan, W.; Chen, J.; Chi, B.; Jia, L.; Muroyama, H.; et al. Efficient and durable

ammonia power generation by symmetric flat-tube solid oxide fuel cells. Appl. Energy 2020, 270, 115185. [CrossRef]
111. Ye, F.; Wang, Z.; Xu, C.; Yuan, M.; Liu, P.; Yang, W.; Liu, G. Mechanism and kinetic study of pulse electrodeposition process of

Pt/C catalysts for fuel cells. Renew. Energy 2020, 145, 514–520. [CrossRef]
112. Huo, S.; Jiao, K.; Park, J.W. On the water transport behavior and phase transition mechanisms in cold start operation of PEM fuel

cell. Appl. Energy 2019, 233–234, 776–788. [CrossRef]
113. DNV. Maritime Forecast to 2050—Energy Transition Outlook. 2018. Available online: https://eto.dnv.com/2018/maritime

(accessed on 18 May 2021).
114. Gallucci, M. Why the Shipping Industry Is Betting Big on Ammonia. IEEE Spectrum. 2021. Available online: https://spectrum.

ieee.org/transportation/marine/why-the-shipping-industry-is-betting-big-on-ammonia (accessed on 28 April 2021).
115. Andersson, K.; Salazar, C.M.; Methanol as a Marine Fuel. FCBI Energy. 2015. Available online: https://www.methanol.org/wp-

content/uploads/2018/03/FCBI-Methanol-Marine-Fuel-Report-Final-English.pdf (accessed on 27 May 2021).
116. Noor, C.W.; Noor, M.M.; Mamat, R. Biodiesel as alternative fuel for marine diesel engine applications: A review. Renew. Sustain.

Energy Rev. 2018, 94, 127–142. [CrossRef]
117. Thomson, H.; Corbett, J.J.; Winebrake, J.J. Natural gas as a marine fuel. Energy Policy 2015, 87, 153–167. [CrossRef]
118. IPCC. Fifth Assessment Report. 2014. Available online: https://www.ipcc.ch/assessment-report/ar5/ (accessed on 28 May 2021).
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