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Abstract

The cost of renewable energy technologies such as wind and solar is falling significantly over the decade and this can
have a large influence on the efforts to reach sustainability. With the shipping industry contributing to a whopping 3.3%
in global CO, emissions, the International Maritime Organization has adopted short-term measures to reduce the carbon
intensity of all ships by 50% by 2050. One of the means to achieve this ambitious target is the utilisation of propulsion
systems powered by sustainable energy. This review paper summarises the current state of the adoption of renewable
energy and alternative fuels used for ship propulsion. Special focus is given to the means of these alternative energies in
achieving the United Nations Sustainable Development Goals, in particular Goal 7 (Affordable and Clean Energy), Goal
9 (Industry, Innovation and Infrastructure) and Goal 13 (Climate Action). A state-of-the-art for various ships powered
by renewable energy and alternative fuels is investigated and their technologies for mitigating carbon emissions are
described. The cost for each technology found in the literature is summarised and the pros and cons of each technology
are studied.
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Abbreviations

AF Alternative fuel

BOF Boil-off gas

CAPEX Capital expenses

co, Carbon dioxide

DC Direct current

ECA Emission control areas

EEOI Energy efficiency operational indicator
EGCS Exhaust gas cleaning systems

GHG Greenhouse gas

HFO Heavy fuel oil

ICE Internal combustion engine

IMO International Maritime Organisation
LNG Liquified natural gas

CH4 Methane
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NDC Nationally determined contributions
NO, Nitrogen oxides

OPEX Operational expenses

PV Photovoltaic

PEM Polymer electrolyte membrane

RE Renewable energy

SEEMP Ship energy efficiency management plan
SOFC Solid oxide fuel cells

SMR Steam methane reforming

SO, Sulphur oxides

SDGs Sustainable Development Goals

TTP Tank to propeller

MARPOL International Convention for the Prevention of Pollution from Ships
UN United Nations

UNFCCC  United Nations Framework Convention on Climate Change
WAPS Wind-assisted propulsion system

1 CO, emission trends

1.12 billion metric tons of carbon dioxide (CO,) were released by ocean-going vessels in 2007 [1]. This value was equiva-
lent to the annual greenhouse gas (GHG) emissions from over 205 million cars [1]. In addition, international shipping
contributed to around 3.3% of global annual CO, emissions calculated in the third greenhouse study by the International
Maritime Organisation (IMO) [2]. Since global trade is constantly growing, IMO also predicted that the emissions from
international shipping could grow between 50 and 250% by 2050 [3].

Based on the data found on IEA’s website that track the CO, emissions from international shipping [4], the emission
reduction was not on track with the IMO’s goal. The emission rate from the shipping fleet alone was about 800 million
metric tonnes of CO, in 2019, 794 million metric tonnes in 2020 and increased to 833 million metric tonnes in 2021 [5].
This trend was not consistent with the goals set by the IMO and thus alternative energy sources have to be sought to
support and work towards the goal of cutting CO, emissions by 50% by 2050 [2].

The maritime industry contributes to over 90% of shipping all around the world [6]. With an estimated emission
of around 1,056 million tonnes of CO, in 2018, the maritime industry itself was responsible for 2.89% of global
GHG emissions [7]. However, with the onset of new renewable technologies and alternative fuels, the emissions
from the maritime industry are expected to be cut down significantly. The industrial revolution for ship propulsion
led to innovative technologies such as steamships and the introduction of coal, followed by new generation ships
powered by oil. The 4" industrial revolution for ship propulsion will see the use of clean energy in the evolution
and growth of the shipping industry. Currently, thanks to the mission set by IMO, ships using heavy fuel oil (HFO)
that produce GHG such as Sulphur Oxides (SO,) and Nitrogen Oxides (NO,) were required to reduce their sulphur
content to 0.5% or less in 2020 [8]. Furthermore, stricter measures were putin place in Emission Control Areas (ECA)
such as the North Sea and the coast of the United States, designated under the MARPOL Annex V1 [9]. Technology
has also evolved, and shipping companies are considering various methods to achieve the intended zero emissions
in their ships, such as using electric propulsion ships loaded with batteries, and next-generation marine fuels such
as hydrogen, ammonia and biofuel. Furthermore, the use of wind and solar power is also being considered as a
hybrid propulsion system integrated with conventional diesel-powered vessels to reduce fuel consumption and
carbon emissions.

According to a report by International Energy Agency [10], the current policy framework estimates that low- and zero-
carbon fuels are projected to make up roughly 2% of total energy consumption in international shipping in 2030 and
5% in 2050 [10]. This falls severely short of the 15% in 2030 and 83% in 2050 set in the Net Zero Scenario [10]. To reduce
emissions, other renewable energy technologies need to be implemented such as the technology of using ammonia as
the fuel source for international shipping, which is the main low-carbon fuel that is projected to reduce emissions in the
Net Zero Emissions Scenario [10]. The various initiatives to decarbonise the shipping industry in alignment with the UN
SDGs are provided in the next section.
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2 Sea transportation and United Nations Sustainable Development Goals

The shipping industry and research community have been actively seeking means to reduce GHG emissions since the
initial strategy for the reduction of GHG emissions from ships was adopted by IMO in 2018. Various methodologies and
technologies were proposed such as via the installation of exhaust gas cleaning systems [11, 12] (EGCS, also known as
scrubbers), slow steaming [13, 14], achieving fuel efficiency using big data and machine learning systems [15-22], opti-
mization of ship engineering design [23-25], innovative ship design to reduce ship resistance [26, 27] and many more.
Numerous state-of-the-art reviews on the utilisation of alternative fuel (AF) and renewable energy (RE) in the maritime
industry in achieving the climate target have been covered, e.g., in [28-30]. Law et al. [31] made a comparison of AF for
shipping in terms of lifecycle energy and cost and reviewed 22 potential pathways toward decarbonisation of the ship-
ping sector. Wang et al. [32] summarised the low and zero-carbon fuel technologies of marine engines and proposed
the future development of low and zero-carbon ships. A techno-economic assessment of alternative marine fuels for
inland shipping was presented by Percic et al. [33], Korberg et al. [34] and Fam et al. [34] where the Percic et al. [33] article
highlighted that methanol as the most economical AF. The usage of AF and technologies for short-sea shipping were also
covered in [35, 36]. The current state of ship propulsion and alternative options from the aspects of costs, infrastructure,
regulations etc. in achieving decarbonisation by 2050 were highlighted in [37]. A comprehensive review of the means
to decarbonise the shipping industry via assessment of fuels, efficiency measures and policies was highlighted in [38,
39]. The articles suggested that LNG must be combined with various efficiency measures to meet the 50% climate target
whereas wind assistance presents a strong potential to reduce fuel consumption.

While numerous review articles touched on the utilization of RE and AF in the maritime industry from the techno-
economical, fuel efficiencies, policies etc. points of view, this review article is motivated by the role the maritime industry
could play in achieving the United Nations (UN) Sustainable Development Goals (SDGs) to eradicate poverty and achieve
sustainable development by 2030 via the use of RE and AF. Set up in 2015 and adopted by the UN Member State, the
UN SGDs are a collection of 17 interlinked global goals designed to be a “shared blueprint for peace and prosperity for
people and the planet, now and into the future” [40]. The IMO as part of the UN family is actively working towards the
2030 Agenda for Sustainable Development and the associated SDGs. The IMO has committed to reducing GHG from
international shipping by at least 50% by 2050 compared to the 2008 level, with a vision to phase GHG out entirely in
this century. Recognizing the fact that around 90% of traded goods are carried by sea transportation [41], there is no
doubt that the 2030 Agenda for Sustainable Development could only be achieved with sustainable sea transportation.

The IMO has taken steps towards raising awareness of the UN SDGs in the maritime industry looking to further coop-
eration and partnership building to help implement the 2030 Agenda [42]. While the IMO has summarized the role of
sea transportation in meeting the 17 SDGs, this review paper shall focus in particular on the adaptation of RE and AF to
achieve SDG 7: Ensure access to affordable, reliable, sustainable and modern energy for all, SDG 9: Build resilient infrastructure,
promote sustainable industrialisation and foster innovation and SDG 13: Take urgent action to combat climate change and its
impact. These three SDGs are selected due to the urgent need to fight climate change and there has been a significant
technology advancement utilising renewable and sustainable energy as ship propulsion systems. In this review paper,
a comprehensive study will focus on the use of RE and AF to achieve SDG7, SDG9 and SDG13.

The paper will be organised into the following chapters: The paper will first summarise the state-of-the-art of the cur-
rent RE- and AF-powered shipping vessels, their advantages and disadvantages. While the authors acknowledge that
numerous comprehensive review articles have been attributed to this subject, this section that focuses on the RE and
AF technologies, carbon and GHG reduction, and their pros and cons are necessary to be included to provide essential
background for further discussion in Chapter 4. The utilization of RE and AF as the power sources for sea transportation
as a means to tackle climate change (SDG13) is then outlined in Chapter 4. This is followed by a review of how these
alternative sources of energy could be used to achieve SDG7, SDG9 and SGD13. Last but not least, a summary of the use
of sustainable energy ship propulsion systems to achieve the UN SDGs is provided.

3 Technology review: renewable energy-and alternative fuel-powered propulsion systems
for ships
According to the statistics of CO, emitted from various transportation means from 2000 to 2020 [43], shipping

contributes to an average of 10.86% of total CO, emission from the transportation sector (see Fig. 1). Although this
number is relatively small compared to other sectors, such as land transport (i.e., road freight vehicle, passenger
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vehicle and rail in Fig. 1)—76.67%, and comparable to aviation—11.14% (note that these values are not plotted in
Fig. 1 but calculated directly from the data obtained from [43]), the continuing growth of sea-borne goods trans-
portation could result in a surge of global GHG emissions by 50% by 2050 if no initiatives are taken to mitigate the
GHG emissions [44]. The shipping industry has been looking into RE and AF-powered propulsion systems as a means
to achieve this goal. Renewable energies such as wind and solar produce power without releasing harmful GHGs
like CO, into the atmosphere. As part of a global energy future, clean energy is important for the environment to
reduce the risk of environmental disasters, such as fuel spills and natural gas leaks arising from the traditional use
of hydrocarbon fuel. On the other hand, AF—any fuels that are not petroleum based—such as liquified natural gas
(LNG), hydrogen, ammonia, biofuels and methanol could play a significant role in mitigating carbon and other GHG
emissions. Note that although it is possible to produce 100% clean ammonia and hydrogen from renewables, also
known as green ammonia and green hydrogen respectively, these two fuels are classified as AF in this paper as they
can also be produced from non-renewables and thus produces CO, and GHG emission in the production process.

In this section, the state-of-the-art technology review of the currently available RE and AF-powered shipping vessels
will focus on the various types of technologies, their carbon and GHG emission, pros and cons as well as some examples
of existing and conceptual designs to provide a background for facilitating the discussion in Sect. 3.7. This section is not
meant to provide comprehensive coverage of RE and AF for ship and interested readers may refer to the aforementioned
review articles [28-33, 37, 45] and those listed in the following subsections for different RE and AF.

3.1 Renewable energy

The commonly used RE propulsion system found in ships are the wind, solar and nuclear propulsion system. These
renewables are clean and produce zero-carbon emissions. Over the years, the efficiency of these renewable technolo-
gies has improved, and the costs have been reduced significantly making them potential clean sources of energy as
alternatives to fossil fuels.

3.1.1 Wind propulsion

Wind energy has been harnessed since 3500 BC by the Egyptians [46] and allowed the realization of Magellan’s expedition
500 years ago which led to the first expedition to circumnavigate the globe. With the rising concern of global warming
and climate change, naval architects and marine engineers have revisited this old concept of ship propulsion which has
huge potential to address the modern-day’s challenge of GHG emissions.

The yearly-averaged wind speed around the major maritime route is reported to be around 2 to 6 m/s in the tropical
region with increasing wind speed as it goes beyond the subtropical climate as shown in Fig. 2 [47]. This abundance of
wind resources could be captured by wind energy-extracting technologies installed onboard the ship. An economic and
operational review of wind-assisted ship propulsion technology is given in [48]. Depending on the type of wind energy
technology installed onboard the ship, a fuel reduction of up to 90% and CO, emissions reduction of up to 80% could be
achieved. Some of the wind-assisted propulsion system (WAPS) class notations adopted by DNV-GL [49] are presented
in Fig. 3. In this section, the focus is emphasized on three common technologies for the wind-powered/wind-assisted
ship, i.e., (i) wing sail technology, (ii) Flettner rotor technology and (iii) kite technology.
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Fig.2 Global yearly averaged
wind speed in m/s at 100 m
above sea level [47]
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(i) Wing sail technology Wing sail technology is an adaptation to the earliest wind-assisted technology by propelling the
ship using the soft sail, which is flexible and can be stowed when needed. The modern wing sail technology, also known
as the hard sail, was inspired by the design of the wings of an aeroplane where the aerofoil shape has a better lift-to-drag
ratio as compared to the traditional soft sail [50]. The installation of wing sails on a ship improves the aerodynamic perfor-
mance by decreasing the drag, thus increasing the vessel’s speed [51]. Several commercial vessel proposals adopt various
wing sail technologies to harness wind by different means, i.e., (a) hard sail (rigid wing sail) (b) soft sail and (c) airfoil hull.

(a) Hard sail (rigid wing sail) An example of the hard sail wind propulsion system is the Oceanbird wind-driven cargo ship
which relies 90% on wind energy to sail [52]. The remaining 10% of the auxiliary power requirement could be powered
by clean energy such as liquid biogas. The installation of hard-wing sails is expected to save 90% of the fuel equivalent
to a reduction of 90% in GHG emissions [53]. More wing sails could be installed on the ship to improve the performance
in terms of speed of the vessel, e.g., a total of five wing sails were proposed to be installed on Oceanbird as shown in
Fig. 4a to achieve a speed of 17 knots, comparable to the speed of a fuel-powered ship [54]. The number of wing sails
could be increased depending on the power requirement. E.g., the next-generation hybrid sailing cargo vessel—UT
Challenger (Fig. 4b) proposed by the University of Tokyo is equipped with nine 360-degree rotating hard-wing sails [55,
56]. The power requirement and encountering wind speed from which the required Thrust T could be calculated as [51]

T=%><p><v2><A><CT M
where p is the mass density of air, v the apparent wind speed, A the area of wing sail and C; the thrust coefficient.
To tap on the maximum amount of wind energy, the height of the wing sail could also be elevated [52, 55].
(b) Soft sail Some naval architects have reconsidered the traditional soft sail in their future ship design due to the flex-
ibility in retracting the sails when travelling in a location of low air draught or when wind resources are limited. The former
allows the ship to pass through low bridges while the latter allows the reduction of ship resistance that might arise from
the wing sails. Although the soft sail has a relatively lower performance compared to the rigid sail in terms of speed, the

growing popularity of slow steaming makes this technology attractive as means for ship decarbonization. An example
of a soft sail-powered vessel is the 100% fossil fuel-free cargo ship—B9 ship (Fig. 4¢). B9 ship is equipped with a hybrid
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Fig.4 Ships equipped with
wind sail technology. a Ocean
Bird (www.theoceanbird.
com). b UT challenger (www.
wind-ship.org/en/utwindchal
lenger). ¢ B9 Sail (www.b9ene
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(c) B9 Sail (www.b9energy.co.uk) (d) Vindskip (www.ladeas.no)

system that uses wind energy and a biogas-powered engine where 60% of the power is harnessed by wind [57] whereas
the remaining 40% is by liquid biomethane derived from municipal waste [57, 58].

(i) Flettner rotor technology The Flettner rotor is an electric-powered rotating cylindrical structure built vertically on
the deck of the ship [59]. As wind past through the rotating cylinder, this creates the Magnus effect where a lateral force
perpendicular to the direction of the airstream is created and thus generates a forward thrust as shown inFig. 5 [60]. The
first ship to be powered by vertical rotors was built by German engineer Anton Flettner, which later gave the name to
the rotor. The Flettner rotors are one of the most common wind-assisted propulsion devices and have been adopted in
diesel-powered commercial ships to reduce fuel costs and carbon emissions [61].

The Flettner rotor has shown promising results in reducing the fuel consumption and carbon emissions of ships. For
instance, the fuel consumption of the Ro-ro cargo ship—E-Ship 1 (Fig. 6a), was reported to reduce by 22.9% with the
help of four 25-m high and 4-m diameter vertical Flettner rotors on a voyage between Emden and Portugal [59]. The use
of two Flettner rotors on Norsepower’s Ro-ro carrier MV Estraden (Fig. 6b) also managed to reduce fuel consumption by
5% [59] and carbon emissions by 1% [62].

Similar to the rigid wing sails, ships installed with Flettner rotors might not be able to pass under bridges easily due
to their air draught limitation. To overcome this problem, a tiltable Flettner rotor was thus invented such as the world’s
first tiltable Flettner rotors fitted on the Ro-ro vessel—SC Connector [63] shown inFig. 6¢ and the four ‘folding’ rotor sails
on two bulk carriers, i.e., Berge Neblina and Berge Mulhacen [64] presented inFig. 6d. The annual CO, emissions and fuel

Fig. 5 Working mechanism of Lift
Flettner rotor [60] ‘

Rotor Sail

Fast moving air
(low air pressure)

" Slow moving air
(high air pressure)

Wind
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consumption are estimated to be reduced by almost 25% [63] for the SC Connector and by 1,200 to 1,500 tonnes for the
two Berge vessels [64].

Flettner rotor wind sailing technology has also been adopted by passenger vessels, such as the MV Copenhagen
(Fig. 6e) and Viking Grace (Fig. 6f) where both vessels are equipped with one Flettner rotor. The rotor sail in MV Copen-
hagen is estimated to cut down carbon emissions by 4 to 5% [65, 66] which amounts to an estimated annual savings of
878,000 L of diesel [67]. The CO, emission reductions also add up to a total of 2,344 tons per year [67]. On the other hand,
Viking Grace (Fig. 6f) is the first passenger vessel to use 100% sulphur-free LNG [68]. This vessel also uses the energy
recycling system which converts the excess heat from engines to clean and carbon emission-free electricity that adds
up to 700,000 kWh per year [68].

(iiii) Kite technology Kite technology is one of the methodologies explored by Airseas in propelling the Ro-ro vessel [69].
A parafoil sail also known as an automated kite seawing has been built on the Ville de Bordeaux Ro-ro vessel (Fig. 7). The
seawing system that has a surface area of 500m? and flies at an altitude of 300 m uses prevailing winds to propel the ship
[69]. An automated flight control system and kite technology have been implemented together to develop the seawing
[70]. This seawing system is expected to reduce fuel consumption and carbon emissions by 20% and it can be installed
easily on any vessels [66, 70]. To maximize fuel savings, digital twin technology is employed, and route optimization algo-
rithms are developed to aid in weather routing [70] and to optimize the energy harness at its wind direction and speed.

Advantages and disadvantages of wind-powered/wind-assisted vessels Out of the many potential RE, wind technology is
a relatively matured technology and has been implemented in commercial vessels to reduce CO, and other GHG emis-
sions. It is reported by DNV that the Flettner rotor could achieve an average fuel savings of 10%—30% and the wing sails
can reduce environmental footprint by up to 45% [71]. Wind-assisted shipping technology causes the overall demand
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Fig.7 Anautomated kite
Seawing built on Ville de
Bordeaux (www.bureauveri
tas.com)

for fossil fuels to significantly reduce and thus lowers the overall operational costs of shipping to the consumer. The
addition of the wind system in a vessel might be beneficial in ways such as it reduces engine and machinery wear and
tear, as well as reducing machinery and structural vibration [48]. To maximize the benefits of the wind, weather routing
using big data analytics and machine learning is being developed [72]. This will also reduce the disruptions by adverse
weather conditions [73].

While wind power works well for smaller vessels, it is unpredictable for larger vessels. Although wind is a clean source
of energy, abundance and completely free, it is unpredictable as the wind does not always blow in the direction and
speed favourable to the ship’s voyage. The amount of energy produced by the propeller depends on the speed of the
wind [74]. Tall, wide-wing sails also have travel constraints when the ship is sailing under bridges and when the ship
docks in tight ports [48]. Moreover, it is not yet ready for the ship propulsion system to be fully powered by the currently
available wind technology. As the vessels required high wind speed to achieve higher energy efficiency, this may also
cause ship stability and manoeuvring problems under rough sea conditions.

3.1.2 Solar propulsion

Solar energy is the cleanest and most abundance RE resource available. The total amount of solar radiation that reaches
the earth’s surface is given in Fig. 8 and is estimated to be in the range of 150 W/m? to 250 W/m? for the tropical to
subtropical climate. When the sunlight reaches the earth’s surface, this energy could be harnessed by the installation of
solar technology such as solar photovoltaic (PV) panel that converts solar energy into electricity (see Fig. 9). Most com-
mercial solar PV panels could achieve an efficiency between 15 to 20% while the cost of solar PV panels is also attractive
between $2.60 to $3.20 per watt [75], thus making solar energy an attractive option in decarbonization. Solar panels
have been added to the deck of shipping vessels in the quest to reduce CO, and other GHG emissions. According to the
review article by Qiu et al. [76] on solar-powered vessels, ships equipped with solar PV panels are becoming one of the
most promising and fastest-developing green ships. The following section shall review some of the solar technologies
available in the market and examples of vessels equipped with solar PV panels. The advantages and disadvantages of
the solar-powered vessel will be compared.

There are two ways of powering vessels with solar PV technology. The first utilizes solar PV technology to supply
electricity for handling all electrical loads whereas the second uses the hybridization of solar power with diesel engines,

Fig.8 Surface downward
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usually in huge vessels where high electrical loads are required [77]. Also, a hybrid system is needed as there may be
insufficient space on the vessel’s deck for the installation of solar PV panels to meet the vessel’s power demands [77].
However, installing solar PV technology in vessels as part of the hybrid system is still advantageous because it is a rela-
tively faster and simpler way to reduce fuel consumption and carbon emissions of ships.

Itis possible to power passenger vessels solely with solar PV technology, e.g., the Solar Shuttle (Fig. 10a) by SolarLab
was the first vessel to depend on PV technology entirely [78]. This 42-passenger vessel does not emit carbon and elimi-
nates the production of 2.5 tons of carbon emission annually compared to a similar-sized diesel boat [79]. India also has
her first 75-passenger solar-powered ferryboat—Aditya (Fig. 10b), capable of making 22 trips per day covering a total of
66 km [80]. This solar-supported vessel with energy storage batteries saves a total of 58,000 L of diesel.

Solar power has been shown to be a reliable renewable power source to provide a continuous power supply for ves-
sels. E.g., A solar powered 6-passenger catamaran vessel—Sun21 (Fig. 10c), equipped with PV panels on a flat rooftop
became the first solar-powered vessel to cross the Atlantic in 2006 successfully whereas MS Turanor (Fig. 10d), also a
fully solar-powered catamaran, successfully circumnavigated the globe for 584 days from 2012 to 2014 [81]. Another
interesting solar power-assisted ferry is the 100-passenger Solar Sailor (Fig. 10e) which utilizes two types of RE, i.e., wind
and solar to operate. The ferry has rigid sails which are covered with photovoltaic modules [78]. The sun and the wind
are captured efficiently because of the rotatable sails. The propulsion system of the Solar Sailor is a hybrid system that
uses electric and diesel to operate [78].

Marine solar power trials were also done on a larger passenger ferry — the 2,400-passenger Blue Star Delos (Fig. 10f) to
evaluate the use of solar power on commercial ships. By using a thin panel PV technology that was designed to withstand
exposure to saltwater, the trial concluded that direct current (DC) load did receive a continuous stable supply of power
from the energy storage of the low-voltage marine solar power system [82]. The build-up of dirt and salt was found to
have minimal impact on the performance of the solar panels.

Advantages and disadvantages of solar power-assisted vessels Although solar power could not completely power large
commercial ships, it has been proven that it is possible to power harbour crafts such as ferries, tugboats and patrol ves-
sels. Ferryboats used in tourism areas and other small vessels can be operated entirely by solar PV technology and this
could lead to zero-carbon emissions in the tourism sector. The operational costs of a solar-powered vessel are cheaper
compared to a conventional diesel-powered vessel, at the same time, the fuel consumption, carbon emissions and
operational costs are significantly reduced. The best possible way to maximize the efficiency of the solar PV modules is
by installing the solar PV panel on a flat roof top so that sunlight could be received without any obstructions. Addition-
ally, the highest solar irradiation can also be captured by the panels.

Similar to wind energy, the weather conditions at the sea are unpredictable and research has yet to overcome the
problem of stabilizing the output power of the ship’s propulsion system powered by solar. The efficiency of solar panels
may be affected by the ambient temperature and the sun’s irradiation due to their high level of sensitivity [77]. Space
for the installation of PV panels is a challenge as most ships have limited space. The photovoltaic modules also need to

@ Springer


http://www.MrSolar.com

Review Discover Sustainability (2023) 4:20 | https://doi.org/10.1007/543621-023-00132-y

Fig. 10 Examples of solar-
powered vessel. a SolarShuttle
(www.solarshuttle.co.uk). b
Aditya (www.swtd.kerala.gov.
in). € Sun21 (ww.transat-
lantic21.org). d MS Turanor
(www.planetsolar.swiss). e
Solar Sailor (www.change-
climate.com). f Blue Star Delos
(bluestarferries.com)

(d) MS Turanor (www.planetsolar.swiss)

(e) Solar Sailor (www.change- (f) Blue Star Delos (bluestarferries.com)
climate.com)

be placed at parts of the vessel which are greatly exposed to sunlight. The batteries, the total weight of the solar panels
and other equipment may add to the overall weight of the vessel, and this may lead to ship stability issues [77].

3.1.3 Nuclear propulsion

Nuclear propulsion consists of a nuclear reactor where steam is produced from the heat exchanger to drive a turbine
that then propels the vessel (see Fig. 11). Uranium is the most common and widely used fuel for a nuclear reactor and
can be found easily in seawater and rocks, also known as Uranium ores [83]. Nuclear fuel made with Uranium extracted
from seawater makes nuclear power completely renewable as Uranium extracted from seawater is replenished continu-
ously, thereby making it an endless source of fuel supply like wind and solar. New technology breakthrough from DOE'’s
Pacific Northwest (PNNL) and Oak Ridge (ORNL) National Laboratories has made removing Uranium from seawater within
economic reach [84].

The nuclear propulsion system has been used for other sea transports, especially in submarines and naval vessels.
The nuclear propulsion system allows the vessels to be out in the ocean for a longer period without refuelling and this
is important for submarines, naval vessels, or even ice-breakers that operate in extreme weather conditions. The world’s
first nuclear-powered icebreaker — Lenin, was launched in 1959 and equipped with two OK-900 nuclear reactors [83].
The capacity of the reactors was 171 MWt each and the power delivered to the propellers is 34 MW [83]. Compared
to the more recent nuclear-powered icebreaker built in 2017 - Sibir, the two 175 MWt reactors installed on the vessel
can deliver 60 MW to the propellers [85], almost twice the performance as compared to its counterpart built in 1957.
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Fig. 11 Nuclear propulsion system (www.man.fas.org)

Considerations to utilize nuclear propulsion systems are made for merchant vessels due to their zero-carbon emissions
and as a clean source of energy.

Gil et al. [86] have researched the technical and economic feasibility of nuclear propulsion systems installed in a pas-
senger cruise ship. The vessel can utilize either the turbo-electric machinery system or the direct-drive steam turbine sys-
tem to satisfy the overall power load of 81.4 MW [86]. For a conventional shaft-driven propulsion system, the direct-drive
steam turbine system would be ideal whereas the turbo-electric machinery system would be more suitable if increased
manoeuvrability and podded propulsion are required [86]. Interested readers on the advances in nuclear power system
design may refer to [87] on the means to enhance the safety condition of nuclear-powered ships.

Advantages and disadvantages of a nuclear-powered vessel Nuclear-powered vessels are mostly used for icebreaking as
they are generally more powerful than conventional diesel-fuelled vessels [88]. According to Zerkalov [88], the amount
of diesel fuel needed to perform icebreaking is about 90 metric tons of fuel daily compared to only 1 pound of Uranium
required by a nuclear-powered vessel. Refuelling of a nuclear reactor only occurs once every five to seven years thereby
this helps to save up heavily on fuel costs. More importantly, no GHG is produced when a vessel is sailing using the
nuclear propulsion system.

However, health and safety factors remain the main reasons why vessels are slow to adopt nuclear-powered propul-
sion systems [83]. The risks of cancer and leukaemia are high due to the large doses of ionizing radiation and radioactive
waste. The installation and maintenance costs of nuclear-powered vessels are also expensive [83].

3.2 Alternative fuels

Alternative fuels are potential fuel sources that could be used as alternatives to fossil fuels in decarbonizing the mari-
time industry. These fuels emit less CO, and GHG gas as compared to the conventional HFO or marine diesel fuel used in
ship propulsion and have higher efficiency compared to the RE fuel source. Five commonly used AF, i.e., LNG, hydrogen,
ammonia, biofuel and methanol are reviewed.

3.2.1 LNG fuel

LNG is one of the most environmentally friendly fossil fuels thereby making the use of LNG fuel attractive compared
to the traditional HFO or marine diesel for ships [89]. LNG consists of 85 to 95% methane, along with 5-15% of ethane,
propane, butane, and nitrogen. Although LNG is not that beneficial when compared to RE as it still emits carbon and
traces of nitrogen oxide, it is better when compared to marine diesel as it produces less carbon and nitrogen oxide [90].

The technology of powering ships with LNG is not new and has been around for four decades [91]. According to the
statistics provided by DNV, as of 2021, 251 vessels in operation use LNG as fuel and 403 in construction or confirmed [73].
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The marine LNG engine uses the boil-off gas (BOF) evaporated from the liquid state when heat is introduced into the
tank thereby causing the pressure in the tank to increase. The BOF may have to be released into the atmosphere by safety
valves if the tank pressure gets too high due to liquid sloshing in the high sea. However, this BOF could also be routed
to the ship’s propulsion system and used as fuel for the power plant (see Fig. 12), which could reduce the fuel cost [92].

LNG-powered vessels are gaining popularity and major ports in the world are in the process of upgrading with LNG
bunkering facilities. While LNG bunker facilities are more readily available in Northern Europe, the LNG bunkering infra-
structure that is required for the shipping industry is improving quickly in the Mediterranean, the Gulf of Mexico, the
Middle East, China, South Korea, Japan and Singapore [93].

LNG marine propulsion systems are already in use in various vessels such as the passenger ferry—MF Glutra [94, 95],
offshore supply vessel—Viking Lady [95], and tanker—MR Tanker [95]. United Arab Shipping Corporation (UASC) has
also built a massive container ship running on LNG fuel entirely [95]. The dual-fuel engines are used so that the vessel
can run on LNG fuel and low-sulphur fuel oil to further reduce the CO, and GHG emissions. Calculations were also done
for the GHG emissions, and it was reported that using a 100% LNG-powered propulsion system could reduce the CO,
and NOx emissions by 25%, SOx by 97% and the amount of diesel particles in the atmosphere by 95% [95]. An overview
of the characteristics of LNG is provided in [96].

Advantages and disadvantages of LNG fuel technology Compared to conventional diesel oil engines, the LNG fuel system
is cleaner and has a higher level of efficiency. The estimated cost for an LNG-powered vessel is 20 to 25% higher than a
diesel-powered vessel [91], and the feedstock price of LNG is currently comparable with marine gasoil [97]. Moreover, the
machinery of the LNG system has a longer lifespan and lower maintenance cost than an oil engine. More importantly, the
carbon content in LNG is lower than diesel, therefore making LNG engines emit less CO, than traditional diesel engines.
The technology and infrastructure needed for LNG to be utilized as fuel for vessels are readily available since the tech-
nology has been around for decades.

On the other hand, the LNG fuel system also has its cons as highlighted in [98]. For instance, LNG fuel tanks consume
a large amount of space as the volume occupied by the tanks is 1.8 times larger than diesel oil. Additional space and
necessary equipment are needed to store LNG as it requires a low temperature [99] to remain at cryogenic state. The LNG
storage tanks must also be insulated and need specialized gas handling systems [99] thereby contributing to additional
CAPEX. Also, LNG is highly flammable as it has a low flashpoint (— 188 °C), and can be dangerous if it is mixed with air [91].

3.2.2 Hydrogen fuel cell

The hydrogen fuel cell is a potential AF for decarbonising the shipping industry [100-102]. Hydrogen could be a form
of clean RE depending on its production process. Hydrogen could be classified into three types, i.e., (i) green hydrogen
derived from renewables (ii) blue hydrogen from natural gas and supported by carbon storage and sequestration and
(iii) grey hydrogen from natural gas and fossil fuels. The world’s first offshore platform to produce green hydrogen from
wind energy was launched in France in 2022. Green hydrogen could also be produced from ocean thermal energy [103]
or wave via the installation of wave energy converters on offshore platforms [104-106]. This energy could be utilized
in the form of fuel cells, also known as polymer electrolyte membrane (PEM) fuel cells. The PEM fuel cell comprises two
electrodes, i.e., the anode and cathode where electricity is generated by chemical reactions that take place in these two
electrodes. The oxygen that enters from the cathode will combine with the electron and hydrogen ions, then generates
electricity and produces water as a by-product (see Fig. 13). As the product of hydrogen fuel cells is water and no oxides

Fig. 12 LNG fuel system with l—
pump (Www.marine-service-

noord.com)
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LNG pump
In pump well

@ Springer


http://www.marine-service-noord.com
http://www.marine-service-noord.com

Discover Sustainability (2023) 4:20 | https://doi.org/10.1007/543621-023-00132-y Review

Fig. 13 Working mechanism water out
of hydrogen fuel cell (www.
eia.gov) hydrogen in

oxygen in

=D

energy
out
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(a) Energy Observer (b) Nemo H2 (c) SF BREEZE
(www.marine- (www.vlootschouw.nl) (www.maritime-
insight.com) executive.com)

of nitrogen, sulphur, carbon, and other air pollutants are produced, it presents one of the most promising future energy
resources in mitigating CO, and GHG emissions [107-109]. Furthermore, as the chemical energy of the fuel is converted
directly into electricity in the hydrogen fuel cells [110], the efficiency of the energy conversion process can reach up
to 40 to 80% [107, 111]. However, since hydrogen fuel cell technology is still in the development stage, hydrogen fuel
cell-powered vessels are currently in the experimental research stage and are only feasible for use on passenger vessels
such as cruise ships and ferryboats [111]. The world’s first hydrogen-powered vessel—Energy Observer (see Fig. 14a),
launch a six-year expedition from 2017 to 2022 to optimize its technologies. The Energy Observer is also the first vessel
in the world capable of producing decarbonized hydrogen on board from sea water and using an energy mix relying
on renewable energies.

A feasibility study of RE was done on a 150-passenger high-speed passenger ferry — SF-BREEZE (see Fig. 14b) [112]. The
SF-BREEZE carries a total of forty-one 120-kW fuel cells which is enough for four hours of non-stop operation [112]. Even
though hydrogen is the lightest fuel, a comparison between SF BREEZE and a conventional diesel ferry—Vallejo—showed
that the fuel cell-powered vessel requires 10.1% more hydrogen fuel than the diesel ferry because PEM fuel cell-powered
vessel is heavier due to the additional requirement for fuel cell power racks, liquid hydrogen tank, evaporator and other
balance of plantitems [112].

The hybridization of PEM fuel cells with batteries is a common combination in the utilization of hydrogen fuel cell
technology in the ship. An example is the 88-passenger cruise boat—Nemo H2 (see Fig. 14c), operating in Amsterdam
since 2009 and the FCS Alsterwasser [109]. The hybrid propulsion system for the former is made up of a 60-kW to 70-kW
PEM fuel cell which operates the electric motor with a 30-kW to 50-kW battery [109, 113, 114] whereas the latter comprises
two fuel cell systems with a power output of 48 kW each and a 560V lead gel battery pack [115].

Advantages and disadvantages of fuel cell powered vessels Fuel cell-powered vessel contributes to significant carbon
emission reduction and has quiet operation and better efficiency as compared to conventional diesel-powered vessel.
One of the main advantages of fuel cells is that the level of efficiency increases when operating at a high temperature
because it is feasible to recover heat from the exhaust gas when the operating temperature is high [109].
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Several challenges hinder the adoption of fuel cells in decarbonizing ships [116], among them—poor reliability, limited
lifetime, limited hydrogen supply, and last but not least, high production costs [109]. Also, as hydrogen gas does not
exist on earth naturally and must be produced via processes like electrolysis or reformation of hydrocarbon fuels [109],
these processes increase the operational costs of the PEM fuel cell system. Moreover, additional facilities are needed to
support the fuel cell system, thus will contribute to the overall weight, and affecting the stability of the vessel [109]. For
fuel cell systems to be safe, factor such as the toxicity of the fuel, the flammability limits, the temperature of auto igni-
tion and finally the density of the fuel has to be considered [109]. As hydrogen is highly inflammable, more cost must
be invested in the infrastructure for frequent monitoring of the gas storage area and a rapid venting system must be
installed in case there are any leakages [109]. Although the high-temperature fuel cell system sounds appealing, there
are some challenges associated with it, namely, low overall power-to-volume density, limited cycling time, poor perfor-
mance and long start-up duration [109].

Despite the high investment cost involves, it is expected that the costs of hydrogen production to fall remarkedly
alongside the advancement of renewable power generation technologies as manufacturing capacity for more efficient
and cost-effective electrolyzers grows.

3.2.3 Ammonia fuel cell

Another source of potential AF for ship is ammonia [117-120]. Ammonia is produced commercially via the catalytic reac-
tion of nitrogen and hydrogen at high temperatures and pressure known as the Baber-Bosch process, therefore does
not emit any CO, when burned. However, ammonia does release high levels of nitrogen oxide as it has a high nitrogen
content [121]. Similar to PEM fuel cells that use pure hydrogen, solid oxide fuel cells (SOFC) which use ammonia are
possible sources of clean energy [122]. As the PEM fuel cell system cannot use ammonia directly [122-124], it can be
combined with ammonia to make it feasible in generating energy [122, 123]. Like hydrogen, ammonia can be classi-
fied into the same green, blue and grey colour scheme depending on the carbon intensity of the methods for making
ammonia [125]. An example of ammonia powered vessel is the Kriti Future, which is the world’s first ammonia-powered
vessel delivered in 2022 (seeFig. 15) [126].

Advantages and disadvantages of ammonia fuel The most common method to combust ammonia is the utilization of fuel
cell systems in internal combustion engines [123]. The main benefit of this method is that it produces lesser noise, reduces
carbon emission, has a high level of thermal efficiency [97], is environmentally friendly, and enables fuel flexibility [122].

While carbon emissions-free ammonia, known as green ammonia, could be produced from renewables, the process of
making blue and grey ammonia involves steam methane reforming (SMR) and the Haber-Bosch process consumes a lot
of energy - emit 90% of CO, and produce around 1.8% of global CO, emissions, and increase production cost. Ammonia
also releases a large amount of nitrogen oxides due to its high level of nitrogen content [121].

The infrastructure cost of producing ammonia is high as infrastructures that could endure high temperatures are
needed to achieve a high level of fuel utilization [122, 123]. Also, due to its toxicity, corrosion-resistant infrastructure like
stainless steel is needed as ammonia is corrosive especially when there are water vapour and air in the atmosphere [123].
The aspect of the safe use of ammonia fuel cells in the maritime industry is summarised by Cheliotis et al. [127]. Insulated

Fig. 15 World first ammonia-
powered vessel, Kriti Future
(www.worldenergynews.gr)
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pressurized tanks are needed to store ammonia and this means that a larger space onboard the vessel is required for
storage [121]. The space needed to use ammonia is more than the space needed to use marine gas oils, biofuels, LNG
and even methanol. The costs of implementing ammonia are therefore higher than using marine gas oils or LNG and are
similar to the costs of implementing hydrogen and biofuels.

3.2.4 Biofuels

Carbon-neutral biofuels such as bioethanol and biodiesel (a.k.a. fatty acid methyl ester) could be used as drop-in fuels in
the shipping industry without the need for new fuel infrastructure thereby making biofuels one of the most technologi-
cally ready and high potential AF [128-130]. There are three generations of biofuels, i.e,, (i) First-generation biofuels—bio-
diesel, bioethanol and biogas, produced directly from crops such as corn, soy and sugar cane [89], (ii) Second-generation
biofuels produced from non-food biomass, such as lignocelluloses, wood biomass, agricultural residues, waste vegetable
oil, and public waste [89, 131] and (iii) Third-generation biofuels derived from microalgae cultivation. 99% of the current
biofuels are of the first generation.

Biofuels are potential alternatives to power ships, but the unattractive costs and the limited availability of biofuels
are factors that hinder the use of biofuels in the shipping industry [89]. However, the price for biofuels is predicted to
be more attractive in the near future, as claimed in a report by DNV [97]. On the other hand, biofuels are also flexible
because they can be mixed with existing fossil fuels and act as a replacement to power conventional diesel engines.
Combusting a kilogram of biodiesel produces 2.67 kg of CO, [132, 133]. This is significantly lower when compared to
burning a kilogram of marine diesel i.e., 3.206 kg of CO, [134], and a kilogram of heavy fuel oil i.e., 3.114 kg of CO, [135].

As a step to head towards maritime decarbonization, NYK has conducted a trial on a bulk carrier—Frontier Sky—
powered by biofuel to transport cargo from Singapore to the port of Dhamra [136]. The trial was conducted successfully
to prove the feasibility of using biofuels as an alternative to fossil fuels. Similarly, a biodiesel blend that consists of 7%
biofuel and 93% regular fuel was tested successfully in a trial on Frontier Jacaranda from Singapore to South Africa. The
biodiesel was blended from waste cooking oil and claimed to reduce CO, emissions by around 5%, compliant with the
International Standard Organisation’s requirement for marine fuels and requires no substantial engine modification.

Advantages and disadvantages of biofuels Biofuels constantly receive attention worldwide due to many significant rea-
sons. The first and main reason is because of its renewable and sustainable nature. Secondly, the production process
of biodegradable biofuels generates less toxic waste [137]. Lastly, biofuels are cost-effective. When biofuel is used by a
vessel, it is proven to improve the performance and efficiency of the engine [137]. The combustion process of biofuels
does not release any NO, or SO, [138]. As biofuels could be produced from waste food, this is also aligned with the UN'’s
circular economy and sustainable development framework [139].

The first-generation biofuels which constitute 99% of the biofuels consumption today are mainly derived from feed-
stock such as corn and sugar beet [137, 138]. This risks food prices as the prices may shoot up due to the high demand
for feedstock [137]. Furthermore, a food crisis will occur because of the potential competition between farmers and bio-
fuel producers for the supply of corn [137]. To create biofuels, high levels of energy are required [140] and lots of space
are needed to develop biomass for first-generation biofuels [137]. This factor is highly undesirable as there must be an
assurance of sufficient space to produce AF and avoid a potential food crises [140].

3.2.5 Methanol fuel

Methanol is an attractive AF as it can be produced efficiently from alternative energy sources and involves low production
costs [141, 142]. Methanol is produced from natural gas by reforming the gas with steam. Pure methanol is then created
from this synthesized gas mixture via the process of conversion and distillation [143]. Methanol became a possible fuel
candidate when the oil crises occurred during the 1970s and 1980s resulting in the rise in gasoline prices and causing
fear of oil shortage [141]. As a result, methanol became the fuel candidate for fuel cells. Although methanol is usually
not desired to be used as a transportation fuel because of its corrosiveness and high toxicity, several vessels have been
running successfully by using methanol as an AF. E.g., the Ro-pax ferry—MS Stena Germanica—was retrofitted to use

@ Springer



Review Discover Sustainability (2023) 4:20 | https://doi.org/10.1007/543621-023-00132-y

methanol as a fuel and equipped with methanol storage tanks [144]. The operation of methanol is expected to reduce
SO, emissions by 99%, NO, by 80%, CO, by 15% and particulate matter by 99% [143].

Advantages and disadvantages of methanol There is an unlimited amount of methanol readily available in the world [145]
and 70 million tons of methanol are produced annually. Methanol could be completely renewabile, i.e., green methanol,
as it can be produced by RE. Also, as methanol is biodegradable, fuel spill of methanol is relatively less detrimental to
the environment compared to an oil spill of conventional diesel oil [145].

However, methanol has a low energy content [141] as compared to other AF (20.09 MJ/kg methanol vs 45.30 MJ/kg
Butane, 47.79 MJ/kg Ethane, 37.53 MJ/kg biodiesel, 42.79 MJ/kg marine diesel), and this means that a larger volume
tank and massive fuel injection systems are required. Due to the high corrosiveness and toxicity in methanol, this may
cause high maintenance costs to the vessels, and thus higher operating costs over the years [145]. To use methanol fuel,
different infrastructures are required to withstand the high corrosivity and toxicity, and therefore existing vessels have
to be retrofitted with fuel storage tanks and double-walled pipes [145].

3.3 Comparisons

The types of sustainable energy suitable for marine transport are summarised in Fig. 16 and their advantages and disadvan-
tages are summarised in Table 1. The energy generation from RE and AF differs significantly as RE does not require combustion
whereas AF required a combustion system in the form of an internal combustion engine (ICE) or dual fuel engine. A comparison
between the fuels in RE and AF categories is separated in this section. The performance of the RE-powered vessels, i.e., wind
propulsion, solar propulsion and nuclear propulsion is made. Their effectiveness in achieving energy efficiency and CO, emissions
is presented. This is then followed by a comparison between different AF, i.e., LNG, hydrogen, ammonia, biofuels and methanol.

3.3.1 Performance of renewable energy

Renewable energy-powered vessels are known for their superiority in mitigating CO, and GHG emissions and achieving fuel
reduction. Some of these REs have achieved a high maturity level, with some being adopted in the existing vessel and new-built
vessels. E.g., the Flettner rotor and solar PV panels are two of the most used RE retrofitted into existing diesel-powered vessels.
The Flettner rotor can reduce CO, emissions and achieve fuel reduction by up to 30% [48] whereas the fuel consumption of
UT Challenger using the hard wing sail technology could be reduced by 50% [56]. The kite technology also shows promising

SUSTAINABLE ENERGY FOR SHIP
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Fig. 16 Types of sustainable energy for ship
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Tab]e 2 Vessel sizg and Ship name Vessel's size (meters) Estimated fuel savings
estimated fuel savings for
wind technologies Wing Sails Oceanbird [52] 200% 40 90%
Vinskip [149] 199 %49 60%
B9 Sail [57] 100 100%
Energy Observer [150] 120x22 100%
UT Wind Challenger [56] 300x50 20%
Rotor Sails E-Ship 1 [61] 130.42%22.62 8.3% t0 47%
MV Copenhagen [67] 169%x25.4 4% to 5%
MS Viking Grace [68] 218%x31.8 0.4% to 2.8%
MV Estraden [151] 162.7%x25.7 1.6% to 9%
SC Connector [63] 154.5%x22.74 25%
Berge Neblina [64] 361x65 1200 to 1500 metric tons
Berge Mulhacen [64] 300x49 1200 to 1500 metric tons
Kite Ville De Bordeaux [69] 154%30 20%
Table3 Fuel .re(_juction, o, CO, emission Reduction Fuel Reduction
and GHG emissions from
vessels equipped with solar Solar sailor 670 tonne 250 tonne
PV panels [147] Suntech 15.75 tonne
Hornblower hybrid (San Fransicco) 75%
Hornblower hybrid (New York) 75% to 100% 75%
Soliquy-super green yacht 100% 100%
Aquatanker 40% to 60% 40% to 60%
NYK super ecoship 69%
Eoseas cruise 50% 50%
Black magic oil tanker 75-100%
Es orcelle 100% 100%
Truanor planet solar 100%
Sun 21 100%
Auriga leader 40 tonne 13 tonne
Anji204 inalnd river ro-ro car ship 28.5 tonne

COSCO tengfeil.8

1.5% per day

1.8% per day

results in reducing fuel consumption by up to 20% in a trial conducted by Airseas [146]. A summary of the fuel savings that
could be achieved from various wind energy technologies is presented inTable 2. Similarly, a significant amount of fuel, CO, and
GHG emissions reduction could also be achieved on vessels equipped with solar PV panels.Table 3 summarizes the available
information on these reductions extracted from Pan et al. [147]. The main disadvantage of wind and solar power is that it could
not yet be used to fully power large commercial vessels due to the unpredictable wind and solar resources, therefore has to be
integrated with the traditional diesel-power propulsion systems.

Nuclear fuel on the other hand is a relatively mature technology and has long been used in navy vessels and icebreakers. This
allows vessels to stay offshore/in the sea for a longer period without refuelling and is essential for vessels operating in remote
locations such as icebreakers and submarines. Nuclear has a high energy content, i.e,, one Uranium fuel pellet creates as much
energy as 1,000 kg of coal [148] and is completely clean but it produces radioactive waste that is harmful to human health and
the environment.

3.3.2 Performance of alternative fuels
DNV-GL has reported in its Alternative Fuel Insight Platform that of the total number of vessels in the world, 0.50% are

currently running on AF while the rest of the vessels are still running on conventional fuels such as diesel and HFO [97].
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However, there is an increasing trend to switch to AF, where 11.84% of AF-powered vessels are currently in order.Fig. 17
shows the number of ships operating in different fuels currently in operation and on order. Among the AF, there is a
high uptake of LNG.

The next best-performing AF after LNG is methanol which shows moderate to good performance in all categories.
GHG emissions for methanol are similar to LNG as the former is derived from nitrogen and the latter is a petroleum-based
fuel. Biodiesel performs very well in a few high-priority categories, i.e., energy density, technological maturity and capital
cost, and therefore has received substantial attention from the shipping community as a potential AF. Properties of the
various AF compiled from different resources are summarised in Table 4 [153]. It is to note that the qualitative comparison
for different AF in Fig. 18 is for a generic study; the specifics for the case being evaluated, such as ship specifications, local
conditions, access to energy carriers and so on, have to be taken into consideration for more accurate and detail analysis.

4 Renewable energy and alternative fuel in ships to achieve UN SDG goals

The international shipping community has been working actively to achieve the UN SDG Goals since it was first launched
in 2005. Here, the focus will be given on how sustainable propulsion systems via RE and AF could achieve SDG 7: Ensure
access to affordable, reliable, sustainable and modern energy for all, SDG 9: Build resilient infrastructure, promote sustainable
industrialisation and foster innovation and SDG 13: Take urgent action to combat climate change and its impact.

4.1 SDG 7: ensure access to affordable, reliable, sustainable and modern energy for all

In the quest to seek carbon-neutral or zero-carbon alternative energies for ship propulsion systems with the aim to
reduce carbon emissions, it is important to ensure that the cost per energy for these sustainable propulsion systems
remains affordable as this may have a significant impact on the cost of consumerism goods. It is estimated that AF in
container shipping will be almost as economical as using HFO [154].

Figure 19 shows the projected annual price for operating a container ship and a bunkering location in the Middle East
in 2030, by fuel type [154]. The operational cost for the LNG power propulsion system is comparable to the conventional
heavy fuel oil counterpart, at 26 million dollars per year. Other AFs that are 50% higher in annual operating cost compared
to HFO are ammonia and biodiesel. E.g., the cost for the fuel cell energy consumption for the SF BREEZE was estimated

Fig. 17 Uptake of alternative [ Hydrogen [__]LPG [_]Methanol [__] Battery (including Hybrid) [__]LNG Ready [___]LNG
fuels in the world fleet, July
2019. Figures reproduced

from data obtained in [152] &
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(1) Taking into account maturity and availability of technology and fuel.
(2) GHG benefits for LNG, methanol and LPG will increase proportionally with the fraction of corresponding bio- or synthetic energy carrier used as a drop-in fuel.

(3) Results for ammonia, hydrogen and fully-electric shown only from renewable energy sources since this represents long term solutions with potential for
decarbonizing shipping. Production from fossil energy sources without CCS (mainly the case today) will have a significant adverse effect on the results.

(4) Large regional variations.
(%) Needs to be evaluated case-by-case. Not applicable for deep-sea shipping.

Fig. 18 Technology maturity level for various alternative fuels [152]

to start from $5.43 per kilogram for non-renewable liquid hydrogen and $8.68 per kilogram for green hydrogen [114].
This makes the cost for the hydrogen fuel cell system twice to eight times more than a conventional diesel ferry as the
current cost of PEM fuel cells is high [114].

As the cost of hydrogen fuel cell-powered vessels is high, a hybrid system that integrates AF with diesel- or/and RE fuels
is proposed. A case study was done by a team of researchers in Sweden where they considered a hybrid solar power—
PEM fuel cell and diesel generator propulsion system for a cruise ship [155]. The study compared the cost of a cruise
ship relying 100% on diesel generators and the hybrid RE system. Overall, it was found that it is a little more expensive
to adopt a hybrid clean energy system, i.e., $260/MWh vs $223/MWh [155]. However, considering the fact that the PEM
fuel cell system for the cruise ship is expected to reduce carbon emissions by 4.39% yearly which approximates 902,364
kWh [155], this presents an attractive alternative. While the cost for other AFs, i.e., biodiesel, methanol, hydrogen, and
ammonia fuel cells are relatively higher as compared to their fossil fuel counterparts, the prices are expected to decrease
with the increase in the maturity level of the AF technology. A.P. Moeller—Maersk for instance has reported that their
recent order of six container ships that could be powered by methanol has an additional CAPEX of only 8 to 12%, which
is an improvement compared to their previous order in 2021 [156].

Ship propulsion systems powered by RE such as solar, wind and nuclear power are also potential candidates that could
provide affordable energy for green logistics. The cost of solar PV panels is currently at an attractive price between $2.60
to $3.20 per watt [75]. A report by Thandasherry [80] that compared the CAPEX and OPEX between the solar-powered
vessel and diesel-power vessel showed that in the long run over a life cycle of 20 years, the solar power alternative can
save at least three times the total cost compared to the traditional diesel-powered option.

The CAPEX for RE and AF-powered vessel is usually higher than the vessel running on fossil fuels, due to the cost
of the propulsion system and special equipment needed to accommodate these RE and AF such as specialized tanks.
However, the OPEX is expected to reduce in the long run. E.g., while the CAPEX for a nuclear-powered vessel could be
16.5 times higher than a conventional diesel vessel, the OPEX of the former is half of that of the latter [83, 86]. The overall
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Fig. 19 Annual price for 60
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cost analysis shows the total cost of a nuclear-powered vessel will be lower than the diesel vessel after the 8™ year. This
makes the nuclear-powered propulsion systems a promising candidate for decarbonizing ships considering the shipping
industry has to phase out fossil fuel eventually to achieve the CO, emission set by IMO, i.e., 50% CO, reduction by 2050
and eventually phase out by 2100 [157].

4.2 SDG 9: build resilient infrastructure, promote sustainable industrialisation and foster innovation

Government spending on energy research and development is on an increasing trend as shown in Fig. 20 where the
spending grew by 3% with robust expansion in Europe and the United States [158]. The marine industry has moved for-
ward with technological advancement in seeking for AF to play a role in tackling climate change. To achieve IMO targets
of reducing CO, emission by 50% by 2050, many innovative ideas have been proposed and adopted such as scrubbers,
carbon sequestration, data analytics and machine learning and last but not least, the use of RE and AF. New infrastructure
to support maritime green transition is established and this has revolutionised the supply chain to ensure sufficient,
sustainable and affordable AF for the maritime industry.

Various countries have invested heavily in infrastructures such as the production, conversion, storage and bunker-
ing facilities for ammonia, hydrogen and LNG needed to support the utilization of AF. Figure 21 shows the global LNG
bunkering facility for various types of ships in 2021-2022 [159] where 32 LNG bunkering facilities are readily available
and 42 are on order. The LNG receiving terminals are being developed rapidly as transferring LNG by pipeline is costly
and therefore used less now. Driven by the short-term increase in natural gas demand due to the Russo-Ukrainian War
and coupled with the rise of fuel oil, governments in Europe and Asia are transitioned away from fossil fuels and invested
heavily in low-carbon energy infrastructure. It was reported that the investment in new LNG infrastructure will increase
to $32 billion and $42 billion in 2023 and 2024, respectively [160]. These readily available LNG infrastructures will drive
the demand for LNG-powered vessels where the total LNG supply is expected to double in coming years, approaching
636Mtpa in 2030 from 380Mtpa (million tonnes per annum) in 2021.

The relatively affordable ammonia fuel as an AF for the ship has driven companies such as Azane Fuel Solutions to be
created to fill an existing gap in the ammonia fuel chain by developing ammonia ship bunkering infrastructure technol-
ogy, products and services [161]. The bunkering terminal could be in the form of a shore-based or floating option, where
the first option allows direct ship bunkering alongside the quay, whereas the second option allows for flexibility and
transportation of the facility to the location where the ammonia vessel is operating. Maersk has also unveiled plans for
the establishment of Europe’s largest production facility of green ammonia—a sustainable green fuel, produced from
wind energy.

Fig. 22 shows the technical maturity level for various types of fuels [152]. Comparing the technical maturity level
with the cost per energy in Fig. 19, it can be deduced that in general, the cost per energy of the AF reduces with a more
matured technology, i.e., a lower Technical Maturity Level (TML).
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Fig.20 Government'’s spend- 35
ing in energy research by
countries, data obtained from
IEA [158]

30
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Fig.21 Global LNG infrastruc-

ture [159] WORLDWIDE GROWTH IN LNG USE AND INFRASTRUCTURE

4.3 SDG 13: take urgent action to combat climate change and its impact

The annual global GHG is at a record high of around 50Gt [162], a rise of 57% since 1990 [163] as shown in Fig. 23. The
earth’s temperature is projected to rise by 2.5 to 2.9 ° C based on the current policies and will continue to increase to 4.1
to 4.8 ° Ciif no further climate policies are enforced. The sea water level is projected to rise by 2 m under the worst-case
scenario causing inundation to coastal cities and island nations [164]. Under the Nationally Determined Contributions
(NDC)—a climate action plan submitted by countries under the Paris Agreement of the United Nations Framework Con-
vention on Climate Change (UNFCCC) to cut emissions and adapt to climate impact by 2030 [165], the global warming
projection will still be above the Paris Agreement limit set at below 2 °C compared to the pre-industrialized level [166].
In view of this, all parties, including the maritime industry must play a part in mitigating the CO, and GHG emissions.

Fig. 24 shows that a total of 614 million tons of CO, was emitted from ships, contributing 368 million tons of CO, to
the atmosphere. Out of the various vessels considered in Fig. 25, containers account for 29.9% of the CO, emissions [167,
168], followed by dry bulk (27.5%) and tankers (21.1%), thereby contributing to a whopping 60% of the CO, emissions.
As shipping still presents the most economical mode of transportation for the delivery of goods, the growth of ocean
freight market will continue to grow. Therefore, the CO, and GHG emissions are expected to increase compared to the
emissions in 2019 shown in Fig. 24.
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Fig. 23 Global GHG emission and warming scenarios under various policies [163]
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Given this, bulk carrier companies such as Maersk have invested heavily in LNG infrastructure in the quest to decar-
bonize their vessels [161]. Besides that, A.P. Moller-Maersk has recently ordered six large container vessels that can be
powered by green methanol, contributing to a total order of 19 vessels running on duel fuel engines that can operate
on green methanol [156]. These large bulk carriers have also been equipped with RE technologies such as Flettner rotor,
kite technology and solar PV panel, where significant improvements in fuel consumption and carbon emissions are
reported as presented in Tables 2, 3.

Fig. 25 presents the yearly consumption of AF used in the shipping industry compared to diesel and gasoline in 2016
[169]. Crude oil remains the most commonly used fuel for the shipping industry which is 305% higher than gasoil and
diesel. However, the use of natural gas is catching up at 243% with LNG contributing 24% and gas contributing 219%.
The use of LNG and biodiesel could reduce CO, emissions by around 21—27% as compared to fuel oil as shown in Fig. 26.
The CO, emissions for other AFs such as green hydrogen, biogas and green methanol are significantly lower than fuel oil,
however, the uptake of these AF is still relatively small as presented in Fig. 25. It is to note that the CO, emissions for AF
such as hydrogen could be significantly low when used onboard the ship (i.e., Tank to Propeller—TTP) but depending
on its production process, the CO, emission could be even higher than oil fuel during production, e.g., hydrogen derived
from methane (CH,) (see Fig. 26).

The initiatives taken by the shipping industry in reducing CO, and GHG emissions via Energy Efficiency Operational
Indicator (EEOI) and Ship Energy Efficiency Management Plan (SEEMP) have managed to serve an impact on the overall

Fig.24 CO, emission from

In 2019 the world fleet emitted

world fleet [168]
World fleet CO2 emissions 614 million tons of CO2.
Bulk shipping™ accounts for 59.9% of
that.
Gas EN
Pas#enger Dry bulk
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P
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Fig. 25 Yearly energy con-
sumption of ships in relation
to diesel and gasoil consump-
tions in 2016, data derived &
from DNV-GL [169]
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Fig.26 CO, emission of alter-
native fuels during produc-
tion and on-board ship, data
derived from DNV-GL [169]

Fig. 27 Projected annual CO,
emissions from shipping sec-
tor, data derived from [170]
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reduction of CO, emissions (see Fig. 27 [170]). In 2050, it is projected that the CO, emissions will reduce by 40%, bring-
ing the new CO, emissions to 1,900 million tonnes, if Scenario A1-B4 stipulated in IMO MARPOL Annex V1 measures is
adopted whereas the emissions will decrease by 35% to 1,300 million tonnes if Scenario B2-1 is adopted.

The CO, emissions from shipping activities are projected to increase exponentially in the next few decades as shown
in Fig. 27. However, the new CO, emissions based on the B2-1's least stringent SEEMP criteria with a high waiver uptake
have a more gradual increase rate as compared to the A1-B4’s low SEEMP criteria and low waiver uptake. An interesting
point to note is that the emission reduction by EEOI will be higher in the long run as compared to the counterpart by
SEEMP, due to the improved efficiency of the ship propulsion systems and the increase of uptake and maturity level of

various AF in the future.

5 Conclusions

Innovative means of ship propulsion systems by the use of RE and AF were presented. The state-of-the-art of RE, i.e., solar-,
wind- and nuclear-powered propulsion technology was first reviewed followed by the AF, i.e., LNG, hydrogen, ammonia,
biofuels and methanol fuel-powered vessels. The pros and cons of these RE technologies and AF were also compared.
While wind and solar energy could not yet be used to power large commercial vessels fully, wind-assisted vessels could
reduce fuel consumption and CO, emissions significantly (20% for Flettner rotor, 50% for hard wing sail and 20% for

@ Springer



Review Discover Sustainability (2023) 4:20 | https://doi.org/10.1007/543621-023-00132-y

kite technology). Nuclear energy is currently used mostly in navy vessels and icebreakers but has a huge advantage to
being used in commercial vessels as it does not require frequent refuelling and is commercially attractive in the OPEX
in the long term. The comparisons for AFs showed that the LNG performs better in most aspects except in terms of GHG
emissions, where ammonia and hydrogen are the best options. The cost of ammonia and hydrogen is however too high
compared to their AF counterparts.

The impacts of adopting sustainable propulsion systems in ships in achieving the UN Sustainable Development Goals
were presented. Three UN SDGs were targeted, i.e., SDG 7: Ensure access to affordable, reliable, sustainable and modern
energy for all, SDG 9: Build resilient infrastructure, promote sustainable industrialisation and foster innovation and SDG 13:
Take urgent action to combat climate change and its impact. For SDG 7, it was demonstrated that the cost for LNG and
hybrid propulsion systems between RE/AF with diesel engines could be attractive to make such technologies feasible
for adoption. Sustainable energy propulsion, in particular, LNG fuel has pushed for new infrastructure to the maritime
green transition, and this has revolutionised the supply chain to ensure sufficient, sustainable and affordable AF for the
maritime industry in line with SDG9. Last but not least, the RE and AF have a direct impact towards achieving SDG 13
in reducing carbon and GHG emissions, thereby playing an important role in mitigating the impact of climate change.

The IMO has created an SDGs Strategy, which calls for the strengthening of partnerships in the implementation of the
SDGs. This has seen a surge in collaboration between various stakeholders such as academia, industries, government
agencies and classification societies in research and technology on RE and AF. Government agencies have taken steps
to support member states in implementing the SDGs in the maritime industry, with a trend of increasing government
spending on energy research since 2016. E.g., the Maritime SDG Accelerator under the Danish Maritime Business Asso-
ciation and UN Development Program (UNDP) was introduced to enable the acceleration of sustainable innovation and
business development delivering on the SDG targets. The Maritime Singapore Decarbonisation Blueprint has set a goal
for all domestic harbour craft in the Singapore Sea to operate on low-carbon energy solutions by 2030 and to be fully
powered by electric propulsion and net zero fuels by 2050, aligning with Singapore’s commitments under the UN SDGs.
The decarbonisation of the maritime industry is an ongoing effort and the current initiatives undertaken by various
stakeholders in adopting RE and AF in achieving the UN SDGS are encouraging and promising. The continuous concerted
effort from the stakeholders with the aim to achieve UN SGDs will ensure a more sustainable future free of poverty and
all people enjoy peace and prosperity.
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