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Abstract: The growth of the global shipping industry has increased the interest in the environmental
impact of this sector. The International Maritime Organization adopted the initial Greenhouse
Gas strategy for reducing GHG emissions from ships at the 72nd Marine Environment Protection
Committee in April 2018. In this study, we carried out a life cycle assessment of nine production
pathways of alternative fuels, including LNG, ammonia, methanol, and biofuels, and conducted
an economic analysis considering the life cycle carbon pricing of each fuel pathway. Our results
indicate that biomass-based FT-diesel, e-methanol, and e-ammonia are the most environmentally
friendly, with GHG reductions of 92%, 88.2%, and 86.6%, respectively. However, our net present value
analysis of ship life cycle cost considering carbon price indicated that using those fuels would not
be cost-effective during the target period of study. Sensitivity analysis was performed by changing
the life cycle carbon pricing from the baseline scenario, and we investigated the approximate years
for when these alternative fuels will become more cost-effective compared to conventional fossil
fuels. Further, to provide practical implications for shipping stakeholders, we analysed the effect of
blending the same kinds of fuels with different production pathways.

Keywords: alternative marine fuel; greenhouse gases; life cycle assessment; carbon price; fuel cost;
fuel pathway

1. Introduction

Due to the increase in global seaborne trade, the shipping industry is rapidly grow-
ing, and there is an increasing interest in greenhouse gases (GHGs) and other pollutants
generated from ships. The ‘Fourth International Maritime Organization (IMO) GHG study’
estimated that the total amount of emissions derived from shipping was 1056 million
tonnes of carbon dioxide (CO2) in 2018, accounting for about 2.89% of the total global CO2
emissions [1]. The IMO continues to strengthen its regulations for limiting the emission
of various air pollutants as part of the effort to cope with climate change. In particular,
to reduce sulphur oxides (SOx) generated from ships, the IMO has introduced the Global
Sulphur Cap to limit the sulphur content in fuel oils to below 0.5% (m/m) for all ships
engaged in international sailing. Furthermore, the IMO adopted the initial IMO GHG
strategy for reducing GHG emissions from ships at the 72nd Marine Environment Protec-
tion Committee (MEPC), held in April 2018, to ensure harmony with the Paris Agreement,
which was adopted in 2015. The initial strategy includes reduction goals and measures
for the decarbonization of ships within the present century. It is aimed at reducing the
carbon intensity of international shipping by 40% by 2030 and by 70% before 2050 while
reducing total GHG emissions by 50% by 2050 compared with the base levels in 2008. Short-
and mid-term measures in initial strategy focus on speed reduction, operational energy
efficiency measures, the optimization of logistic chains, alternative low-carbon fuels, etc.,
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as shown in Figure 1 [2]. However, the operational measures and efficiency improvements
are insufficient for achieving the GHG reduction goals set at the initial IMO GHG strategy
meeting [3]. The fourth IMO GHG Study estimates that about 64% of the total amount of
CO2 reduction from shipping in 2050 will be achieved using alternative low/zero-carbon
fuels [1]. To achieve this, several existing challenges in the context of technology devel-
opment, infrastructure expansion and the cost competitiveness of alternative fuels, and
regulations, among others, will need to be addressed [4].

Today, several alternative fuels in the shipping sector are receiving attention as sub-
stitutes for conventional fossil fuels, including liquefied natural gas (LNG), ammonia,
methanol, and biofuels [5–9].

There are several aspects that are important to consider when shipowners adopt
alternative marine fuel in their fleets, including technical (available infrastructure, reliable
supply of fuel), economic (investment cost for propulsion system, operational costs, and
fuel price), environmental (air pollution, health impact, climate change, and acidification),
social (safety and upcoming legislation), and other aspects (logistics) [10,11].
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From an environmental perspective, it is worth noting that different fuel pathways
can generate different amounts of emissions in the life cycle approach, although tail pipe
emissions are similar. From this perspective, methodologies such as life cycle assessments
(LCAs) for evaluating environmental impacts across the entire life cycle of a fuel are
needed [13]. The inclusion of the upstream emission of ship fuels can help in conducting a
more comprehensive assessment of emissions in this sector and prevent the miscalculation
of overall emissions [4]. Although the proportion of upstream emissions varies depending
on the type of fuel, it can be up to 20% of life cycle emissions in the case of LNG [14].

Implementing LCAs of marine fuel can help quantify GHG emissions from the ex-
traction of feedstock and conversion or synthesis and transportation of fuels, as well as
their bunkering and onboard combustion. This could eventually help shipowners make
decisions for the selection of environmentally viable marine fuels. At the 76th session
of MEPC held in 2021, the development of life cycle assessment GHG/carbon intensity
guidelines (LCA Guidelines) for all relevant types of fuels was discussed [15]. Life cycle
emission of marine fuel can be defined as Well-to-Wake emission, which is a combination of
Well-to-Tank (from the production of the fuel to the bunkering of the fuel to a tank onboard)
and Tank-to-Wake (from the fuel tank of the ship to an exhaust gas) [16].
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Alternative fuels are relatively costly compared to conventional fuels, despite their
positive effects in terms of GHG reduction in the maritime sector. Therefore, for the fuel
transition from conventional fossil fuels to alternative fuels, emission reductions and related
costs should be considered [17].

To facilitate the transition to alternative fuels and accordingly achieve emission reduc-
tions in the maritime sector, carbon pricing is gaining strength as one of the most important
measures. In May 2022, Japan made a proposal to the IMO for a shipping carbon tax of
USD 56 per tonne of CO2 from 2025, rising to USD 135 per tonne of CO2 in 2030. However,
this proposal only counts Tank-to-Wake emissions and does not cover emissions produced
from Well-to-Tank. This means that several alternative fuels, i.e., ammonia or hydrogen
produced from fossil feedstock, can be considered as low-emission fuels [18]. The IMO
Intersessional Working Group (ISWG), held in June 2022, agreed to move toward the further
development of ‘basket of candidate mid-term measures’—integrating both technical and
carbon pricing [19]. Besides the IMO, the European Commission (EC) recently proposed
the ‘Fit for 55’ package, which includes the maritime sector in the European Emission
Trading Scheme (ETS) [20]. The inclusion of the maritime sector into the EU-ETS will raise
the operational costs for shipping companies due to CO2 emission allowances [21]. When
carbon pricing is strengthened, it will account for a large portion of fuel costs. Further,
several financial institutions are signing onto the Poseidon Principles, which were estab-
lished in 2019 to assess the climate alignment of ship finance portfolios. This will expedite
the process of shipping companies ensuring alignment with the IMO’s GHG emission
reduction targets [22].

In this study, we conducted a LCA of alternative fuels such as LNG, ammonia,
methanol, and biofuel and performed an economic analysis of ships using those fuels
considering life cycle carbon pricing. As fuels with different pathways can generate differ-
ent amounts of emissions despite sometimes having the same chemical properties, several
pathways of fuels were considered, including the following: fossil LNG, biomass-based
Fischer–Tropsch (FT)-diesel, biodiesel, natural gas (NG)-based methanol, biomass-based
methanol, e-methanol, NG-based ammonia, NG-based ammonia plus CCS (Carbon Cap-
ture and Storage), and e-ammonia. For comparison, conventional marine fuels such as
HFO (0.1% sulphur) and MGO (0.1% sulphur) were used as reference fuels. The life cycle
GHG emissions of the fuels were converted to carbon prices and incorporated in fuel cost
values. Further, we selected the Long Range 1 (LR1) tanker, which ranges in size from
55,000 to 79,999 deadweight (DWT), as a reference ship using alternative fuels and investi-
gated which fuel was commercially competitive over the 25-year ship life cycle. Economic
analysis results are expressed as fuel cost including carbon price with varying year and
the net present value (NPV) of the ship. Frameworks showing how we implemented LCA
and LCCA in this study are shown in Figure 2. For our sensitivity study, we changed the
carbon prices from the baseline scenario and investigated the approximate years for when
alternative fuels will become more cost-effective than conventional fossil fuels. Further, as a
case study, fuel blending was investigated; we assessed a blend of HFO and biomass-based
FT-diesel, a blend of NG-based ammonia and NG-based ammonia plus CCS, and a blend
of NG-based methanol and biomass-based methanol. The properties of these fuels are
identical; thus, they can run the same engine without the need to retrofit the ship.

The aim of this study is to provide shipowners with insights for practical solutions
and strategies, supporting the selection of environmentally and economically viable ma-
rine fuel. This study could help shipowners ensure that their fleets stay compliant and
commercially competitive.
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2. Literature Review

Four alternative fuels—LNG, ammonia, methanol, and biofuels—were investigated via a
literature review. LNG has been widely adopted by the shipping industry as an alternative
fuel over the past decade. Using LNG can lead to several advantages, such as a 95–100%
reduction in SOx emissions, a 45–80% reduction in nitrogen oxides (NOx), and a 25–30%
reduction in CO2 emissions, depending on the engine technology [23]. The decarbonization
potential of LNG is limited as it has a carbon atom in its structure. Fossil LNG tends to be
considered as a bridge solution before moving to green methanol, ammonia, and biofuels,
although more investigation is needed [11]. One of the major disadvantages of using LNG as
a ship fuel is methane emissions resulting from the supply chain and engine operation. This
is because the global warming potential (GWP) of methane is 30 times higher than CO2 in
the 100-year time horizon and 85 times higher in the 20-year time horizon. Minimizing these
methane emissions will yield significantly positive impacts on GHG emissions from LNG [24].

Ammonia is one of the most promising alternative fuels that could be used to meet
the IMO’s goals in the shipping sector [25]. Ammonia produces few carbon emissions
after combustion, as it does not contain carbon atoms in its structure [26]. Ammonia
can be produced from fossil fuels such as natural gas, oil, and coal [27] (Al-Aboosi et al.,
2021), as well as by synthesis between hydrogen generated through water electrolysis by
renewable electricity and captured nitrogen (N2) from air [6]. Depending on the ammonia
production pathway, the amount of CO2 emissions significantly varies over the ammonia
life cycle. Among the several types of ammonia, electro-ammonia (e-ammonia) generated
with renewable electricity is receiving more attention. E-ammonia is currently costly
compared to other fuels [28], but as a green hydrogen carrier, the market for it is increasing.
As the cost of electrolysis decreases, the production cost of e-ammonia can be further
reduced [29]. A key milestone for the development of ammonia for deployment as a
marine fuel is an ammonia engine, which is currently being developed by several engine
manufacturers [30,31]. One of the advantages of using ammonia over LNG is its ease of
storage. Ammonia can be stored under refrigerated or pressurized conditions, i.e., −33 ◦C
at 1 bar or 45 ◦C at 18 bar, respectively [9,32,33]. However, consideration should be given
to the hazards associated with the toxicity and corrosiveness of ammonia during the design
of systems [34,35]. In addition, due to the fact that ammonia has a lower volumetric
energy density (12.53 GJ/m3 at 33.34 ◦C, 1 bar) than HFO, a fuel tank that is approximately
3.12 times larger is needed, and accordingly, a larger pipe and related auxiliary equipment
should be considered, as summarized in Table 1. In addition, ammonia has an adverse
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impact when it is spilled into water in bulk, as it causes eutrophication. This causes
nutrients such as phosphorus and nitrogen to become overly abundant in water, resulting
in excessive algal growth [36].

The Danish container shipping company Maersk recently announced that it ordered eight
large ocean-going container vessels fuelled by a carbon-neutral methanol built by Hyundai
Heavy Industries for 2024 [37]. In March 2022, the same company entered into a partnership
with six other companies to source 730,000 tonnes/year of renewable methanol by 2025 [38].
Methanol contains zero sulphur and produces little PM and NOx when combusted. It can
be produced via several production pathways: from fossil fuels such as natural gas, from
renewable feedstock such as biomass, and from the synthesis of hydrogen generated from
renewable electricity [39]. If released into seawater, methanol is largely biodegradable, and
therefore, it has little potential for bioaccumulation. It is therefore unlikely to have acute
effects on the aquatic environment [40]. Methanol can be used in dual-fuel oil/methanol
engines which are currently available [41]. The amount of emission reduction from methanol
combustion is similar to that which can be achieved using LNG; however, the installation cost
associated with methanol is lower than that associated with LNG. Despite this, methanol has
several drawbacks: methanol is toxic, corrosive, and requires a fuel tank that is 2.45 times
larger compared to HFO [41]. Properties of alternative fuels are shown in Table 2.

Biofuels are another available option that could provide short- and mid-term emission
reductions. Biofuels, which are defined as fuels produced from biomass, include a compre-
hensive range of products, such as biomethanol, biodiesel, bioethanol, and bio-DME [42].
One advantage of using biofuels in the marine sector is that, as ‘drop-in’ fuels, they are com-
patible for use in the components of existing infrastructure, such as conventional engines,
bunkering facilities, tanks, and pipelines. For biofuels that are not fully compatible with
existing marine engines, such as bioethanol, blending with conventional fuel is a practical
workaround [43]. As drop-in fuels or after being blended with a conventional fuel, biofuels
can help mitigate net GHG emissions significantly [42]. A biofuel blended with petroleum
diesel that contains XX% of biofuels is designated as BXX [44]. Several demonstration
projects have been carried out, including the use of ‘B20’, a marine biofuel, on a 85 K DWT
Kamsarmax bulker; the use of ‘B100’, a marine biodiesel, on eight bulkers for six months
with no engine modification; the use of a 100% biofuel on the 37 k DWT chemical tanker;
and so on [38]. One of the major challenges of using biofuels is their limited availability,
i.e., supply capacity [11,38]. The pros and cons of each fuel are summarized in Table 1.

Table 1. Pros and cons of alternative fuels [11,38,45].

Fuels Pros Cons

LNG
• Mature technology
• Bunkering network evolving
• Low NOx and SOx emissions

• Methane slip
• Uncertain LNG pricing
• High Capital Expenditure (CAPEX)
• Low volumetric energy density

Methanol

• Fuel handling simpler than LNG
• Low NOx and SOx emissions
• Compatible with existing terminal infrastructure
• Used in dual fuel engines

• Global renewable production still limited
• Toxic and flammable
• Low volumetric energy density
• Life cycle GHG emissions equivalent to marine

diesel oil (MDO) in case of fossil-based methanol

Biofuels
• Widely available at competitive prices depending on the type

of fuel
• Requires limited changes to engines and fuel handling

• Limited feedstock and production capacity
• Emissions vary depending on fuel pathway
• Land Use Change

Ammonia

• Already produced and traded at scale
• Possibility of production capacity increases for the use of

hydrogen carriers
• Zero emissions onboard, except for emissions generated from

pilot fuels
• Ammonia engines will be commercially available by the

mid-2020s

• Toxic and corrosive
• Highly energy-intensive production process

(Haber–Bosch)
• Low volumetric energy density
• Significant NOx emissions
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Table 2. Properties of alternative fuels [9,11,41,46–48].

Property LSHFO a Diesel LNG b Methanol Ammonia

Chemical formula C8-C25 C8-C25 CH4 CH3OH NH3
Liquid density

(kg/m3) 991 840 425.6 798 673.5

Lower heating value
(MJ/kg) 39.5 42.7 50 20.1 18.6

Volumetric energy density
(GJ/m3) 39.14 35.87 21.28 16.04 12.53

Boiling temperature
(◦C at 1 bar) >180 >180 −162 65 −33.34

Flammable limits
(vol%) 0.6–7.5 0.5–7.5 5–15 6–36 15–28

a: LSHFO denotes low-sulphur heavy fuel oil; b: LNG is a mixture of several gases, predominantly methane. Here,
the properties of methane are used as representative values.

There are several studies on the LCA of marine fuels. Hwang et al. conducted
an LCA of LNG and marine gas oil (MGO) as ship fuels in domestic service in Korea.
According to their findings, the emissions from LNG are significantly lower than that
from MGO in terms of GWP and other environmental impact categories. Their results
reveal that the GHG emissions of LNG varied with the degree of methane slip during
combustion, which depends on the type of engine [49]. High-pressure two-stroke diesel
cycle engines have a methane slip of less than 1%, while four-stroke otto cycle engines
are more sensitive to methane slips [50]. Gilbert et al. investigated fuel candidates for the
decarbonization of the shipping industry. Life cycle emissions were estimated for several
marine fuels: conventional oil-based fuels, LNG, bio-LNG, hydrogen with CCS, renewable
hydrogen, natural gas (NG)-based methanol, liquid hydrogen (LH2), biodiesel, and straight
vegetable oil. NG-based methanol and LNG does not have benefits in terms of CO2 emission
reductions. Bio-derived fuels have the potential to reduce CO2 emissions significantly when
CO2 emitted in the life cycle is used for biomass photosynthesis, although the amount of
feedstock is limited. Potential GHG emission reductions of 57–79% can be achieved by
bio-based fuels when compared to conventional marine fuels, depending on the feedstock,
whereas methanol increases GHG emissions by 12–15% [4]. In another study, the potential of
CO2 emission reduction through the use of biogas, dimethyl ether, ethanol, LNG, liquefied
petroleum gas (LPG), methanol, ammonia, and biodiesel was assessed through LCAs. The
results revealed that biogas was most effective in reducing CO2 emissions, while fossil
fuel-based ammonia generated the largest amount of CO2 emissions (5.3 times more CO2
emissions than biogas) [5]. Perčić et al. conducted an LCA and life cycle cost assessment
(LCCA) of alternative marine fuels and ship power systems for inland shipping in Croatia.
Electric-powered ships emitted the least CO2 equivalent (CO2-eq) in the entire life cycle,
including emissions of CO2-eq during the ship manufacturing process. Furthermore, ships
fuelled by the proton exchange membrane fuel cell (PEMFC) emitted the largest amount
of CO2-eq. An LCCA was conducted considering power system cost, carbon pricing, and
fuel cost. The most cost-effective option varied depending on the type of ship and its
operating profiles. In the LCCA, carbon pricing affected the emissions generated only
during the Tank-to-Wake phase, and accordingly, carbon pricing for the Well-to-Tank phase
of NG-based ammonia and hydrogen was not taken into account [51].

Simultaneously considering environmental and economic aspects in the selection
of alternative fuels is important, and this can prevent omitting the effect of GHG emis-
sions in life cycle cost assessments of ships. Eventually, it can help shipowners select
compliant and cost-effective alternative fuels. Kanchiralla et al. evaluated e-hydrogen,
e-ammonia, e-methanol, and electricity in several propulsion systems, such as engines,
fuel cells, and carbon capture technologies, in terms of the environmental and economic
aspects. The carbon abatement costs were 408 EUR/ton CO2 for e-hydrogen using fuel
cells, 532 EUR/ton CO2 for e-hydrogen using engines, 316 EUR/ton CO2 for fuel cells
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using e-ammonia, 355 EUR/ton for engines using e-ammonia, and 326−412 EUR/ton CO2
for engines using e-methanol [52]. Lindstad et al. compared e-fuels such as e-ammonia,
e-hydrogen, e-methanol, e-LNG, e-diesel, and other fossil-based fuels in terms of GHG
emissions, energy use, and cost. Their results show that NG-based liquid hydrogen and
NG-based ammonia emits 66% and 40% more CO2-eq per kWh of power than that of
MGO, respectively. The annual ship costs, including the costs of the basic vessel, engine,
an additional fuel system, and fuel consumption, were investigated. In the low-renewable
electricity price scenario, the cost difference between hydrocarbon e-fuels and carbon free
e-fuels was 20%, while it was 60% in the high-renewable electricity price scenario. However,
hydrocarbon e-fuels have an advantage, as they can be used in the existing fleet without
retrofitting [53]. Wang et al. performed an LCA and LCCA for battery-powered ships.
According to their results, battery-powered ships showed a 30% reduction in life cycle
GHG emissions and 15% reduction in ship life cycle cost compared with conventional
ships when using the grid mix electricity [54]. Kim et al. compared conventional HFO
propulsion systems and ammonia propulsion systems from economic and environmen-
tal perspectives. Their results reveal that the ammonia-based system can reduce GHG
emissions by 83.7–92.1%, while the life cycle cost increased by 3.5–5.2 times compared to
the conventional propulsion systems [25]. Perčić et al. conducted LCAs and LCCAs for
dimethyl ether, electricity, methanol, natural gas, biodiesel, and hydrogen on three different
RoPax ships. The carbon tax for tailpipe emissions was taken into account. The results
showed that battery-powered ships showed 50% reduced CO2-eq emissions compared to
diesel-powered ships and showed 56% lower costs than diesel-powered ships [55]. Zincir
investigated the effect of an ammonia dual-fuel engine in terms of the environmental and
economic aspects. Blue ammonia shows 42.8% lower CO2 emissions than MDO. Green
ammonia with solar power showed a similar degree of CO2 reduction capacity to blue
ammonia, while green ammonia from wind energy attained 79.2% lower CO2 emissions
than MDO. The cost of blue ammonia fuel is estimated to be 8.8–13.9% higher than MDO,
while the use of green ammonia seems unfeasible due to its significantly higher cost [9].

Through our literature review, the following limitations of previous studies were
identified: Although there were several LCA studies for alternative marine fuels, the types
of fuels and production pathways assessed were not comprehensive; life cycle carbon
pricing was not appropriately considered for economic analysis, and the existing research
lacks the consideration of fuel blending between similar-level fuels with different pathways.
Accordingly, sufficient insight for more cost-effective fuel options was not provided. The
ship power systems, such as fuel cells, batteries, and engines, varied, inhibiting direct
comparisons. The effect of pilot fuels was not appropriately considered for environmental
and economic analyses.

To address these gaps, in this study, LCAs for the aforementioned alternative fuels
considering their application in engines were implemented. Life cycle carbon pricing was
added onto fuel price. The LR-1 tanker was selected as a reference ship, and LCCAs were
conducted. The effects of blending fuels in different production pathways were assessed
and compared.

3. Methodology
3.1. Life Cycle Assessment

LCA consists of four phases: goal and scope definition, including the functional unit
and system boundary; inventory analysis; impact assessment; and interpretation [13]. The
goal of the LCAs carried out in this study was to examine the environmental impact of
marine fuels for the selection of relatively viable marine fuels. The scope of assessment
included stages such as feedstock extraction, conversion and transportation, storage, and
combustion in the ship engine. The detailed system boundary is described in the following
sections and in Figure 3. The functional unit is defined as the quantification of the identified
functions of the fuels and is important for the comparison of different systems being
assessed on a common basis [13]. GHG emissions, including CH4, N2O, and CO2 per kWh
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of output power in the engines, were used as functional units in this study. Furthermore,
the 100-year GWPs of CO2, CH4, and N2O from the Fifth Assessment Report (AR5) of
the Intergovernmental Panel on Climate Change (IPCC) were adopted for GHG emission
calculations and are provided in Table 3. The total CO2-eq emissions of each fuel can
be calculated by multiplying the mass of CO2, N2O, and CH4 by the GWP of each gas,
respectively. The total CO2-eq emissions of the fuels can be calculated as follows:

EM = (GWP CO2
• mCO2 + GWPCH4 • mCH4 + GWPN2O • mN2O

)
(1)

where m denotes the mass of emission.
The marine module in the Greenhouse gases, Regulated Emissions, and Energy use

in Transportation (GREET) model developed by Argonne National Laboratory was used
to implement the LCAs. The marine module of GREET consists of two key stages: Well-
to-Tank, which analyses the energy use and emissions associated with production and
delivery, and Tank-to-Wake, which refers to the combustion of fuels [48]. The GREET
calculates emissions such as CO2, CH4, and N2O and other pollutants emitted from fuel life
cycles. Several studies have used GREET for the LCA of marine fuels [25,51,55–58]. Data
not in the GREET inventory were calculated externally and reflected for the calculation of
the Well-to-Wake emissions.

Table 3. GWPs of greenhouse gases [59].

AR Edition/Type AR5/GWP

Time Horizon (YR) 100

CO2 1
CH4 30
N2O 265

The specific fuel consumption of each fuel in the calculation of emissions in the
Tank-to-Wake phase are shown in Table 4.

Table 4. Assumed specific fuel consumption of marine engines (g/kWh).

Fuel Type Engine Type
Specific Fuel Consumption

Reference
Main Fuel Pilot Fuel (HFO)

HFO
Main engine 184.8 -

[50]

Auxiliary engine 197.5 -

MGO
Main engine 174 -

Auxiliary engine 184.7 -

LNG
Main engine 141.3 6.4

Auxiliary engine 156.5 2.8

Methanol
Main engine 330.5 11.73 Assumed value

Auxiliary engine 397.2 12.62 Assumed value

Ammonia
Main engine 378 11.9 Assumed value

Auxiliary engine 450.1 12.75 Assumed value

Note that the ammonia engine has not been fully developed, though it is expected
to be commercially available in 2024. Therefore, the specific fuel consumption of a main
engine using ammonia was assumed based on the preliminary data of ammonia engine
development plans. The specific fuel consumption for a main engine using methanol was
based on the currently available methanol engine. The specific fuel consumption of an
auxiliary engine for ammonia and methanol was assumed based on each main engine.

The life cycle CO2-eq emissions of fuels combusted in the designated engines can be
calculated using Equation (2).

EMWtW = EMWtT,m f+EMTtW,m f+EMWtT,p f+EMTtW,p f (2)
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The subscripts WtW, WtT, and TtW denote Well-to-Wake, Well-to-Tank, and Tank-to-
Wake, respectively. The subscripts mf and pf represent main fuel and pilot fuel, respectively.
Note that fuel life cycle emissions include emissions from both the main and pilot fuel in
cases where dual-fuel (DF) engines are used.

3.2. Fuel Pathway
3.2.1. HFO (0.1% Sulphur) and MGO (0.1% Sulphur)

The fuel pathways of each fuel, from production to combustion, are presented in
Figure 3. Extracted crude oil is transported 12,645 km via very large (310,000 DWT) crude
carriers (VLCC tankers). The ship transportation distance of other fuels in this study was
set to the same as HFO for consistency. Furthermore, 100% of conventional crude oil,
excluding shale oil, was considered. Crude oil is unloaded at the port and transported
by pipeline to a refinery 14 km away. To produce HFO with a sulphur content 0.1%,
hydrogen produced from NG is supplied to a refinery through pipelines for 24 km. The
industrial electricity mix adopted in this study was as follows: 39% NG, 60.7% oil, and 0.3%
renewables. MGO has a similar life cycle to HFO, although with MGO, less hydrogen is
needed for desulphurization. These fuels were selected as reference fuels and compared to
the alternative fuels.

3.2.2. Fossil LNG

NG extracted at the well is sent out to a liquefaction plant through a pipeline for
50 km. After pre-treatment, such as desulphurization, the NG is refrigerated to a temper-
ature of about −163 ◦C, liquefied, and stored for subsequent shipment. Similar to HFO,
conventional natural gas, excluding shale gas, was considered. LNG is then shipped to a
174,000 m3 LNG carrier. The fuel mix for LNG carriers is considered to be 45.8% residual oil,
and the rest is LNG. Boil-off gas generated due to heat ingress is assumed to be completely
recovered via a re-liquefaction system during transportation via an LNG carrier and during
storage in the production plant and/or terminal. In general, methane slip plays an impor-
tant role in determining total Tank-to-Wake emissions [60,61]. A two-stroke slow-speed
diesel DF engine was considered as the propulsion engine, and a four-stroke otto cycle DF
engine was considered as the auxiliary engine in the Tank-to-Wake phase. The use of a
four-stroke otto cycle DF engine tends to result in higher methane slip than the use of a
two-stroke slow-speed diesel DF engine. The emission factors of N2O, CH4, and CO2 for
each type of engine used in this study are shown in Table 5.

Table 5. Engine emission factors, g/kWh [48,60].

Parameter HFO MGO LNG Bio-FT-Diesel Biodiesel Methanol Ammonia

Main
engine

CH4 0.012 0.012 0.200 0.012 0.012 0.012 0.003
N2O 0.031 0.031 0.030 0.031 0.031 0.031 0.008
CO2 584.1 547.8 384.4 453.9 472.1 450.3 0.000

Aux.
engine

CH4 0.008 0.008 5.500 0.008 0.008 0.008 0.003
N2O 0.036 0.036 0.015 0.036 0.036 0.036 0.008
CO2 625.6 582.8 411.6 560.2 582.6 543.3 0.000

3.2.3. Biomass-Based FT-Diesel

The feedstock for biomass-based FT-diesel is forest residue. Collected forest residue is
transported for gasification to produce synthesis gas, which includes hydrogen and carbon
monoxide. After purification, the gases are converted into diesel through the FT synthesis
process. The FT synthesis process has been used to convert non-liquid hydrocarbon sources
to liquid hydrocarbon for decades and is considered a mature technology [43,62,63]. FT-
diesel is transported via tanker (12,000 km) and stored in terminals. Then, it is bunkered to
a fuel tank and combusted onboard. The portion of CO2 emissions from the combustion
of biomass-based FT-diesel is offset by photosynthesis, while the forest grows so-called
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biogenic credit. Although this fuel pathway is still in the early stages of development, it is
considered a future alternative fuel, like other e-fuels [42].

3.2.4. Biodiesel

The life cycle of soybean-based biodiesel has several steps: fertilizer and chemi-
cal production for farming, soybean harvesting and transportation, soy oil extraction,
transportation via pipeline, biodiesel production through the transesterification process,
transportation via pipeline (100 km), and, lastly, onboard combustion. Biogenic credit is
applied, similar to the biomass-based FT-diesel.

3.2.5. NG-Based Methanol

Currently, the majority of commercially available methanol is produced from natural
gas [64]. The life cycle of NG-based methanol starts with natural gas extraction. Then,
it is transported to the methanol plant via a pipeline for 50 km. Methanol is produced
through steam reforming, synthesis, and distillation. Then, pure methanol is transported
via 53,000 m3 tankers and stored in terminals. Subsequently, bunkering, onboard storage,
and combustion occur. During methanol production, no co-product is considered.

3.2.6. Biomass-Based Methanol

The feedstock for biomass-based methanol is forest residue, similar to the biomass-
based FT-diesel. The feedstock process includes harvesting, collecting, transportation,
handling, and pyrolysis, which is the endothermic decomposition of the forest residue [65].
The conversion process includes gasification, synthesis for methanol. Subsequently, the
biomass-based methanol produced is transported to terminals. Similarly to the other
biofuels mentioned above, biogenic credit is applied.

3.2.7. E-Methanol

E-methanol is one of the e-fuels that is defined as a synthetic fuel produced by reacting
e-hydrogen, which is generated via the electrolysis of water with renewable electricity, and
CO2 from flue gas or direct air capture (DAC) [28]. In this pathway, e-hydrogen is produced
via solar electrolysis and sent 10 km away by pipeline to a methanol synthesis plant. CO2
is obtained by DAC, specifically through cryogenic carbon capture. Then, H2 and CO2 are
reacted to produce CO through a reverse water gas shift (RWGS) reaction. Methanol is
produced through a catalytic synthesis reaction between CO2, CO, and H2 [66]. The other
stage of the pathway is the same as NG-based methanol. It is worth noting that the CO2
emitted in engine combustion offsets the CO2 captured through DAC.

3.2.8. NG-Based Ammonia with or without CCS

NG is extracted and transported to the ammonia plant via pipeline for 50 km. H2 is
produced from NG via the steam methane reforming (SMR) process, which is a mature
technique and the most widely used process for hydrogen production [67]. Where CCS is
applied, 90% of CO2 is captured using monoethanolamine (MEA). As additional energy
for MEA-based CCS is needed, an overall CO2 capture rate of 89.02% is applied [68].
Ammonia is synthesized from N2 and H2 through the Haber–Bosch process, which is the
most common and commercially available process [9,35,69]. Then, ammonia is transported
via commercially available 84,000 m3 tankers, the capacity data of which are presented in
reference [70], and unloaded to the terminal. Ammonia does not include carbon; therefore,
none of the CO2 is generated during combustion onboard. However, it is worth noting that
the ammonia engines being developed cannot operate using ammonia alone. Therefore, a
portion of diesel for use as a pilot fuel should be supplied [8,71].

3.2.9. E-Ammonia

In this pathway, e-hydrogen is produced through low-temperature electrolysis, and
the electricity source is solar energy. It is known that the hydrogen production process
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accounts for more than 90% of the total energy requirement for ammonia production [67,72].
Although the energy requirement is high, emission is not significantly related, as solar
energy is used. In this study, an energy efficiency of 72.6% was selected for low-temperature
electrolysis. N2 is produced through cryogenic distillation, which accounts for more than
90% of N2 produced worldwide [73,74]. Through the Haber–Bosch process, ammonia is
produced. The electricity source for cryogenic distillation and the Haber–Bosch process is
wind electricity. The other stage of the pathway is the same as NG-based ammonia.

3.3. Economic Analysis
3.3.1. Reference Ship

The reference ship selected in this study was a LR1 Panamax tanker with 75,000 DWT.
The specifications of the reference ship are as shown in Table 6. The reference ship was
assumed to voyage on a route between North America and Northern Europe: Houston–
Rotterdam–Ventspils–Houston, as shown Figure 4. The total voyage distance is about
11,700 nautical miles (18,830 km), and we used this fixed route to perform economic
analysis [75]. The ship’s life time was assumed to be 25 years.

Table 6. Specification of the reference ship: LR1 tanker.

Category Value

Length, O.A. 225 m
Breadth, Mld. 32.26 m

Scantling draught 14.2 m
DWT 75,000 ton

Specified maximum continuous rating (MCR) 11,500 kW
Design speed 15 knots

Auxiliary engines 3 × 944 kW
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The average speed of a product tanker with a similar size is 12.5 knots, which was
used as the fixed transit speed of the reference ship. It was assumed that the ship operates
360 days a year, corresponding to about eight round trips per year. It was assumed that
87% of the total operating time was spent on transit, 3% on approach, and the remaining
10% on port [76]. The average and design speeds were used to calculate the load factor
of the engine, which is defined as the ratio of the average load to the total capacity of
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the engine [76]. The load factor of the main engine in transit can be determined using
Equation (3).

LF =

(
va

vd

)3
(3)

In Equation (3), LF, va, and vd are the load factor, average speed, and design speed of
the reference ship, respectively. The average power of main and auxiliary engines can be
calculated using Equations (4) and (5).

PME, avg = PME,MCR • LFME,k (4)

PAE,avg = PAE,MCR • LFAE,k (5)

PME,MCR and PAE,MCR denote the maximum continuous rating of the main and aux-
iliary engines, respectively. The subscript k denotes the operational modes, namely the
transit, approach, and port modes. The load factor of the auxiliary engine in transit and
approach was assumed to be 0.7. The load factor at port was considered to be 0.3. The load
factor of the main engine in transit can be calculated as per Equation (3), and the load factor
of the main engine upon approach was assumed to be 0.4. In all cases, it was assumed that
the cargo capacity of reference ship has not changed and that there is no significant change
in the draft of the reference ship related to the use of alternative fuels.

Although the reference ship was selected as a tanker, it is expected that the results of
this study can be applied to other categories of ships on international voyages.

3.3.2. CAPEX, Fuel Cost, and Carbon Price

CAPEX
The new building cost of an HFO-fuelled 75,000 DWT Panamax tanker was considered

as to be USD 43.3 million [77]. CAPEX ratios of LNG-, methanol-, ammonia-fuelled ships
relative to the HFO-fuelled ship were derived from [78], as shown in Table 7. The CAPEX of
Panamax tankers fuelled by LNG, methanol, and ammonia were estimated by multiplying
the CAPEX ratio by the new building cost of the HFO-fuelled Panamax tanker. The new
building cost of the Panamax tanker with an alternative fuel was assumed to include costs
related to a dual-fuel engine, the fuel supply system, and the fuel storage tank.

Table 7. CAPEX ratios relative to the HFO-fuelled ship.

Parameter HFO Fuelled
Ship

LNG Fuelled
Ship

Methanol
Fuelled Ship

Ammonia
Fuelled Ship

Newbuilding
cost ratio 1 1.14 1.09 1.10

Compatible
fuels

HFO, MGO
Biodiesel,
FT-diesel

LNG

Biomass-based
methanol,
NG-based
methanol,

e-methanol

E-ammonia,
NG-based

ammonia with
or without CCS

3.4. Fuel Price

Fuel price includes the fuel production cost, distribution cost, profit, and tax. However,
in this study, fuel price was estimated by summing the fuel production cost and distribution
cost, excluding profit and tax, which have many uncertainties. The fuel production cost
was obtained from several sources and assumed to increase linearly from 2025 to 2050.

The production costs of biofuels, including biomass-based FT-diesel, biodiesel, and
biomass-based methanol, were taken from reference [79]. The production costs adopted in
this study take into account mid-term cost improvements and the impacts of lower capital
cost. The current production cost in reference [79] was taken as the 2025 production cost,
and the upper bound costs were taken for both the 2025 and 2050 production costs. As there
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are many uncertainties in long-term cost estimation, such as feedstock cost fluctuations,
mid-term production costs considering the impacts of reduced finance costs were used
as the 2050 production costs for biofuels. As the biofuel production costs were listed in
EUR/MWh in reference [79], they were converted into USD/GJ based on the currency
conversion rate (1 Euro to 1.05 USD) and unit conversion rate.

In the case of the e-methanol and e-ammonia production costs, the e-hydrogen pro-
duction cost is the governing factor. Therefore, in order to have the same assumptions for
e-hydrogen production, the e-methanol and e-ammonia costs were extracted from same
source. The production costs of e-methanol and e-ammonia in 2025 were estimated to
be in the range of 136 to 260 USD/MWh and 126 to 194 USD/MWh, respectively. The
2050 cost target is 107 USD/MWh to 145 USD/MWh for e-methanol and 67 USD/MWh to
114 USD/MWh for e-ammonia [80]. The upper bound cost for each fuel was adopted for a
consistent and conservative approach. The costs were initially listed in USD/MWh and
converted into USD/GJ using the unit conversion rate.

The production cost of NG-based methanol lies in the range of 100 USD/ton in the
Middle East to 300 USD/ton in Europe [81]. The cost of NG-based ammonia production is
in the range of 110 USD/ton to 340 USD/ton of ammonia [82]. In this study, 300 USD/ton
for both NG-based methanol and NG-based ammonia in 2025 were assumed for calculation.
As the costs of NG-based fuels are highly dependent on NG price, the future cost of NG-
based fuels was estimated in conjunction with cost projections for NG. The cost for CCS
was inputted as 80 USD/ton CO2, considering a 90% CO2 capture ratio, which refers to the
capture of CO2 from diluted furnace flue gas [83]. Cost projection of each fuel is shown
in Table 8.

Table 8. Fuel production costs in USD/GJ and data sources.

Parameter
Low High

Source

Values Adopted
in This Study

2025 2050 2025 2050 2025 2050

HFO (0.1% sulphur) - - - - - 10.9 b 10.6 b

MGO (0.1% sulphur) - - - - - 12.26 b 11.96 b

LNG - - - - - 8.2 b 8.8 b

Biomass-based FT-diesel 21.87 a 16.33 a 42.00 a 32.67 a [79] 42.00 32.67
Biodiesel 23.04 a 19.25 a 40.54 a 34.70 a [79] 40.54 34.70

NG-based methanol 5.47 - 16.92 - [81] 14.93 15.87
Biomass-based

methanol 18.03 a 12.25 a 32.67 a 27.42 a [79] 32.67 27.42

E-methanol c 37.77 29.72 72.00 40.28 [80] 72.00 40.28
NG-based ammonia 5.38 - 16.13 - [82] 16.13 17.14

E-ammonia c 35.00 18.61 53.89 31.67 [80] 53.88 31.67
NG-based ammonia

plus CCS - - - - - 25.43 26.44

a: Production costs which consider mid-term cost improvements and the impacts of reduced finance costs, from
reference [79], are considered as 2050 production costs. The current cost in reference [79] was adopted as the
2025 production cost. b: Prices adopted from reference [84]. c: These values were extracted from graphs in
reference [81].

The distribution costs of methanol and ammonia were estimated to be 50 USD/tonnage
or about 2.5 USD/GJ, 2.7 USD/GJ, respectively. The distribution cost of biomass-based
FT-diesel and biodiesel was assumed to be 40 USD/tonnage, i.e., 0.93 USD/GJ. These costs
are assumed to stay constant over time.

The prices of fossil fuels (HFO, MGO, and LNG) for 2020, 2030, and 2050 were obtained
from [84].

Calculated fuel prices are illustrated in Figure 5.
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3.5. Carbon Price

The carbon price refers to the cost imposed onto GHG emissions and takes the form of
emission taxes and levies or emission trading systems. The carbon price scenario assumed
in this study is that the carbon price continues to be 11 USD/ton of CO2 from 2025 to 2030
and increases to 100 USD/ton of CO2 at the beginning of the 2030s. After this, the carbon
price is ramped up to USD 264/ton CO2, as can be seen in Figure 6 [85]. This scenario was
produced to achieve a 50% GHG emission reduction by 2050 compared to 2008. Note that
we imposed carbon price on ton CO2-eq rather than ton CO2 in this study. The carbon price
scenario used in this study is shown in Figure 6.

Ship Life Cycle Cost
Ship life cycle fuel cost can be calculated summing fuel cost consumed in main and

auxiliary engines, as follows:

C f ,slc =
25

∑
n=1

(C f ,ME,n + C f ,AE,n) (6)

The subscripts f and slc indicate the fuel and ship life cycle, respectively.
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CME,n and CAE,n indicate the annual fuel cost, including carbon price in year n for the
main and auxiliary engine, respectively, and can be determined as per the following equations:

C f ,ME,n = EME,m f • 10−6 • [(SFC ME,m f • Cm f ,n • LHVm f

)
+

(
CPn • EMWtW,ME,m f

)
] + EME,p f • 10−6 •

[(
SFCME,p f

•Cp f ,n • LHVp f

)
+ (CP n • EMWtW,ME,p f

)
]

(7)
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C f ,AE,n = EAE,m f • 10−6 •
[(

SFCAE,m f • Cm f ,n • LHVm f

)
+ (CP n • EMWtW,AE,m f

)
]+EAE,p f • 10−6 • [(SFC AE,p f • Cp f ,n

•LHVp f

)
+(CP n • EMWtW,AE,p f

)
]

(8)

where Cm f ,n and Cp f ,n denote the unit fuel cost (USD/GJ) in year n. EME and EAE of the
main and pilot fuel represent the energy needed for an annual voyage (kWh). CPn and
SFC refer to the carbon price in year n (USD/ton CO2-eq) and specific fuel consumption
(g/kWh), respectively. Only when LNG, ammonia, and methanol are used in a dual-fuel
engine is the cost of pilot fuel included. LHV denotes the lower heating value of each
fuel (MJ/kg).
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The EME and EAE of the main and pilot fuel can be calculated according to the follow-
ing equations:

EME = Ttr • PME,avg,tr + Tap • PME,avg,ap (9)

EAE = Ttr • PAE,avg,tr + Tap • PAE,avg,ap + Tpo • PAE,avg,ap (10)

The subscripts tr, ap, and po denote the operational modes of transit, approach, and
port, respectively. T indicates the yearly time spent in each mode of operation.

To compare ship life cycle cost, NPV was calculated by summing CAPEX and dis-
counted fuel cost during the ship’s lifetime.

NPV = CAPEX +
25

∑
n=1

(
C f ,ME,n + C f ,AE,n

)
(1 + r)n (11)

where CAPEX refers to the ship investment cost. The variables r and n represent the
discount rate and the number of years within a ship’s lifetime, respectively. Income
through ship operation was not counted as cargo capacity, and the reference ship was
assumed to stay the same regardless of fuel type. Therefore, a lower NPV represents a
greater benefit for ship and fuel selection in this study.



Sustainability 2024, 16, 2114 17 of 33

4. Results and Discussion
4.1. Life Cycle Assessment

Figure 7 presents the life cycle emissions for each fuel in terms of CO2-eq/kWh,
breaking it down into two stages: the Well-to-Tank stage and the Tank-to-Wake stage. Note
that the GHG emissions of LNG, ammonia, and methanol were considered including pilot
fuel emissions, as explained in Section 3.1. Among the eleven fuels analysed, NG-based
ammonia shows the highest GHG emissions. When 1 kWh of output power in the main
engine is generated from NG-based ammonia, approximately 1025 g of CO2-eq is emitted,
resulting in 48.7% more emissions relative to HFO.

Emissions from the Well-to-Tank stage account for 95.8% of the life cycle CO2-eq
emissions, and the Tank-to-Wake stage emits just 42.63 g of CO2-eq, most of which results
from pilot fuel combustion. NG-based methanol emits the second highest GHG emissions
and has 3.2% more life cycle CO2-eq emissions compared to HFO. From the Well-to-Wake
perspective, ammonia and methanol from natural gas is not a viable alternative fuel.
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In the case of the main engine, the lowest emission was generated in biomass (forest
residue)-based FT-diesel, emitting 55.4 g of CO2-eq (92% lower than that of HFO) per 1 kWh
of output power in its life cycle, followed by e-methanol with 81.48 g CO2-eq, e-ammonia
with 92.16 g CO2-eq, biomass (forest residue)-based methanol with 166.95 g CO2-eq, NG-
based ammonia plus CCS with 205.19 g CO2-eq, and biodiesel (soybean) with 210.23 g
CO2-eq. Note that biogenic credit was considered for the biomass-based fuels; namely, the
CO2 emitted in combustion is absorbed by photosynthesis while biomass grows. It is worth
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noting that the life cycle CO2-eq emission of biodiesel was 210.23 g CO2-eq, showing 154 g
more than biomass-based FT-diesel. This difference resulted from the energy efficiency of
the fuel production process.

The GHG emission of e-methanol in the Well-to-Tank stage is negative, as CO2 is
directly captured from the air for the synthesis of methanol. In the case of NG-based
ammonia plus CCS, while an 89.02% overall CO2 capture rate in the ammonia plant was
assumed, the CO2-eq reduction over its life cycle was 79.9%. This resulted from the GWP
effects of CH4 and N2O, which are not captured in CCS, and CO2-eq emissions from pilot
fuels combusted in the engine. Our results show that in most cases, except for ammonia,
the Tank-to-Wake stage accounted for the majority of the GHG emissions.

Due to the efficiency difference between the main and auxiliary engines, slightly more
emissions are generated in the auxiliary engine, as shown on Figure 8. In the case of LNG,
19.5% lower CO2-eq emissions relative to HFO were generated in the main engine, while a
similar amount of CO2-eq emissions to HFO were generated in the auxiliary engine. This
difference mainly resulted from the methane slip of the otto cycle in auxiliary the engine,
as shown in Table 4.
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Notably, the CO2-eq emissions of NG-based ammonia in the Tank-to-Wake phase
accounts for only 4.3% of the life cycle emissions. For bio-based fuels, if the emissions
from Well-to-Tank are not considered, the potential for emission reduction is significantly
reduced. Therefore, life cycle emission needs to be appropriately considered for an en-
vironmental and economic analysis. The following alternative fuel candidates have the
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potential to meet the IMO target of reducing the total GHG emissions by 50% by 2050,
based on the level recorded in 2008: bio-based fuels, e-methanol, e-ammonia, and CCS
combined NG-based ammonia; they have reduction potentials of 69–92%, 88%, 86%, and
70%, respectively.

The energy consumption of each fuel pathway was investigated, and the results are
illustrated in the Sanky diagram shown in Figure 9. This diagram shows the total energy
value required to produce 3.6 MJ (1kWh) of output power and the energy loss of each stage.
The results indicate that fossil fuels such as HFO, MGO, and LNG have lower energy loss
in each stage and, accordingly, a lower total energy input than the other fuels. More energy
loss does not always result in more CO2-eq emissions. As an example, e-methanol and
NG-based methanol require 20.10 MJ and 11.14 MJ for 1 kWh of output power, respectively,
but e-methanol emits only 11.5% of CO2-eq emission compared to NG-based methanol. It
can be noticed that the efficiencies of most alternative fuels in the Well-to-Tank stage need
to be improved for sustainability.

Sustainability 2024, 16, x FOR PEER REVIEW 21 of 36 
 

WtT input: 8.31 TtW input: 7.29

WtT loss: 1.02

Power: 3.6

TtW loss: 3.69

 

WtT input: 8.38 TtW input: 7.45

WtT loss: 0.93

Power: 3.6

TtW loss: 3.85

 
(a) HFO (b) MGO 

WtT input: 8.56 TtW input: 7.12

WtT loss: 1.44

Power: 3.6

TtW loss: 3.52

 

WtT input: 15.3 TtW input: 7.45

WtT loss: 7.85

Power: 3.6

TtW loss: 3.85

 
(c) LNG (d) Biomass-based FT-diesel 

WtT input: 11.1 TtW input: 7.45

WtT loss: 3.65

Power: 3.6

TtW loss: 3.85

 

WtT input: 11.14 TtW input: 7.1

WtT loss: 4.04

Power: 3.6

TtW loss: 3.5

 
(e) Biodiesel (f) NG-based methanol 

WtT input: 22.6 TtW input: 7.1

WtT loss: 15.5

Power: 3.6

TtW loss: 3.5

 

WtT input: 20.09
TtW input: 7.1

WtT loss: 12.99

Power: 3.6

TtW loss: 3.5

 
(g) Biomass-based methanol (h) E-methanol 

WtT input: 23.44 TtW input: 7.5

WtT loss: 15.94

Power: 3.6

TtW loss: 3.9

 

WtT input: 19.89
TtW input: 7.5

WtT loss: 12.39

Power: 3.6

TtW loss: 3.9

 
(i) NG-based ammonia (j) E-ammonia 

WtT input: 25.97
TtW input: 7.5

WtT loss: 18.47

Power: 3.6

TtW loss: 3.9

 

 

(k) NG-based ammonia plus CCS  

Figure 9. Energy flow of each fuel pathway for main engine case including pilot fuel, MJ. 

4.2. Economic Analysis 
To calculate ship life cycle cost, annual carbon prices for each fuel type were derived 

by multiplying unit carbon price (USD/ton CO2-eq) and the annual power consumption 
of ships (kWh) by the Well-to-Wake CO2-eq emissions, as shown in Figure 10. In this fig-
ure, we can see a similar trend to that of the results derived from our LCA. NG-based 
ammonia shows the highest ship carbon price, followed by NG-based methanol, HFO, 
MGO, and LNG. 

Figure 9. Energy flow of each fuel pathway for main engine case including pilot fuel, MJ.



Sustainability 2024, 16, 2114 20 of 33

4.2. Economic Analysis

To calculate ship life cycle cost, annual carbon prices for each fuel type were derived
by multiplying unit carbon price (USD/ton CO2-eq) and the annual power consumption
of ships (kWh) by the Well-to-Wake CO2-eq emissions, as shown in Figure 10. In this
figure, we can see a similar trend to that of the results derived from our LCA. NG-based
ammonia shows the highest ship carbon price, followed by NG-based methanol, HFO,
MGO, and LNG.
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At given scenarios, annual fuel costs, including carbon price with varying years, are
illustrated in Figure 11. As can be seen, the annual cost of e-fuel follows the trend of the fuel
production cost, while fossils and fossil-based fuels, which emit large amounts of CO2-eq,
show a similar trend to carbon price. The annual costs of e-methanol and e-ammonia for the
reference ship are expected to be approximately 35.35 mUSD and 28.44 mUSD, respectively,
in 2025, and these values are expected to fall progressively, eventually achieving values of
approximately 21.86 mUSD and 19.0 mUSD, respectively, in 2050. One reason for why the
cost projection of e-methanol is higher than that of e-ammonia is that e-methanol requires
an external carbon source, specifically, in this study, direct air capture. NG-based ammonia
and NG-based methanol are cost-competitive compared to other alternative fuels between
2025 and 2030, though they exceed the cost of other fuels, including e-fuels, between
2031 and 2050. The cost of NG-based ammonia is higher than e-ammonia from 2036 and
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e-methanol from 2041. The annual cost of NG-based methanol crosses that of e-ammonia
in 2045 and the approximate cost of e-methanol in 2050. NG-based ammonia plus CCS
becomes cost-competitive over NG-based ammonia from 2031, though it shows still lower
annual costs than that of e-fuels even in 2050. The annual cost of biomass-based FT-diesel in
2025 is higher than that of NG-based ammonia and methanol and continuously decreases
to become lower than that of NG-based ammonia from 2036, that of NG-based methanol
from 2039, and that of NG-based ammonia plus CCS from 2049. Biomass-based methanol
shows similar trends to biomass-based FT-diesel. However, its cost is always lower than
biomass-based FT-diesel in overall ship lifetime and, accordingly, becomes lower than
the annual cost of HFO and MGO by 2046. In 2050, the annual fuel cost is arranged in
ascending order as follows: LNG (14.98 mUSD), biomass-based methanol (17.39 mUSD),
HFO (17.75 mUSD), MGO (17.77 mUSD), biomass-based FT-diesel (18.24 mUSD), NG-based
ammonia plus CCS (18.48 mUSD), and e-ammonia (19 mUSD).
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The ship life cycle fuel cost for each given scenario was calculated, as shown in
Figure 12. E-methanol shows the highest ship life cycle fuel cost, with 748.08 mUSD,
followed by e-ammonia at 621.71 mUSD. Fuel production cost for both fuels accounts for a
majority of the ship life cycle fuel cost, while carbon price takes a small portion. The third
and fourth higher costs were identified for NG-based ammonia and NG-based ammonia
plus CCS, respectively. In NG-based ammonia, both fuel production cost and carbon price
were high, while in NG-based ammonia plus CCS, the production cost was much higher
than the carbon price. This is because large amounts of CO2 were captured and stored in
NG-based ammonia plus CCS. Therefore, the carbon price was lowered, and the production
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cost was increased by adding CCS cost. The lowest ship life cycle fuel cost among the
alternative fuels was attained by LNG (284.54 mUSD), followed by NG-based ammonia
plus CCS with 438.72 mUSD, which is still 27.58% higher than that of HFO. NG-based
methanol was at 439.70 mUSD, followed by biomass-based methanol at 455.56 mUSD.
Although the carbon price accounts for approximately 61.8% of the ship life cycle fuel cost
of LNG, it is still cost-competitive compared with the other alternative fuels.

Sustainability 2024, 16, x FOR PEER REVIEW 24 of 36 
 

344 352

285

527 529

440 456

748

564
622

439

206 193 176

17
63

213

50 25

306

27
61

0

100

200

300

400

500

600

700

800
Sh

ip
 li

fe
 c

yc
le

 fu
el

 c
os

t [
m

U
SD

]

Fuels

 Fuel cost
 Carbon price
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described in Section 3.3.2. The NPVs of e-methanol and e-ammonia were 442.50 mUSD 
and 373.28 mUSD, respectively. For e-methanol and e-ammonia, these values are approx-
imately 2.34 and 1.97 times that of HFO, respectively, showing a similar trend with ship 
life cycle fuel cost. 

Figure 12. Ship life cycle fuel costs including carbon price.

Figure 13 represents the NPVs of ship life cycle cost, including the fuel production
cost, carbon price, and CAPEX of the ships. Annual fuel production cost and carbon price
were converted to present values and summed to CAPEX as in Equation (11). The discount
rate that we adopted was 6%, and the CAPEX of each type of ship was determined as
described in Section 3.3.2. The NPVs of e-methanol and e-ammonia were 442.50 mUSD and
373.28 mUSD, respectively. For e-methanol and e-ammonia, these values are approximately
2.34 and 1.97 times that of HFO, respectively, showing a similar trend with ship life cycle
fuel cost.

Unlike ship life cycle fuel cost, NG-based methanol is more cost-competitive than
NG-based ammonia plus CCS, as can be seen in Figure 13. This can be explained by the fact
that a large portion of the total carbon price for NG-based methanol is imposed after 2036,
which implies that a greater discount for NG-based methanol was applied. Importantly,
NG-based methanol is not a sustainable fuel from the perspective of life cycle emissions, as
analysed in the previous section.
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From the results previously derived, the life cycle cost competitiveness of ships with
alternative fuels against fossil-based fuels may not be attained in the carbon price scenario
adopted in this study. As part of the sensitivity analysis, we varied carbon price, and its
effects on the NPVs of the ships were investigated as can be seen in Figure 14. At a 30%
increase in carbon price, the NPV of NG-based ammonia exceeded the NPVs of biodiesel
and biomass-based FT-diesel but still held an NPV lower than that of e-fuels. At a 50%
increase in carbon price, the NPV of NG-based ammonia plus CCS was lower than that
of NG-based methanol. With increasing carbon prices, the NPVs of fossil-based fuels
increased more rapidly than the other fuels. At a 200% increase in carbon price, only the
NPVs of NG-based ammonia plus CCS and biomass-based methanol approximated to the
NPV of LNG, which remained the fuels with the lowest NPV.
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Figure 13. NPVs of ship life cycle costs including carbon price. 
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The annual fuel costs with varying years at a 50% increase in carbon price from the
baseline scenario are illustrated in Figure 15. The results show that the annual fuel cost of
e-methanol is lower than that of NG-based methanol from 2042 and is set to become more
cost-competitive than HFO and MGO from 2048 and 2049, respectively. E-ammonia will
become more cost-competitive than NG-based methanol from 2036 and HFO and MGO
from 2042. Eventually, these will become lower than that of LNG and NG-based ammonia
plus CCS from 2049. Another finding is that biomass-based methanol shows more cost
benefits than NG-based ammonia plus CCS from 2039. The cost of biomass-based FT-diesel
continuously descends and finally becomes lower than NG-based ammonia plus CCS
and biomass-based methanol in 2043 and 2049, respectively. The annual fuel cost in 2050
can be arranged in descending order as follows: biomass-based FT-diesel, biomass-based
methanol, e-ammonia, LNG, NG-based ammonia plus CCS, biodiesel, and e-methanol.
Summarizing the above, biomass-based methanol, biomass-based FT-diesel, and NG-based
ammonia plus CCS can act as bridge fuels before the transition to e-fuels.
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4.3. Case Study

The results in the previous sections show that the annual cost of cleaner fuel is much
higher than that of fossil-based fuel before 2035, and then it gradually becomes competitive.
This implies that fuel blending is one option that could be used to achieve both CO2-eq
emission reductions and cost competitiveness for ships to be ordered in the mid-2020s. To
investigate the effect of fuel blending in detail, the following cases were selected: a blend of
HFO and biomass-based FT-diesel, a blend of NG-based ammonia and NG-based ammonia
plus CCS, and a blend of NG-based methanol and biomass-based methanol. Using these
blended fuels gives the advantages of being able to use the existing machinery and fuel
system onboard without retrofitting during the ship’s life cycle. Further, the blending of
fuels can provide broad options for fuel selection considering carbon price and fuel cost
at any given year. E-methanol and e-ammonia were disregarded in the case study, as the
annual cost of these fuels at the baseline carbon price scenario was still much higher than
that of the other fuels.

As can be seen in Figure 16, first, we assumed the CO2-eq emission limits for the
aforementioned fuel blend cases. These limits can be considered as a direct regulation,
except for the one for carbon prices, and they reflect the requirement for a fair comparison of
the economic benefits of the fuels. The CO2-eq emission limit targets were set in a staggered
manner: 90% of CO2-eq of HFO from 2025 to 2029, 80% from 2030 to 2034, 70% from 2035
to 2039, 60% from 2040 to 2044, and 50% from 2045 to 2050, as shown in Figure 16. Then,
we built up several fuel blend ratios, meeting the CO2-eq emission limits, and selected the
fuel blend ratio with the lowest fuel cost in a ship’s life cycle.
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The objective function for the optimization which minimizes the annual fuel cost is
defined as follows:

min.annual f uel cost = min.
(

C f ,x,n • x + C f ,y,n • y
)

at (EM x,n + EMy,n

)
< emission limit (12)

x and y denote a fraction of each fuel, and the sum of x and y equals 1.
Figure 17 shows the blending ratio of each fuel set, which represents the lowest fuel

cost meeting the assumed emission limit in the case study. Fractions of NG-based ammonia
plus CCS and biomass-based methanol reach 100% from 2031 and 2036, respectively, due to
the increase in carbon price of NG-based methanol and ammonia, respectively. Figure 18
shows the amount of annual CO2-eq emission of each fuel set relative to the emission limits.

The annual fuel cost of blended methanol is higher than that of blended oil until
2035, and its cost decreases to become lower than that of the other blended oils around
2040, when 100% biomass-based methanol is used, as can be seen in Figure 19. The cost
of blended oil is lower than any other blended fuels until 2035, and the cost converges
to similar levels as the other fuels from 2035. For both methanol and ammonia, a 100%
blending ratio of NG-based ammonia plus CCS and biomass-based methanol are required
from 2031 and 2036, respectively, to meet both the lowest cost and the assumed emissions
limit. This is because carbon price sharply increases from 2031 and 2036; thus, using NG-
based ammonia plus CCS and biomass-based methanol alone rather than in combination is
more competitive from an economic point of view.
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Figure 19. Annual fuel cost of each fuel set at selected fuel blending ratios.

The NPVs of the ship life cycle costs for the blended fuels are displayed in Figure 20.
The most cost-competitive option from a life cycle perspective involves using blended oil
with a ship life cycle cost of 211.92 mUSD, which is 22.43 mUSD more than the cost of
HFO. When blended methanol and ammonia are used, the NPVs of ship life cycle cost
are approximately 235.58 mUSD and 248.9 mUSD, respectively, NPVs that are 11.17% and
17.45% higher than that in the mixed oil case, respectively. Among the three blended fuel
cases, the ammonia case has the lowest carbon price but the highest fuel production cost. If
the carbon capture ratio of NG-based ammonia plus CCS (for which a 90% capture rate is
assumed) is adjusted, the result could be different.

The results show that using blended ammonia, methanol, and oil could save 9.7, 36.99,
and 100.72 mUSD, respectively, compared to using NG-based ammonia plus CCS, biomass-
based FT-diesel, and biomass-based methanol alone. None of the fuel blend cases are more
cost-competitive than LNG from a life cycle perspective. However, note that LNG cannot
meet the CO2-eq emission limit assumed in the case study, as can be seen in Figure 18.

In order to achieve the IMO’s target of reducing total GHG emissions in the shipping
sector by 50% by 2050, an estimated cumulative investment of USD 1–1.4 trillion is required
between 2030 and 2050. In this scenario, ammonia is projected to constitute 75–99% of
the market share. Approximately 87% of this investment was allocated to alternative fuel
infrastructure, including production, onshore storage, and bunkering infrastructure [85,86].
Consequently, it is crucial to not only implement a carbon price but also reinvest the
revenue from carbon pricing as subsidies. These subsidies would be aimed at stimulating
the development of alternative fuel technologies and infrastructure, ultimately leading to a
reduction in the cost of alternative fuels.
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Figure 20. NPVs of ship life cycle cost for blended fuels.

Summarizing the results in previous sections, several insights can be given, including
the following: Firstly, LNG could be a reasonable option for ships ordered in the mid-2020s
from a economic perspective, depending on carbon price and the CO2-eq emission limit.
Second, as time goes by, e-fuels are getting more cost-competitive and environmentally
competitive; however, adopting these fuels for ships ordered in the mid-2020s is not cost
effective. Therefore, biofuels or CCS-connected fuels could be an adoptable solution.
Third, the blending of fuels, which enables ships to use existing engines, could help meet
environmental regulations and lower overall costs. Although it is not discussed in this
study, ship can be ordered as ‘ready’ ship such as LNG fuelled ship considering ammonia
ready, which can be modified to ammonia fuelled ship in the future.

5. Limitations and Assumptions

There were several limitations and assumptions in this study:

• Fuel production costs were obtained from several reliable sources. However, the
mutual influence between fuels on price was not considered.

• It is worth noting that as the upper bounds of fuel production cost were utilized, the
annual fuel costs for the ships may be over-estimated, and future studies need to
consider both lower- and upper-bound scenarios.

• A decrease in the life cycle emissions of fuels in the future with technological develop-
ments was not considered. There are a broad range of uncertainties concerning future
life cycle emissions, and therefore, the fuel life cycle emission amounts presented
herein are based on current technologies and pathways.
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• Different carbon price scenarios can result in different annual fuel costs. The variability
in carbon price is presented in the sensitivity analysis in the Section 4. However, other
carbon price scenarios should be further considered. For example, cases where the
rates of increase in carbon price are different must be considered.

• Biofuels were evaluated as the most promising and cost-effective option among several
non-fossil fuels. It is expected that the shipping sector, as well as other energy sectors,
may see a large demand for biofuels, despite the limited feedstock capacity. Price
increases resulting from excess demand were not appropriately considered.

• The emissions and fuel consumption of engines under development, such as ammonia
engines, are subject to uncertainty, so results for life cycle emissions and annual fuel
costs may vary.

6. Conclusions

The IMO’s initial GHG strategy and the EU aim at incorporating the shipping sector
into the ETS from 2024 through ‘Fit for 55’ and establishing the ‘FuelEU Maritime’ regulation
to encourage the use of low/zero-carbon fuels. Reducing greenhouse gas emissions from
ships is now a matter of survival for shipping companies. To assist shipowners in complying
with environmental regulations in a more commercially feasible manner, we evaluated
the Well-to-Wake GHG emissions of nine fuel pathways for four alternative fuels. Annual
carbon price was calculated and incorporated into ship life cycle cost. The effects of fuel
blending were investigated as part of a case study. The main conclusions of our study are
as follows:

• Our LCA results indicate that biomass-based FT-diesel, e-methanol, and e-ammonia
are the most environmentally friendly options, with GHG reductions of 92%, 88.2%,
and 86.6%, respectively, from the perspective of GHG emission per kWh of main
engine output power.

• Even though the LCA results show that biomass-based FT-diesel, e-methanol, and e-
ammonia are the most environmentally friendly options, our NPV analysis of ship life
cycle cost considering carbon price indicated that using those fuels is not cost-effective.

• In the 50% increased carbon price scenario, the annual fuel costs of ships using e-
ammonia becomes more cost-effective than that of HFO and LNG from 2042 and 2049,
respectively. In the case of e-methanol with DAC, it is more economical from 2048
compared to that of HFO but still higher than that of LNG. The NPVs of ship life cycle
cost using e-ammonia and e-methanol are still much higher than those for HFO and
LNG, even at a 200% increase in carbon price.

• A blend of HFO and biomass-based FT-diesel, a blend of NG-based ammonia and
NG-based ammonia plus CCS, a blend of NG-based methanol, and biomass-based
methanol were investigated at assumed GHG emission limits. The NPV of ship life
cycle cost analysis reflected that using blended ammonia, methanol, and oil could save
9.7, 36.99, and 100.72 mUSD, respectively, compared to using NG-based ammonia plus
CCS, biomass-based FT-diesel, and biomass-based methanol alone.

Among the several alternative fuels considered, at present, there is no readily available
fuel that can significantly reduce GHG emissions as well as meet cost competitiveness
demands. Nevertheless, in the short and mid-term, we consider bio-based fuel and NG-
based ammonia with CCS as appropriate options in this context, while in the long term,
e-methanol and e-ammonia could be alternative fuel candidates from an economic and envi-
ronmental point of view. LNG can either be a short- or mid-term option, depending on the
carbon price and emission limit. In addition, the blending of fossil-based fuels with green
fuels could be an effective option to meet both economic and environmental requirements.

In this study, we conducted comprehensive LCAs and economic analyses of different
fuels. Despite the limitations described in Section 5, the results achieved in this study could
provide shipowners with insights for selecting commercially and environmentally viable
alternative fuels. Further, the framework used in our case study could give shipowners the
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knowledge required to select fuels which satisfy ambitious environmental regulations in
the most cost-effective manner.

In a future study, we will analyse methanol and ammonia by employing a multi-
criteria decision analysis approach and considering technical, environmental, economic,
and safety aspects. Through this work, we will assist the shipping sector in transitioning to
full decarbonization.
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