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Abstract: The amendment to MARPOL Annex VI, which limits the sulfur content in
marine fuels to a maximum of 0.5 wt.%, came into effect in January 2020. This includes
reducing sulfur oxide (SOX) emissions and establishing nitrogen oxide (NOX) emission
standards (Tiers I, II, and III) based on the ship’s engine type and construction date.
Furthermore, the regulations require oil tankers to control volatile organic compound (VOC)
emissions and prohibit the installation of new equipment containing ozone-depleting
substances. After a four-year exploration phase, global shipping companies still lack
consistent evaluation criteria for the selection and use of alternative fuels, resulting in
divergence across the industry. According to the latest data, methanol can reduce NOX, SOX,
and particulate matter (PM) emissions by approximately 80%, 99%, and 95%, respectively,
compared to traditional heavy fuel oil. Furthermore, green methanol has the potential
for near-zero greenhouse gas emissions and can meet the stringent standards of Emission
Control Areas. Therefore, this study adopts a cost-benefit analysis method to evaluate
the feasibility and implementation benefits of two promising strategies: methanol dual
fuel and very low-sulfur fuel oil (VLSFO). A 6600-TEU container ship was selected as
a representative case, and the evaluation was conducted by replacing an older ship with
a newly built one. The reductions in total pollutants and CO2-equivalent emissions of the
container ship, as well as the cost-effectiveness of each specific strategy, were calculated.
This study found that, in the first five years of operation, the total incremental cost of Vessel
A, which uses 100% VLSFO, will be significantly lower than that of Vessel B, which uses
a blend of 30% e-methanol + 70% VLSFO as fuel. Furthermore, compared to a scenario
without any improvement strategies, the total incremental cost for Vessels A and B will
increase by 69.90% and 178.15%, respectively, over five years. Vessel B effectively reduced
the total greenhouse gas emission equivalent (CO2e) of CO2, CH4, and N2O by 24.72% over
five years, while Vessel A reduced the CO2e amount by 12.18%. Furthermore, the cost-
benefit ratio (CBR) based on total pollutant emission reduction is higher for Vessel A than
for Vessel B within five years of operation. However, in terms of the cost-effectiveness of
CO2e emission reduction, the CBR of Vessel A becomes lower than Vessel B after 4.7 years
of operation. Therefore, Vessel A’s strategy should be considered a short-term option
for reducing CO2e within 4.7 years, whereas the strategy of Vessel B is more suitable as
a long-term solution for more than 4.7 years.

Keywords: e-methanol; cost-effectiveness; pollutant emissions; greenhouse gases; carbon
dioxide equivalent
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1. Introduction
Over 90% of the global merchandise trade volume is transported by sea, highlighting

the crucial role of maritime shipping in international trade. However, the contribution
of ships to air pollution and climate change cannot be ignored. Maritime transport is
the most energy-efficient mode of freight transport in terms of energy consumption per
ton-kilometer (tkm) [1]. As the volume of goods transported by sea increases, the amount of
fossil fuel consumed by merchant ships rises rapidly, leading to substantial greenhouse gas
emissions. The maritime industry consumes approximately 330 million tons of marine fuel
annually [2], with the largest portion (77%) being heavy fuel oil (HFO), which is considered
a low-grade fuel. Merchant ships contribute approximately 3% to 6% of global carbon
dioxide (CO2), 14% to 31% of nitrogen oxides (NOX), and 4% to 9% of sulfur oxides (SOX)
emissions [3], indicating that ships are also a major source of environmental pollution.

In 2020, the global commercial shipping fleet grew by 3% to 99,800 vessels, reaching
a capacity of 2.13 billion deadweight tons by January 2021 [4]. With the rapid growth of
global trade, the total greenhouse gas emissions from shipping increased by 9.6% from
977 million tons in 2012 to 1076 million tons in 2018 [5]. The maritime industry accounts
for 2% to 3% of global annual greenhouse gas emissions [6]. According to the International
Maritime Organization (IMO) forecast for 2050, the amount of CO2 emissions from marine
transportation will account for 15% of global CO2 emissions [7]. In response, the IMO
adopted the Initial Strategy on the Reduction of Greenhouse Gas Emissions from Ships
(MEPC.304 (72)) in April 2018. This initial strategy defines the goals, tools, and guiding
principles for shipping decarbonization, aiming to reduce CO2 emissions intensity from
shipping activities by 40% by 2030 and 70% by 2050, compared to 2008 levels. In June
2021, the IMO’s Marine Environment Protection Committee (MEPC) adopted amendments
to Annex VI of the International Convention for the Prevention of Pollution from Ships
(MARPOL) at its 76th session (MEPC 76), requiring ships to reduce their greenhouse gas
emissions. These amendments incorporate both technical and operational approaches
to improve the energy efficiency of ships and support future greenhouse gas reduction
measures. The new content includes dual energy efficiency requirements: the Energy
Efficiency Existing Ship Index (EEXI) and the Carbon Intensity Indicator (CII), both aiming
to further reduce emissions from ship engines. Greenhouse gas emission reductions can be
achieved through various operational measures, such as improving engine efficiency, reduc-
ing hull resistance (through hull design and maintenance), limiting speed, and optimizing
voyage planning.

As a follow-up to the 2018 strategy, the 75th MEPC proposed 44 emission reduction
technologies [8] in the IMO’s 2020 Fourth Final Report on the Reduction of Greenhouse
Gas Emissions from Ships (MEPC 75/7/15) [8]. Detailed energy-saving technologies are
shown in Table 1.

In response to stricter IMO carbon regulations and the 2050 net-zero goal, the maritime
industry is exploring diverse energy-saving and alternative energy options. Biofuels are
seen as a promising choice for their renewability and potential carbon neutrality. The IEA
Bioenergy Task 39 [8] report states that although biofuels comprised only 0.5% of marine
fuels in 2024, the market is growing rapidly, driven by IMO regulations and port-level
policies. For example, the Port of Singapore bunkered 660,000 tons of B24 biofuel blend in
2024, demonstrating tangible progress in industry adoption [9].

Nuclear power, especially Small Modular Reactors (SMRs), is drawing interest as a
zero-emission option for large vessels. Mature SMRs could offer clean, long-range power,
though safety and policy issues remain [10].
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Table 1. Feasible energy-saving technologies assessed by IMO.

Energy-Saving Technologies Using Renewable Energy Using Alternative Fuels Ship Speed Reduction

• Main engine improvement
• Auxiliary systems
• Steam system improvement
• Waste heat recovery
• Propeller improvement
• Propeller maintenance
• Air lubrication
• Hull coating
• Hull maintenance
• Hydrodynamic hull

opening optimization
• Ultra-lightweight ship

• Reduce auxiliary
power demand

• Wind power
• Solar panel

• Using medium carbon
alternative fuels, such as:

1. LNG + internal combustion
engine or fuel cell

2. Methanol + internal
combustion engine

3. Ethanol + internal
combustion engine

• Speed reduction by 10%

• Using low or zero-carbon
alternative fuels, such as:

1. Hydrogen + internal
combustion engine or fuel cell

2. Ammonia + internal
combustion engine or fuel cell

3. Synthetic methane + internal
combustion engine or fuel cell

4. Biomass methane + internal
combustion engine or fuel cell

5. Synthetic methanol + internal
combustion engine

6. Biomass methanol + internal
combustion engine

7. Synthetic ethanol + internal
combustion engine

8. Biomass ethanol + internal
combustion engine

Source: Compiled by the authors based on [5].

Wave energy is also recognized as a stable marine renewable source. According to
the Pacific Northwest National Laboratory (PNNL), it can supplement power for ports or
offshore facilities and help cut carbon, with environmental impacts already assessed [11].

A simulation of a 40 m ferry in the Strait of Messina using solar panels showed that
solar power could save €500,000 vs. diesel and €400,000 vs. electric options, while cutting
emissions. The study notes that grid-powered electric ferries are not truly zero-emission,
whereas solar energy offers strong environmental and economic benefits for short-range
maritime use [12]. However, relevant studies also indicate that the application of solar
energy on large, ocean-going vessels faces significant challenges, including limited installa-
tion area, weather dependency, and insufficient energy density [13]. Existing technologies
and operational measures are not sufficient to achieve the expectations set by the IMO [14].
As energy efficiency requirements become increasingly stringent over time, most of the
existing global fleet will not be able to meet new EEXI requirements. Shipbroking firm
Simpson Spence Young released a report in 2021 that less than 25% of bulk carriers and
tankers comply with the regulations [14]. Previous research shows speed reduction leads
to reductions in carbon emissions, carbon intensity, and CII penalties, with greater reduc-
tions observed for larger ships [15]. Considering the need to reduce SOx, NOx, and CO2

emissions, alternative marine fuels have been identified as promising solutions to achieve
medium- and long-term goals [16]. Especially after the IMO’s initial strategy to reduce
greenhouse gas emissions from ships, switching to alternative fuels and energy has become
a pressing need for many shipping companies [17]. These cleaner alternative marine fuels
and energy sources include LNG, liquefied biogas (LBG), hydrogen, ammonia, methanol,
ethanol, hydrotreated vegetable oil, fuel cells, nuclear power, wind power, solar power,
electricity, etc. [18,19]. Regardless of the alternative fuel selected by shipping companies, it
should be noted that the cost of renewable fuels will be higher than current fuel prices [20].

To achieve net-zero emissions by 2050, the use of alternative fuels is considered the
fastest and most effective solution. Considering the technical feasibility and cost of current
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alternative fuels, methanol is regarded as a more suitable alternative, attracting shipowners
to invest in methanol-dual-fueled ships. However, the economic and environmental im-
pacts of methanol have not yet been evaluated objectively and fairly, and there is a lack of
conclusive evidence regarding its cost-effectiveness in the literature. Therefore, this study
aims to investigate the impacts of methanol dual-fuel vessels on cost (including OPEX
(operating expenditure costs and CAPEX (capital expenditure costs)), pollutant emission
reduction, greenhouse gas reduction, and cost-effectiveness.

The potential of cleaner alternative fuels in the maritime sector has been compre-
hensively reviewed, including maritime transport using cleaner alternative fuels [21],
two decades of clean alternative marine fuels [22], technical and legal regulations for al-
ternative marine fuels and renewable energy systems [23], safe use of ammonia fuel cells
in the maritime industry [24], decarbonization of the shipping industry [25], the poten-
tial of liquid biofuels in reducing ship emissions [26], lifecycle comparison of maritime
alternative fuels in terms of energy and cost [27], and challenges and opportunities for
marine alternative fuel propulsion [28]. The current attention has been given to IGF (The
International Code of Safety for Ships Using Gases or Other Low-flashpoint Fuels) code
revisions and STCW’s (International Convention on Standards of Training Certification
and Watchkeeping for Seafarers) maritime education and crew training aspects [29].

Alternative fuels are essential to meet regulations, with LNG as an early focus. How-
ever, LNG storage complicates ship design. Methanol, as a liquid at room temperature, is
easier to handle and safer, with simpler storage and a higher flash point, despite its lower
heating value [30]. In a study comparing various ship alternative fuels, including low-
sulfur fuel oil, LNG, batteries, methanol, hydrogen, and ammonia, Petrychenko et al. [31]
found that while low-sulfur fuel oil is expensive, it remains cheaper than liquid LNG,
and converting ships to use it is relatively simple. Using LNG, however, would require
significant modifications to fuel systems, reducing profitability. Comparatively, methanol
may be the most promising short-term alternative fuel [31]. Hydrogen, ammonia, and
methanol are promising maritime fuels. Hydrogen is zero-emission but costly and hard
to store. Ammonia is carbon-free with good energy density but needs better handling.
Methanol fits current systems, and green versions are vital for cutting emissions. However,
all remain expensive and not yet fully mature [32].

Korean researchers assessed Well-to-Wake emissions for LNG, ammonia, methanol,
and biofuels on a 75,000-dwt tanker. They found biofuels and CCS-based ammonia suitable
short- to mid-term options, while e-methanol and e-ammonia are best for the long term.
Blending green and fossil fuels may balance cost and emissions [33].

Parris et al. [29] reported that methanol offers several environmental benefits, in-
cluding a 95% reduction in CO2 emissions, an 80% reduction in NOX emissions, and
the complete elimination of SOX and PM emissions. It can also be utilized in existing
infrastructure with minimal retrofitting costs, has a global annual production capacity of
approximately 90 million tons, and benefits from an established supply chain. However,
methanol presents some limitations, including its lower energy density (approximately
23% less than conventional fuels), which necessitates more frequent refueling. Its low
ignition point and special safety measures also pose challenges. Specialized refueling
and storage facilities will need to be developed. As the demand for environmentally
sustainable shipping grows, methanol is becoming a prominent subject of research and
practical application. Despite these advantages, the global production and supply chain
for green methanol is still underdeveloped and requires rapid expansion to support its
practical application [34]. Renewable methanol (e-methanol) has a promising future, with
an estimated payback period of about three years. As environmental regulations become
more stringent, e-methanol is expected to become more competitive [30].
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Methanol is a flammable liquid that ignites easily and can explode under certain con-
ditions. Its vapor is heavier than air and may accumulate in low or enclosed areas, posing
explosion risks. External heat causes rapid vaporization, increasing danger. Methanol is
also highly toxic—small exposures can cause blindness, and ingestion can be fatal.

Avoid swallowing methanol, inhaling its vapor, or entering spill areas. It can enter the
bloodstream through the skin, so contact should be avoided. Methanol remains flammable
even when fully dissolved in water. As methanol is a chemical solvent, it is imperative
to use suitable containers for storage and transportation [30]. The physical properties of
methanol are listed in Table 2.

Table 2. Physical properties of methanol.

Property Value

Molecular Weight 32.04 g/mol
Boiling Point 64.6 ◦C (at 101.3 kPa)
Critical Temperature 512.5 K
Critical Pressure 8.084 MPa (78.5 atm)
Freezing Point −97.6 ◦C
Critical Density 0.2715 g/cm3

Critical Compressibility Factor 0.224
Closed Cup Flash Point 12 ◦C
Open Cup Flash Point 15.6 ◦C
Autoignition Temperature 470 ◦C
Specific Gravity 0.7866
Kinematic Viscosity (liquid, at 20 ◦C) 0.7915 mm2/s
Vapor Pressure (at 20 ◦C) 12.8 kPa
Surface Tension (at 20 ◦C) 22.6 mN/m
Latent Heat of Vaporization 37.43 kJ/mol
Heat of combustion (Higher Heating Value, HHV) 726.1 kJ/mol
Heat of combustion (Lower Heating Value, LHV) 638.1 kJ/mol
Coefficient of volumetric expansion (at 20 ◦C) 0.00149/◦C
Flammable limits (in the air) Lower limit 6.0 (v/v)%
Flammable limits (in the air) Upper limit 36.5 (v/v)%

Compiled by the authors based on [35].

According to the IMO’s MSC.1/Circ 1621 circular, if methanol is used as fuel, the
engine room and fuel compartment should have an approved fixed fire extinguishing
system and a fire extinguishing agent suitable for extinguishing methanol fires. Fridell
et al. [35] used a ferry sailing between Gothenburg in Sweden and Kiel in Germany as the
research target. The results indicated that using methanol as fuel and marine diesel as
pilot fuel in dual-fuel ship engines reduced exhaust gas and particulate matter emissions.
From the perspective of emissions, the pollutant emission value of methanol is generally
lower than that of traditional marine fuel oil, but the NOX emission must be treated to
meet the Tier III NOX emission requirements [35]. It is noted that, compared with HFO,
methanol could reduce the emissions of pollutants such as SOx, NOX, and PM by 99%, 60%,
and 95%, respectively. Badger et al. [8] investigated the environmental and cost-effective
performance of methanol under actual routes using lifecycle assessment.

Yin et al. [36] noted methanol’s similarity to diesel in combustion and storage, mak-
ing it adaptable to existing engines with modifications or dual-fuel systems. However,
methanol has lower energy density, requiring more fuel or frequent bunkering. Its corro-
siveness demands resistant materials. Regulatory gaps also exist, as current rules target
HFO and diesel. The EU and IMO have begun to ensure methanol’s safe use onboard. The
storage and safety aspects of methanol are listed in Table 3.
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Table 3. Storage, bunkering, handling, and safety considerations for methanol.

Storage

• Methanol must be stored at normal temperatures using inert gas (such as nitrogen) to ensure safety.
• Sufficient inert gas should be maintained while the vessel is docked to ensure safety.
• Methanol storage tanks should be equipped with emergency cooling systems to prevent leakage.

Fuel Bunkering

• A safety risk assessment and operational plan should be conducted before bunkering.
• An Emergency Shutdown System (ESD) should be installed to prevent accidents.
• Pipelines should be purged with nitrogen to ensure safety.
• Pressure should be controlled, and systems must be checked for leakage during activation.

Handling

• Pipelines should be regularly inspected for leaks, and proper ventilation must be ensured.
• A dual-fuel system must be installed to switch between methanol and other fuels.
• Appropriate safety measures must be taken during operations to prevent personnel poisoning.

Safety

• Must comply with the requirements of the International Code for Fire Safety Systems (FSS Code).
• Fire detection and extinguishing systems must be installed in methanol storage areas.
• Emergency exits must be clearly marked to facilitate prompt evacuation.

Production process

• Methanol can be produced from fossil fuels (gray methanol), biomass (biomethanol), or green
hydrogen and recycled carbon dioxide (green e-methanol).

• Gray methanol is primarily derived from natural gas or coal, which undergoes steam reforming or
gasification to produce syngas, which is then synthesized into methanol.

• Biomethanol is produced by gasifying agricultural waste or organic resources to generate syngas,
which are subsequently synthesized into methanol, offering the potential for carbon neutrality.

• E-methanol is synthesized by reacting green hydrogen (generated from renewable energy sources) with
recycled CO2 and represents the option with the lowest carbon emissions.

Compiled by the authors based on [37,38].

Green methanol offers strong carbon reduction potential but remains costly, limiting
its adoption in shipping. Blending it with low-sulfur fuel oil (VLSFO) may improve cost-
effectiveness. This study compares the economic and environmental performance of using
30% green methanol + 70% VLSFO versus 100% VLSFO, aiming to support shipowners in
reducing emissions while managing costs. A cost-benefit analysis will evaluate feasibility,
along with an assessment of technical challenges. Gore et al. [39] used the Net Present Value
(NPV) method to evaluate the cost-effectiveness of LNG, methanol, green hydrogen, and
green ammonia. Priyanto et al. [40] also applied the NPV method to assess the potential
of methanol as an alternative marine fuel for domestic shipping in Indonesia. However,
since the NPV method cannot reflect the relative effectiveness of different pollution control
measures, its practicality as an evaluation method is limited.

According to the statistic report “Number of container ships on order from H2

2022 to 2025, by vessel size and year of delivery, among the 335 container ships sched-
uled for delivery in 2024, the largest number of container ships will be those with a capacity
of 3000~7999 TEU, totaling 120 ships (approximately 36%), as shown in Figure 1.

The 5500–6500 TEU containers are suitable for various routes and can quickly adapt their
operational strategies to changes in market demand. Therefore, this study selected 6600 TEU
newbuilding A-ships (using 100% VLSFO) and B-ships (30% electric methanol + 70% VLSFO)
as the research targets to align with current practices.

Container Vessel A and Container Vessel B, both with capacities of 6600 TEU, were
selected as the most appropriate targets for this study, and the cost-benefit ratio method was
used for the assessment. Based on the study’s findings, recommendations can be provided
to the shipping industry regarding fuel use amid the global trend of energy conservation
and emission reduction, helping the stakeholders to strike a balance between emission
reduction and cost control.

While existing literature has established preliminary evaluation models for the ap-
plication of green alternative fuels, a research gap remains due to the limited systematic
exploration of multi-fuel strategy comparisons and carbon tax policy orientations. Bivariate
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sensitivity analysis was then applied to examine the critical thresholds for changes in
economic and environmental benefits. This study contributes to informing fuel transition
strategy decisions for both industry and policymakers. Its key contributions include the
inclusion, for the first time, of different methanol types and co-combustion strategies (e.g.,
VLSFO + methanol) in a cost-benefit ratio comparison and sensitivity analysis.

 

Figure 1. Number of container ships on order from H2 2022 to 2025 by vessel size and year of delivery.
Plotted by the authors based on [41].

2. Development of Marine Methanol Fuel and Its Application in Today’s
Shipping Industry

The discussion of methanol as a marine fuel can be traced back to around 20 years ago.
At that time, the shipping industry widely used HFO as the primary fuel for ships. However,
the combustion of HFO produces large amounts of sulfur oxides (SOx) and PM, which
have serious impacts on the environment and human health. In areas with dense ports and
waterways, these pollutants have significantly deteriorated air quality, and the incidence of
lung cancer and other respiratory diseases among residents has noticeably increased. This
situation prompted governments and international organizations to seek cleaner alternative
fuels to reduce the negative environmental impact of the shipping industry.

To address the environmental problems caused by the combustion of HFO, the Euro-
pean Union launched a research program in 2006 focused on methanol as a marine fuel [42].
This program aimed to assess the feasibility of methanol as a marine fuel and to develop
relevant technical and regulatory frameworks. The research covered improvements in
engine technology, the design of fuel supply and storage systems, and the development
and revision of related regulations.

Furthermore, the emissions from methanol combustion differ from those of conven-
tional fuels, necessitating corresponding adjustments to emission standards. The following
sections discuss the definition and types of methanol, methanol dual-fuel engine technology,
bunkering port facility requirements, and current applications in the maritime sector.
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2.1. Types and Advantages of Methanol as Fuel

Methanol (CH3OH), also known as methyl alcohol or “wood alcohol” due to its
historical production from the dry distillation of wood, is a colorless, transparent liquid
with a pungent odor. It has a boiling point of 64.6 ◦C and remains in a liquid state
at room temperature. As a fuel, methanol burns to form water and small amounts of
carbon dioxide and nitrogen dioxide, with almost no PM. Engines running on methanol
also burn more completely and produce almost no carbon deposits. According to the
different raw materials and production processes used, methanol can be classified into
brown, gray, blue, and green methanol. Among these, brown, gray, and blue methanol are
considered nonrenewable methanol, while green methanol is renewable. The definitions
and production routes are provided in Table 4.

Table 4. Types and production routes of methanol.

Methanol Type Production Route

Brown methanol Coal → Gasification → Syngas → Brown methanol
Gray methanol Natural gas → Reforming → Syngas → Gray methanol

Blue methanol
Blue hydrogen (from natural gas + CCS) + Renewable/Nonrenewable CO2 → Blue methanol
Green hydrogen + Nonrenewable CO2 → Blue methanol

Green methanol (biomethanol) Biomass → Gasification/Reforming → Syngas → Biomethanol
Green methanol (e-methanol) Green hydrogen + Renewable CO2 (from biomass or direct air capture) → E-methanol (e-Methanol)

Glycerol-based methanol Crude glycerol (biodiesel byproduct) + H2O → Reforming → Syngas → Methanol (via catalytic conversion
under mild conditions)

Low-carbon methanol (LCM) Natural gas + Green hydrogen + Captured CO2 → Syngas → Methanol (with reduced carbon intensity)
Waste-to-methanol Municipal solid waste or agricultural waste → Gasification → Syngas → Methanol

Source: compiled by the authors based on IRENA 2021 Report [38].

According to the International Renewable Energy Agency (IEA), E-Fuel is a fuel obtained
or synthesized from hydrogen produced by water electrolysis. Hydrogen, the core compo-
nent of E-Fuel, must be derived from a low- or zero-carbon electricity supply. In addition,
other essential elements of E-fuel must also be effectively treated or processed. Methanol
produced in this way is considered an E-fuel or E-methanol [43]. Hydrogen and e-methanol
are key to achieving EU Net Zero Emission Targets [44]. Therefore, this study utilized electro-
methanol as an alternative fuel for evaluation. The estimated production cost of e-methanol is
strongly influenced by the cost of renewable hydrogen and assumptions related to carbon
pricing. Currently, the production cost of renewable hydrogen is estimated to range from
€3 to €10 per kilogram, primarily depending on the capital cost of electrolysis equipment and
the levelized cost of renewable electricity. If large-scale deployment is realized, the cost of the
electrolysis tanks is expected to decline [44]. At present, the price of methanol derived from
electricity is estimated to be between 800 and 1500 € per ton, while the price of fossil methanol
is significantly lower, at around 350 to 500 € per ton [45].

Methanol is a colorless, water-soluble liquid with a mild alcoholic odor and has the
highest elemental hydrogen-to-carbon ratio among all liquid fuels under normal ambient
conditions. Therefore, it can serve as a key energy carrier and an alternative fuel. Like
ammonia, methanol is a low-viscosity fuel with low heating value (approximately 40% of
diesel) and flammability characteristics, which means more fuel is required to achieve the
same power output. Diesel pilot fuel is typically used to maintain stable engine operation.
Methanol can be used in both diesel and gasoline engines, and its efficiency is similar
to that of other current dual-fuel engines. Its inherently stable nature fuel allows it to
be stored at room temperature and ambient pressure, resulting in a long storage life.
This makes methanol well-suited for use as a marine fuel, given its compatibility with
existing fuel storage infrastructure. However, methanol also presents certain drawbacks.
The advantages, disadvantages, and characteristics of methanol as an alternative fuel for
maritime shipping are summarized in Table 5.
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Table 5. Advantages, disadvantages, and characteristics of methanol as a marine alternative fuel.

Advantages Disadvantages

• Environmental Performance:
Methanol combustion produces almost zero SOx emissions, and its NOX
and PM emissions are significantly lower than those of conventional fuels,
effectively meeting the environmental regulations of the IMO, and are
readily biodegradable.

• Renewability:
Methanol can be produced from biomass or renewable energy sources
(e.g., wind and solar power) and can potentially become a carbon-neutral
fuel in the future, especially with the development of biomethanol
and e-methanol.

• Easy storage and bunkering:
Methanol exists in liquid form at ambient temperature and pressure,
making it compatible with existing storage and bunkering infrastructure,
resulting in relatively low retrofitting costs.

• Economic viability:
In a high energy price environment, methanol offers a competitive Total Cost
of Ownership across various ship types, and its market competitiveness
continues to improve.

• Technological maturity:
Methanol internal combustion engine technology is well-developed, with
many ship manufacturers introducing methanol dual-fuel engines that are
now entering commercial services. Some bunkering facilities already
support methanol.

• Less toxic and biodegradable:
Methanol is completely soluble in water and biodegradable. In case of
a spill, the impact on marine life will likely be temporary and fully
reversible. Many other marine fuels, including HFO, methane, and
ammonia, are significantly more toxic to marine life than methanol.

• Expanding market:
The market for methanol as a fuel is expanding, accounting for
approximately 31% of total methanol demand in 2022.

• Lower energy density:
Methanol has a lower energy density
(15.8 GJ/m3) compared to conventional
marine fuels such as marine diesel oil
(36.6 GJ/m3), requiring larger storage
tanks that may reduce cargo
carrying capacity.

• Production cost:
While methanol production costs are
decreasing, current renewable methanol
(such as biomethanol and e-methanol)
remains more expensive than conventional
fuels, which may impact market adoption.

• Reliance on infrastructure modifications:
Although methanol is compatible with
existing infrastructure, it requires some
modifications, which could involve
additional upfront costs and time.

• Safety Considerations:
Methanol has a low flash point, making it
easy for fuel to accumulate near the
ground and not dissipate in enclosed,
unventilated spaces. It is flammable and
toxic, requiring specialized training for
crew to manage methanol spills and
fire hazards.

• Methanol competes not only with
existing fuels, such as diesel and
gasoline, but also with alternative
low-emission fuels like hydrogen,
biofuels, and LPG.

• Methanol faces competition from
existing emissions reduction
technologies, including selective
catalytic reduction, scrubbers, filters,
and exhaust gas recirculation systems.

Source: compiled by the authors based on IRENA 2021 Report [38].

As shown in Table 4, the International Renewable Energy Agency categorizes hy-
drogen types based on the technology and methods used. Hydrogen generated through
electricity generated from renewable energy sources is referred to as green hydrogen. Green
hydrogen is low-carbon hydrogen and the only form considered renewable. Hydrogen
produced from fossil fuels with greenhouse gas mitigation measures—such as the use of
carbon capture equipment—is classified as blue hydrogen. Although blue hydrogen is
low-carbon, it is considered nonrenewable due to its fossil fuel origin. In contrast, hydro-
gen produced from fossil fuels without emission reduction measures is considered brown
hydrogen or gray hydrogen, both of which are high-carbon and nonrenewable. There-
fore, methanol produced from green hydrogen and renewable CO2 is called e-methanol.
Currently, biomethanol—methanol derived from biomass—is the most economical renew-
able methanol option, supported by the wide availability of biomass resources. However,
biomass availability may not be sufficient to meet future global methanol demand. There-
fore, e-methanol produced directly from carbon dioxide and hydrogen holds great potential,
as it is not constrained by feedstock limitations like biomass.
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2.2. Methanol Dual-Fuel Engine Technology

Internal combustion engines convert the chemical energy of fuel into mechanical en-
ergy through fuel combustion. In addition to the basic properties of the fuel, the combustion
compatibility of the fuel is crucial for high engine efficiency and low emissions. There are
three main ignition methods for internal combustion engines: compression ignition (ci),
spark ignition (si), and homogenous charge compression ignition (hcci). In addition to
these three main combustion strategies, three other intermediate combustion strategies are
suitable for methanol combustion in diesel engines: dual-fuel combustion, direct injection
spark ignition, reactivity-controlled compression ignition, and partially premixed com-
bustion (PPC) [46]. Among these, the dual-fuel combustion strategy is more suitable for
methanol fuel. This method uses two different fuels: diesel (with a higher cetane number
and a lower octane number as the pilot fuel) and methanol (high-octane fuel) as the main
fuel. Methanol can be injected into the intake manifold port or directly into the cylinder.
Then, diesel is injected into the methanol-air mixture in the cylinder, which is compressed
and ignited. The dual-fuel combustion strategy is characterized by the fact that the amount
of pilot fuel used to ignite the methanol-air mixture can be as low as 1–2% of the total fuel.
The ignition timing is determined by the diesel injection timing, while the methanol-air
mixture is burned through flame propagation, similar to an SI engine. In practical applica-
tions, the main engine manufacturer, MAN Energy Solutions, provides methanol dual-fuel
engines, which have been successfully operated on several ships. The dual-fuel engine
launched by Wärtsilä uses methanol and offers high efficiency and low emissions.

2.3. Facility Requirements for Methanol Bunkering Ports

As a sustainable alternative fuel, methanol has gained attention due to its environ-
mental benefits and lower emission levels. However, despite its many advantages, the
promotion and application of methanol as a marine alternative fuel still face several chal-
lenges, particularly in the construction and operation of bunkering ports. First, methanol
storage and transportation require specialized equipment and technologies. As a low
flash point fuel, methanol storage facilities must meet higher safety standards, including
stringent fire and leak prevention measures. This requires port operators to make costly
infrastructure upgrades or new construction to safely store and supply methanol.

Only a few ports worldwide, such as Rotterdam, Gothenburg, Zhoushan, and Ulsan,
offer methanol bunkering services [47]. This limited supply network restricts the opera-
tional range of methanol-fueled ships, reducing the incentive for shipowners on nonfixed
routes to switch to methanol fuel. The supply chain of methanol is also a challenge. The
production and distribution of methanol require reliable raw materials and manufacturing
facilities. Although methanol can be produced from various feedstocks, including natural
gas and renewable resources, global methanol production and distribution networks are
not yet fully established, which affects its popularity as a marine fuel. Confronted with
these challenges, some ports have taken action. For instance, the Port of Rotterdam not
only provides methanol bunkering but is also actively expanding its sustainable fuel sup-
ply capacity, including investing in the construction of new green methanol production
facilities [48]. These efforts demonstrate the commitment of some leading ports to promote
methanol as a ship fuel and their leadership in the field of sustainable shipping.

As methanol is in a liquid state at room temperature, the main methods of ship
refueling with liquid fuel have been experimentally proven to apply to methanol refueling.
The following are the current methanol refueling modes [49]:

• Truck-to-Ship (TTS): Using road tankers to refuel methanol from trucks to ships
• Ship-to-Ship (STS): Methanol is transported to the receiving vessel by another

methanol vessel or barge moored at the wharf
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• Port-to-ship (PTS): Using pipelines or hoses to connect onshore storage tanks to ships
for methanol refueling

• Portable tanks: Transporting methanol in portable tanks and refueling from the tanks
to the ship

Among these, truck-to-ship is the most common bunkering method. Most large
vessels are bunkered through ship-to-ship, as demonstrated by the methanol ship-to-ship
bunkering trial conducted in Rotterdam in May 2021. For wharf-to-ship bunkering, special
attention must be given to the compatibility of pipeline size and delivery pressure with ship
equipment, while portable tanks are used for bunkering small quantities of methanol [49].

2.4. Application of Methanol in the Current Maritime Sector

Currently, LNG and methanol are two alternative fuels that the shipping industry
is experimenting with to meet the greenhouse gas emission requirements of the IMO. In
terms of storage, methanol fuel is easier to manage, requires less storage space, and incurs
lower costs. Additionally, it produces less carbon dioxide, generally resulting in lower
costs than other fuels [50]. However, the carbon dioxide emissions from methanol vary
depending on how it is produced and transported. Brown methanol, derived from fossil
fuels, emits more carbon dioxide over its life cycle than diesel, making green methanol the
preferred option for decarbonization. Since the molecular structure is the same for gray,
brown, blue, or green methanol, blending methanol types offers a practical pathway for
transitioning from conventional to renewable marine fuels. The adoption of low-carbon and
carbon-neutral fuels poses greater challenges for long-haul and medium-haul ships than
for smaller vessels. Fuels with lower energy content than marine diesel oil (MDO), such as
LNG and methanol, require the redesign of ship engines. LNG fuel requires approximately
three to four times the space of MDO, while methanol fuel requires about twice as much.

Global research and development on methanol fuel are actively progressing. Com-
pared with LNG, methanol has lower CO2 emissions [50]. Moreover, using LNG as a marine
alternative fuel presents issues such as methane leakage, prompting an increasing number
of shipping companies to choose methanol as their primary alternative fuel [30]. When
evaluating alternative fuels, it is essential to consider their CO2 emissions throughout the
entire life cycle, as lifecycle assessment is a key factor in evaluating fuel sources under
the Well-to-Wheel approach. The Maersk Group has stated that it “will not use LNG as
a marine fuel because of the problem of methane slip” [51]. Instead, they favor methanol
as their preferred choice. In recent years, there has been an increase in new ship orders
for methanol-fueled vessels, particularly in the container shipping sector. Maersk has
ordered 19 methanol dual-fuel container ships, COSCO Shipping has ordered 12 methanol
dual-fuel container ships, and CMA CGM has also ordered six methanol dual-fuel container
ships According to the latest data from DNV’s Alternative Fuels Insight platform, 20%
of newbuilding ship orders in the past 12 months were for ships that can use alternative
fuels, with methanol accounting for approximately 9%, LNG for 8%, and LPG for 3%. In
March 2024, COSCO Shipping Heavy Industry Co., Ltd. officially signed a contract for the
methanol dual-fuel retrofitting of two 13,800 TEU and two 20,000 TEU existing container
ships—marking the world’s first dual-fuel retrofitting project involving MAN main engines
and WÄRTSILÄ auxiliary engines [52].

However, while gray methanol produced from natural gas is readily available,
its CO2 emissions over the life cycle are not significantly reduced. In contrast, blue
methanol—produced using blue hydrogen and carbon capture and storage (CCS)—can
significantly reduce CO2 emissions. Nevertheless, the current supply of blue and green
methanol remains limited, with less than 500,000 tons available in 2022 and relatively
higher production costs [53]. Currently, methanol is more expensive than diesel, and its
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adoption depends on the type of methanol used, its price, and the proportion of energy it
provides. Although methanol fuel costs are slightly higher, they should be evaluated within
the context of the current regulatory environment. Ships that fail to meet the CII and EEXI
targets will be prohibited from continuing operations. Therefore, the additional cost of such
alternative fuels must be weighed against current fossil fuel prices, the cost of building new,
more efficient ships, and the potential financial losses from forced decommissioning. When
derived from fossil fuels, methanol offers limited carbon reduction potential as a marine
fuel. In contrast, green methanol faces challenges such as water-dissociating costs and
resistance to its widespread adoption. Whether methanol will become the optimal fuel for
carbon neutrality remains uncertain. Nevertheless, methanol will certainly provide greater
environmental benefits. Once its safety is well understood and the regulatory environment
is fully developed, replacing traditional marine fuel with methanol fuel will become a key
strategy for transforming and upgrading the shipping industry.

2.5. Future Development Trends of Methanol

The biggest challenge in producing methanol from carbon dioxide and hydrogen lies
in cost, particularly due to the energy-intensive process of obtaining hydrogen through
electrolysis. Therefore, reducing electricity costs and the cost of carbon dioxide acquisition
represents the most important challenge. According to statistics from Methanol Market
Services Asia, the use of methanol has been increasing annually, and it is widely used in
chemical raw materials and fuels. With the promotion of policies to reduce greenhouse gas
emissions, carbon-containing methanol—traditionally produced from fossil fuels such as
natural gas—is gradually shifting toward production through biomass or other more envi-
ronmentally friendly methods. GENA Solutions Oy (GENA) pointed out that the current
production of renewable methanol is still low, with an estimated output of 500,000 tons in
2022. Currently, renewable methanol is mainly biomethanol, but with policy support and
technological advancements, its production is expected to reach 19.7 million tons by 2029,
and the production of e-methanol will also increase significantly [54]. Meanwhile, a report
in September 2024 indicated that among the 192 renewable and low-carbon methanol
plants and projects globally, 105 were e-methanol plants and projects (accounting for 53%),
with a total production capacity of 17.0 tons, 73 were biomethanol plants and projects
(accounting for 38%), with a total production capacity of 12.3 tons, and 14 were low-carbon
methanol plants and projects (accounting for 9%), with a total production capacity of
8.1 tons [54].

For investment in the entire industrial chain, including the development of related
technologies, infrastructure construction, and deployment, a certain scale must be reached
to achieve benefits. Methanol can be used in ship engines and as an important chemical
product. Currently, gray and blue methanol dominate the market, and green methanol is
expected to replace them in the future [38].

While electro-methanol presents a low-carbon and environmentally promising alterna-
tive fuel, its practical implementation encounters several key challenges. Firstly, methanol’s
low flash point (approximately 12 ◦C), high volatility, and toxicity necessitate specialized
designs and stringent operation, storage, and fire suppression management protocols. For
instance, methanol fires are difficult to extinguish with water and can reignite even after
appearing to be extinguished. Therefore, alcohol-compatible foam extinguishing agents
must be used and continuously applied [45].

Furthermore, methanol is absorbed through the skin and is toxic to humans. Oper-
ators require professional training to prevent skin contact or vapor inhalation. Through
MSC.1/Circ.1621, the IMO has established safety equipment and infrastructure require-
ments for ships using methanol fuel, including fixed fire extinguishing systems and ventila-
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tion monitoring. Moreover, given the low energy density of e-methanol (approximately
15.8 GJ per cubic meter, significantly lower than diesel’s 36.6 GJ), a greater fuel volume is
required to achieve the same voyage range. This may reduce container loading capacity and
increase refueling frequency, placing a greater burden on infrastructure [31]. In conclusion,
while methanol can utilize existing storage and transportation infrastructure, modifications
to the fuel system are still necessary, along with enhanced material corrosion resistance and
adjustments to the main engine design to accommodate its combustion properties [30,31].

2.6. Test Ship Specifications

Container ships are typically operated on fixed schedules with high operational
frequency. This makes them ideal candidates for evaluating the benefits and feasibility of
dual-fuel systems. Compared to the other two major ship types (bulk carriers and tankers),
container ships provide more stable data and performance indicators for analyzing fuel
efficiency and emission reductions. Using them as a case study for dual-fuel ships can
serve as a demonstration for the entire shipping industry. Successful cases can encourage
more ships to consider switching to dual-fuel or other environmentally friendly options.
Meanwhile, although only 20% of global ships are engaged in ocean shipping, they account
for 80% of fuel demand [55].

Among the 335 container ships expected to be delivered in 2024, container ships with
3000~7999 TEU account for the largest proportion, about 36% [41]. Therefore, this study
intends to take a 6600 TEU container ship (referred to as Ship M in this article), operated
by one of the world’s top 10 container shipping companies and sailing on the transpacific
route between the United States and the West, as the research object. The advantages and
disadvantages, implementation difficulties, and challenges of the dual-fuel engine strategy
will be comprehensively evaluated. Moreover, the cost-effectiveness values of various
feasible strategies are calculated and compared to provide shipping companies with a basis
for decision-making and adoption. The container ship sails on the US West Coast route.
Each voyage is 42 days, and there are eight voyages a year. The main engine’s nominal
power is 70,020 PS (51,485 kW) at 90.8 rpm. The detailed specifications of the ship are
displayed in Table 6.

Table 6. Particulars of container vessel M.

Built year 2011
Total capacity 6600 TEU
MCR (Maximum continuous rating) 77,880 PS × 94 rpm
NCR (Normal continuous rating) 70,020 PS (51,485 kW) × 90.8 rpm
Main Engine Type MAN B & W 10K98MC MARK6
Fuel oil consumption rate 91.0 ± 5% (g/kWh)
Loading corresponding to 85% MCR * 66198 PS × 94 rpm
Route Pacific North West Coast Loop
Days per Voyage 42 days
Voyages per Year 8
Full-Speed Sailing Time 6500 (hours/year)
Fuel Oil Tank Capacity 7879.54 (m3)

* Corresponding to the indicated fuel oil consumption rate.

The US West Coast route of Vessel M in this study starts from Qingdao port in China,
proceeds eastward through the ports of Ningbo and Shanghai, passes Busan in South Korea,
continues to Prince Rupert port in Canada and Tacoma port in the USA, and then returns
to Qingdao. The average voyage distance is approximately 11,504 nautical miles, as shown
in Table 7.
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Table 7. Distances between calling ports of vessel M (NM).

Calling Port
Distance Between Ports Qingdao Ningbo Shanghai Busan Prince Rupert Tacoma Vancouver Busan Kwangyang

456 433 136 482 4252 537 126 4985 97

3. Cost-Effectiveness Calculation Method
The voyage of ships on international routes can be divided into three parts: first, from

the wharf of the starting port to the open sea; then, full-speed sailing in the open sea; and
finally, from the open sea to the destination port. In the second stage, the full-speed sailing
stage, the ship’s main engine usually runs at a fixed economic speed, and the speed is not
adjusted unless there is an emergency. Therefore, the ship uses dual fuel at this stage.

As container ships mainly rely on regular shipping routes as their biggest advantage,
using any alternative fuel should not reduce their output horsepower or affect their speed.
Ocean-going container ships originally used high-sulfur fuel oil (HSFO). To comply with
IMO policies to reduce ship pollutant emissions and use low-sulfur fuel, increasing the
methanol content in diesel from 10% to 30% significantly reduces NO, CO, and HC emis-
sions by 65%, 68%, and 56% [56,57]. Therefore, this study explored two feasible strategies:
using 100% very low-sulfur fuel oil (VLSFO) and 30% E-methanol + 70% VLSFO blended
fuel co-firing. As shown in Table 8.

Table 8. Feasible strategies to be explored in this study.

Type of Strategies Year of Built Ship Size (TEU) Shipping Route VLSFO Fuel
Consumption (%)

E-Methanol
Consumption (%)

Vessel A Newbuilding ship 6600 US West Coast route 100% 0%
Vessel B Newbuilding ship 6600 US West Coast route 70% 30%

However, since it is necessary to compare the cost-effectiveness of 100% VLSFO and
30% E-methanol + 70% VLSFO co-firing, the total amount of fuel replaced by alternative
fuels with different heating values also differs. According to the 2022 Guidelines on the
Method of Calculation of the Attained Energy Efficiency Design Index (EEDI) for New
Ships [58], the heating values of commonly used marine fuels and conversion factors are
presented in Table 9.

Table 9. Heating value and conversion factor of common marine fuels.

Fuel Type Lower Heating
Value (MJ/kg) Carbon Content Emission Factor

(t-CO2/t-Fuel) Compliance Standard

Diesel/Gas Oil 42.7 0.874 3.206 ISO 8217 Grades DMX through DMB [59]
VLSFO 40.5 0.859 3.151 ISO 8217 Grades RMA through RMD [59]

HFO 40.2 0.849 3.114 ISO 8217 Grades RME through RMK [59]
Methanol 19.99 0.375 1.375 -

As shown in Table 9, the carbon emission factor of methanol is only 43.6% of that of
VLSFO, indicating the lowest carbon emission potential. However, its heating value is also
the lowest, at only half that of VLSFO. Therefore, although methanol has a low carbon
content—leading to its low heating value—more methanol needs to be consumed to obtain
the same energy, which may result in no significant reduction in total carbon emissions
while increasing the volume required for its fuel storage tanks.

3.1. Definition and Estimation of Total Incremental Cost Items

The definition of “cost” is “the economic value of resources consumed in the produc-
tion and sale of a certain type and quantity of products, measured in monetary terms” [60].
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Therefore, this study refers to the expenses required to implement a certain coping strategy.
There are four commonly used cost calculation methods: (1) levelized cost of energy (LCOE),
(2) total system costing, (3) activity-based costing (ABC), and (4) incremental costing.

In the last method, only the increased cost is calculated after the implementation of
the pollution control strategy. It is mainly used to compare the cost differences between
different pollution control strategies, allowing decision-makers to choose a more suitable
control strategy under varying conditions.

The incremental cost calculation method is suitable for short-term decision-making. It
can quickly assess the cost impact of new or changed plans, and the calculation is relatively
simple and easy to understand. It mainly evaluates the cost differences between different
pollution control measures. Therefore, this study adopted “incremental costing” [61] to
estimate and compare the increased costs required for implementing different coping
strategies. The calculation methods for total incremental cost, pollutant emission reduction,
and cost-effectiveness ratio of annual sailing operations are explained in this section.

Factors influencing shipping companies’ choice of methanol as a marine fuel include
equipment costs for retrofitting or newly building dual-fuel diesel engines, price differences
between VLSFO, methanol, and HSFO, fuel or methanol consumption required for ship
navigation, and cargo space loss caused by installing methanol fuel tanks. Fuel consump-
tion depends on factors such as the performance of the ship’s main engine, ship size, main
engine type, full-speed sailing time and distance, and climate. Because the cost items for
implementing the two strategies differ slightly, they are divided into two major categories:
CAPEX and OPEX. The total cost is obtained by adding CAPEX and OPEX. The CAPEX
and OPEX cost items of Vessels A and B are listed in Table 10.

Table 10. Cost items for implementing Vessel A and Vessel B.

Cost Items
Strategy

100%VLSFO 30% E-Methanol + 70% VLSFO

OPEX

• Fuel price difference between very
low-sulfur fuel oil and high-sulfur
fuel oil

• Fuel additive
• Bunker adjustment factor

• Fuel price difference between very low-sulfur fuel oil and green
(bio and e-methanol) compared to high-sulfur fuel oil

• Opportunity cost due to loss of cabin space for larger methanol
fuel tank equipment

• IGF crew training cost and approximately 3% higher salary
• Due to the complexity of the dual-fuel system, the operating

cost of a methanol fuel engine is approximately 2% higher than
that of conventional fuel

• Dual-fuel engine equipment maintenance cost increased by 7%
• Bunker adjustment factor

CAPEX • Newbuilding cost • Building cost is approximately 11% higher than that of
a dedicated diesel engine [58]

Source: Compiled by the author based on [55,61,62].

3.1.1. Calculation Method of the Total Incremental Cost of Using a 100% VLSFO Strategy

The total incremental cost of the VLSFO strategy includes two major items, CAPEX
and OPEX, as shown in Equation (1):

(Total incremental cost)VLSFO = CAPEXVLSFO + OPEXVLSFO (1)

In this equation, the price per TEU required to build a new container ship decreases
as the size of the container ship increases [63]. This study examined a 6600-TEU container
ship; therefore, the cost per TEU is calculated at 13,912.16 USD [63]. The OPEXVLSFO

calculation method is shown in Equation (2), which includes the cost difference between
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very low-sulfur fuel oil (VLSFO) and high-sulfur fuel oil (HSFO), fuel additive costs, and
VLSFO surcharges. Since the VLSFO strategy involves replacing HSFO with VLSFO, the
resulting fuel cost increase represents the incremental cost.

OPEXVLSFO = d + e − f (2)

where d = Cost of very low-sulfur fuel oil (USD/year) − Cost of high-sulfur fuel oil
(USD/year), e = Fuel additive cost, f = Very low-sulfur fuel oil surcharge revenue (USD/year).

In the above equation, the price of VLSFO fluctuates with international crude oil prices
and marine fuel prices. Thus, shipping companies typically forecast future oil prices based
on reliable maritime consulting information. Accordingly, this study adopted oil price
forecasts provided by the International Monetary Fund and the US Energy Information
Administration for evaluation [64]. Additionally, according to the Ship & Bunker website,
the price of VLSFO is approximately 23% higher than that of crude oil per ton [65]; Based
on this, the study estimated the VLSFO price from 2024 to 2028 using the annual prices
of HSFO and VLSFO (USD/ton) over the five years following the implementation of the
coping strategy, as shown in Table 11.

Table 11. VLSFO, HFO, and Methanol Price Forecast 2024–2028 (Unit: USD/Ton).

2024 2025 2026 2027 2028

HFO 493.98 518.24 543.03 565.59 591.95
VLSFO 678.12 711.42 745.45 776.43 812.61
e-methanol 1700.00 1484.00 1268.00 1050.00 836.00

Source: Compiled by the author based on [64,65].

In Equation (2), the yearly fuel cost (USD/year) of using VLSFO for a round-trip
voyage on the North American route by Vessel A is calculated using Equation (3):

d = g × h × i × j × 10−6 (3)

where g = Fuel consumption rate (g/kWh), h = Very low-sulfur fuel oil price (USD/ton),
i = Full-speed sailing time (hour/year), j = Main engine output power (kW).

In addition, the cost of item e in Equation (2), fuel additives, arises because VLSFO
significantly reduces the sulfur content in the fuel to decrease SOx emissions in exhaust
gases. However, sulfur also plays a lubricating role in the moving parts of engines. There-
fore, the sulfur content of the fuel is reduced from 3.5 wt.% to 0.5 wt.%, it is necessary to
address the problem of insufficient lubricity of VLSFO for the moving metal parts of the
main engine, resulting in wear and tear of the cylinder liner and leakage loss. The use
of lubricity additives is an effective way to mitigate this problem. For example, adding
3% biodiesel to fuel can improve the lubrication performance of metal parts compared
to HSFO [66,67]. Therefore, this study used biodiesel as the cost of low-sulfur fuel oil
additives. According to the April 2024 report by the Alternative Fuels Data Center (US
Department of Energy), the price of biodiesel is 4.57 USD/gallon, which is approximately
1207.3 USD/ton [68]. However, with the gradual maturation and advancement of biodiesel
production technology, its price is expected to decrease annually. This study assumed that
the price of biodiesel will decrease by 5% annually.

In Equation (2), the low-sulfur fuel surcharge (LSS) refers to an additional charge
on maritime transport costs. Because the use of VLSFO increases transportation costs,
shipping companies charge shippers (or cargo owners) an additional fee in addition to
the shipping fee. This fee varies from company to company and is calculated differently
depending on the shipping route. Generally speaking, it varies according to the port of
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export and the size of the container, ranging from 13 to 42 USD/TEU. This study used
the Shanghai Containerized Freight Index (SFCI) to calculate freight rates. The shipping
quotations already include LSS, so no additional calculations were made.

3.1.2. Calculation Method of Total Incremental Cost Using the Strategy of
30% E-Methanol + 70% VLSFO

Vessel B adopted the methanol dual-fuel vessel strategy, and one of the important
factors affecting the attractiveness of this strategy to shipping companies is the price differ-
ence between VLSFO and e-methanol. The calculation formula for the total incremental
cost of this strategy is shown in Equation (4):

(Total incremental cost)DF = OPEXDF + CAPEXDF (4)

In the above equation, the subscript DF represents the strategy of Vessel B using 30%
e-methanol + 70% VLSFO as the dual fuel. According to a study conducted by the Maersk
Mc-Kinney Møller Center for Zero Carbon Shipping in 2022, CAPEXDF indicates that building a
new dual-fuel vessel will incur 11% more capital expenditure than a dedicated diesel vessel [62].
Therefore, multiplying the amount of CAPEXVLSFO in Equation (1) by 111% gives CAPEXDF.

According to Table 10, the OPEX of Strategy DF includes the fuel prices of VLSFO
and e-methanol, the lost cabin space cost of arranging methanol fuel tank equipment, IGF
crew training costs and crew salaries, the increased fuel price difference for methanol fuel
consumption, and increased maintenance costs.

According to a 2023 report by the Methanol Institute, methanol production capacity
is expected to increase fivefold to 500 million tons globally by 2050, of which 80% will
be carbon-neutral e-methanol and biomethanol [54]. Therefore, this study focused on
carbon-neutral e-methanol as the primary methanol fuel. The price of e-methanol was
based on a 2024 report by Arthur D. Little, one of the world’s oldest and leading manage-
ment consulting firms, which stated that the current price of e-methanol is approximately
1700 USD/ton and is expected to drop to 900~1200 USD/ton by 2027 [69]. This study em-
ployed interpolation to calculate the estimated price of e-methanol from 2024 to 2028. Due
to the lower heating value of methanol, approximately 2.4 tons of methanol are required to
produce the same heating value as 1 ton of VLSFO. Therefore, this study used the same
power output as Vessel A as the baseline to avoid delays caused by reduced power and
adjusted the required tonnage of methanol accordingly.

The calculation method of OPEXDF is shown in Equation (5):

OPEXDF = tt + uu + vv + ww + xx + yy (5)

tt = Fuel price of methanol dual-fuel vessel—Fuel price of high-sulfur fuel oil
uu = DF equipment maintenance cost
vv = Lost cabin space cost for additional methanol fuel tank equipment volume required,
ww = Crew salary premium cost for operating dual-fuel equipment
xx = Premium of about 2% higher operating cost of methanol fuel engine than conventional
fuel due to the complexity of the dual-fuel system
yy = Bunker adjustment factor

In the above equation, the fuel price difference required for Vessel B to use DF for round-
trip voyages between Asia and America within one year is calculated using Equation (6):

tt = [(g × i × j × 10−6 × 0.3 × 2.4 × r) + (g × i × j × 10−6 × 0.7 × h)] − High-sulfur fuel costs (USD/year) (6)

r = Methanol fuel price (USD/ton).
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Additionally, the calculation methods for other operating costs in Equation (5) are
explained as follows:

1. DF equipment maintenance cost: Dual-fuel engines have more components than
single-fuel engines, which may increase maintenance costs by up to 7% [54].

2. Cargo space loss cost due to DF equipment installation: The volume of methanol fuel
storage tanks is approximately 2.4 times that of fuel oil tanks [54]. As shown in Table 6,
the fuel oil tank of Vessel M is 980.43 m3. Therefore, the cargo space loss of Vessel B
equipped with the DF fuel tank is estimated to be approximately 18 TEU. According
to the SFCI [70], the average container freight rates on the US West Coast route (Route
of China-Europe Service Loop) from 2009 to 2023 are shown in Figure 2. The outbreak
of COVID-19 in 2020, global port congestion in 2021, and the Russia–Ukraine war
from early 2022 to the present have caused an abnormal rise in container freight rates.
Therefore, in this study, after excluding the freight rates from 2020 to 2022, the average
annual container freight rate on the US route in the most recent five years is used as
the freight rate for Vessel B from the first to the fifth year after the dual-fuel engine is
put into operation, to estimate the freight loss caused by the occupation of container
berths by methanol storage tanks due to the adoption of DF fuel by Vessel B.

Figure 2. Twenty-foot container shipping price in 2009–2023 through the US West Coast route. Source:
Compiled by the authors from [70].

As shown in Figure 2, the container freight rate is based on a single trip (Asia–US West
Coast). Each voyage consists of two round trips. Therefore, the cargo hold loss cost must
be multiplied by 2, as shown in Equation (7):

vv = 18 × δ × pp × 2 × 0.3 (7)

where vv = annual cargo hold cost loss after installing methanol storage tank equipment
(USD/year). δ = unit container freight rate (USD/TEU), pp = number of voyages/years,
multiplied by 0.3 in Equation (7), because Vessel B uses 30% green methanol.

3. Crew salary cost premium for operating DF engine equipment: Due to the relatively
high safety requirements for the bunkering, storage, and use of green methanol fuel,
in addition to the necessary and sufficient basic safety training, the crew of DF fuel-
powered ships must also undergo IGF Code professional special training. This is
to meet the new requirements introduced by technological changes and to reduce
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casualties and safety accidents caused by human factors. Therefore, the crew salary of
DF-fueled ships is estimated to be 7% higher than that of ordinary merchant ships [54].
Based on the author’s years of service experience as a chief officer on large container
vessels, crew salaries vary depending on factors such as rank, ship route, and seniority.
The supply and demand in the crew labor market and the nationality of the crew
members also influence salary levels. Therefore, this study adopted the International
Seafarer Salary Table published by the Shanghai Shipping Exchange on 30 July 2024,
as the basis for calculation [71]. A minimum configuration of 16 personnel for general
merchant ships was assumed. The calculation of the crew salary cost premium is
shown in Equation (8):

Crew salary cost premium for operating DF equipment (USD/month) = (Captain and Chief Engineer total 2 persons

× 10,000 USD/person-month + Chief Officer and Second Engineer total 2 persons × 6000 USD/person-month

+ Second Officer and Third Engineer total 4 persons × 5000 USD/month + Class C crew total 8 persons

× 3000 USD/person-month) × Salary premium rate (7%) × 12 months

(8)

4. Premium cost of increased fuel consumption for methanol fuel: Vessel B used a 70%
VLSFO + 30% green methanol dual-fuel engine. According to the test results of
19 dual-fuel methanol two-stroke engines with reliable operating hours exceeding
145,000 h, collected by Waterfront Shipping Canada, if methanol is used as one of
the fuels in a dual-fuel engine, the operating cost of the methanol fuel engine is
about 2% higher than that of traditional fuel due to the more complex dual-fuel
system [54]. Therefore, this study used 2% as the fuel consumption premium for
methanol dual-fuel ships.

5. Bunker adjustment factor: Since the DF ship used 30% e-methanol + 70% VLSFO as
fuel, the bunker adjustment factor was estimated at 70% of the VLSFO usage.

3.2. Calculation Method of Pollutant Emission

This study investigated the emission reduction of various pollutants caused by
two container ships, Vessel A and Vessel B, using two different fuels: neat VLSFO and
methanol + VLSFO dual fuel, in response to the low-sulfur fuel oil regulation in IMO’s
MARPOL Protocol. The greenhouse gas emissions regulated by the IMO mainly include
the following gases: carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and
fluorinated gases (including HFCs, PFCs, and SF6). According to data from the Interna-
tional Energy Agency and IMO, CO2 is the primary greenhouse gas emitted by the global
shipping industry, whereas fluorinated gases, despite having a very high global warming
potential, have very low emissions.

Furthermore, CO2 is not the only greenhouse gas emitted during combustion. De-
pending on the raw materials and fuel use methods, methane (CH4) and nitrous oxide
(N2O) may also be emitted. Therefore, considering the 100-year global warming potential
(GWP100), the impact of different greenhouse gases is normalized and expressed in grams
of carbon dioxide equivalent (CO2e) to enable a unified comparison of the relative global
warming impact of different gases. According to previous studies, the global warming
potentials of CO2, CH4, and N2O are 1:25:298 [72]. Therefore, this study utilized this ratio
to convert the greenhouse gas pollutants emitted by Vessels A and B into CO2e to calculate
the pollution abatement for cost-effectiveness analysis.

According to the data, the Well-To-Tank (WTT) carbon footprint of e-methanol primar-
ily depends on the sources of renewable electricity and carbon used in the production of e-
methanol [44,45]. When both renewable hydrogen and CO2 are produced from zero-carbon
sources like wind power and DAC (Direct Air Capture), the WTT carbon emissions can be
reduced to below 1.0–1.8 kg CO2e/kg methanol. This figure is significantly lower than that
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of conventional methanol produced from natural gas or coal (which can reach 2.6–3.2 kg
CO2e/kg), demonstrating the substantial carbon reduction potential of electro-methanol
across its entire lifecycle.

The annual emission of a certain pollutant from burning HSFO is estimated using
Equation (9):

Annual emission of a certain pollutant (tons/year) = HSFO emission coefficient (g/kWh)
× Ship main engine horsepower (kW) × Full-speed sailing time (hour/year) × 10−6 (9)

The emission coefficient in the above formula represents the emission amount (g) of
different pollutants per unit horsepower (kW) and operating hours (hour) of the diesel
main engine. The value varies with the use of different fuels, such as HSFO, VLSFO, and
methanol. Table 12 shows the emission coefficients of different pollutants for HSFO, VLSFO,
and methanol.

Table 12. Comparison of emission coefficients (g/kWh) of different pollutants emitted from the
combustion of HSFO, VLSFO, and e-methanol.

Fuel Type CO2 CH4 N2O SOx NOx

HSFO (containing 2.5 wt.% S) 607 0.010 0.030 10.29 14.40
VLSFO (containing 0.5 wt.% S) 533 0.005 0.027 0.51 13.54

e-Methanol 283.27 0.0061 0 0.0072 2.7606

Source: compiled by the author based on [73,74].

In Equation (9), the full-speed sailing time is 6500 h/year, and the ship’s main engine
horsepower is 51,485 kW. Using Vessels A and B, the pollutant emissions of ships can
be reduced, so the annual reduction (tons/year) of a certain pollutant emission can be
calculated using Equation (10):

Pollutant emission reduction (tons/year) = Annual pollutant emission using HSFO fuel (tons/year)
− [VLSFO emission coefficients (g/kWh) × Ship main engine horsepower (kW)
× Full-speed sailing time (hour/year) × 10−6]

(10)

The above equation calculates the annual emission (tons/year) of a certain pollutant
using HSFO fuel (Equation (9)). To calculate the pollutant emission reduction of Vessel
B, the VLSFO emission factor (g/kWh) in Equation (10) is replaced with the emission
coefficients (g/kWh) of 30% methanol + 70% VLSFO co-firing.

The total pollutant emission reduction and the total pollutant emission reduction rate over
5 years when switching to different fuels are expressed by Equations (11) and (12), respectively:

Total pollutant emission reduction in five years = Total pollutant emission in five years using HSFO
− Total pollutant emission in five years after using a certain alternative fuel

(11)

Five-year total pollutant emission reduction rate (%) = Total pollutant emission reduction in five years
after using a certain alternative fuel/Total pollutant emission in five years using HSFO × 100%

(12)

As engine operating hours increase, the emission coefficients of various pollutants
will gradually increase. This is because the engine’s exhaust gas after-treatment system will
gradually deteriorate with increasing operating hours, and the increasing wear and tear of
the engine’s reciprocating components will also increase pollutant emission factors. The
degradation rate of each pollutant differs. When predicting and estimating the pollutant
emissions over the next 5 years, it is necessary to consider the situation in which the emis-
sion coefficient gradually increases as the exhaust gas after-treatment system deteriorates
annually. This study used the California port ship emission deterioration factor [72] to
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correct the emission coefficients of various pollutants for Vessel A and Vessel B over the
next five years, as shown in Table 13, and calculated the emission amount of each pollutant
in the next five years, as shown in Equation (13).

Annual emission of a certain pollutant (tons/year) = [1 + (Engine deterioration factor) Serviceyears]
× First-year emission coefficient (g/kWh) × Ship main engine horsepower (kW)
× Full-speed sailing time (hour/year) × 10−6 tons/g

(13)

Table 13. Deterioration factors of various emissions from marine engines. Unit: %/year.

SOx NOx CH 4 PM CO2

1.023 1.021 1.044 1.067 1.025
Source: Compiled by the authors based on [75].

3.3. Cost-Benefit Analysis (CBA) Method

CBA is a decision-making method that identifies multiple solutions to achieve
a specific strategic goal, calculates the additional costs and potential benefits of each so-
lution, and finally compares the cost-effectiveness ratios and other evaluation outcomes
of these solutions. The goal is to find the best decision that maximizes the benefits at the
lowest cost. This study used CBA to compare the cost-effectiveness values of Vessel A and
Vessel B to determine which fuel is more operationally advantageous for Vessel A and
Vessel B in container ship operations on the US West Coast route.

The benefit defined in this study is either the total emission reduction of greenhouse
gas pollutants or CO2e tons/year after fuel replacement. The formula for calculating the
Cost-Benefit Ratio (CBR) of implementing a certain strategy is as follows (Equation (14)):

CBR (Cost-Benefit Ratio) = Total emissions reduction of pollutants or
CO2e (tons)/Total incremental cost required (kUSD)

(14)

This study evaluated and compared fuel strategies with competitive advantages based
on emission reduction of total pollutants or CO2e (tons) and total incremental cost. A higher
CBR indicates that the fuel used has higher cost-effectiveness, meaning that this type of
fuel has a larger total pollutant emission reduction under the same total incremental cost
expenditure, making it more suitable as a priority promotion strategy.

3.4. Sensitivity Analysis

A review of the literature on cost-benefit analysis reveals that a wide range of costs and
benefits are included in the evaluation of different response strategies, and the estimation
methods used for the same items may also vary. Since different strategies cover different
areas, the availability of information is often limited by time, budget, and feasibility. In
addition, due to the characteristics of the maritime industry, it is often more difficult to
collect and obtain data than land and air transport, making these differences unavoidable.
Therefore, the uncertainty of the cost-benefit analysis can only be reduced by identifying
the objectives and contents of the strategy, incorporating the relevant costs and benefits
as far as possible, and examining the impacts of the relevant parameters with sensitivity
analyses. Therefore, in this case, assumptions were set for a number of parameters in the
cost-benefit analysis. In this study, a two-factor sensitivity analysis was conducted for
the key parameters: changes in international oil prices and pollutant emission reductions,
to examine the impacts of changes in the context on the results of the analyses through
changes in the values of the parameters. The results of the analyses are shown in Table 14.
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Table 14. Sensitivity analysis of average international crude oil prices and vessel A’s pollutant
emission reduction.

CBR
Average International Crude Oil Price (USD/ton)

530 551 570 590 610 630 650 670

Average reduction
in pollutant

emissions (tons)

24,800 1.76 1.73 1.71 1.68 1.66 1.64 1.62 1.60
25,100 1.78 1.75 1.73 1.70 1.68 1.66 1.64 1.61
25,400 1.80 1.77 1.75 1.72 1.70 1.68 1.66 1.63
25,700 1.82 1.79 1.77 1.74 1.72 1.70 1.68 1.65
26,000 1.84 1.81 1.79 1.77 1.74 1.72 1.70 1.67
26,300 1.86 1.84 1.81 1.79 1.76 1.74 1.71 1.69
26,600 1.88 1.86 1.83 1.81 1.78 1.76 1.73 1.71
26,900 1.91 1.88 1.85 1.83 1.80 1.78 1.75 1.73
27,200 1.93 1.90 1.87 1.85 1.82 1.80 1.77 1.75
27,500 1.95 1.92 1.89 1.87 1.84 1.82 1.79 1.77
27,700 1.97 1.94 1.91 1.89 1.86 1.84 1.81 1.79

The results of the sensitivity analysis are shown in Table 13, where the benefit-cost
ratio of the Vessel A strategy with 100% VLSFO is higher when the average international
crude oil price is lower or when the average pollutant emission reductions are higher.
Vessel B shows the same trend, as it uses 70% VLSFO.

When analyzing the sensitivity of the new building cost and the price of methanol
to the effect of pollutant emission reduction, the other OPEX variables were averaged to
emphasize the sensitivity of this parameter to the effect of pollutant emission reduction.
The results are shown in Tables 15 and 16:

Table 15. Sensitivity analysis of shipbuilding price to pollution emission reduction for vessel B.

CBR
Shipbuilding Price Amortization Average (kUSD)

17,000 16,846 16,000 15,000 14,000 13,000 12,000 11,000 10,000

Average reduction
in pollutant

emissions (tons)

50,000 0.83 0.84 0.85 0.86 0.88 0.89 0.91 0.93 0.95
50,995 0.85 0.85 0.87 0.88 0.90 0.91 0.93 0.95 0.96
51,000 0.85 0.85 0.87 0.88 0.90 0.91 0.93 0.95 0.96
52,000 0.87 0.87 0.88 0.90 0.91 0.93 0.95 0.96 0.98
53,000 0.88 0.89 0.90 0.92 0.93 0.95 0.97 0.98 1.00
54,000 0.90 0.90 0.92 0.93 0.95 0.97 0.98 1.00 1.02
55,000 0.92 0.92 0.93 0.95 0.97 0.98 1.00 1.02 1.04
56,000 0.93 0.94 0.95 0.97 0.98 1.00 1.02 1.04 1.06
57,000 0.95 0.95 0.97 0.98 1.00 1.02 1.04 1.06 1.08

Table 16. Sensitivity analysis of e-methanol prices to pollution emission reductions from vessel B.

CBR
Average Price of E-Methanol (USD/ton)

4500 4100 4080 3700 3300 2900 2500 2100 1700

Average reduction
in pollutant

emissions (tons)

50,000 0.90 0.97 0.97 1.04 1.13 1.23 1.35 1.49 1.68
50,995 0.92 0.99 0.99 1.06 1.15 1.25 1.37 1.52 1.71
51,000 0.92 0.99 0.99 1.06 1.15 1.25 1.37 1.52 1.71
52,000 0.94 1.00 1.01 1.08 1.17 1.28 1.40 1.55 1.74
53,000 0.96 1.02 1.03 1.10 1.19 1.30 1.43 1.58 1.78
54,000 0.97 1.04 1.05 1.12 1.22 1.32 1.45 1.61 1.81
55,000 0.99 1.06 1.07 1.14 1.24 1.35 1.48 1.64 1.84
56,000 1.01 1.08 1.09 1.16 1.26 1.37 1.51 1.67 1.88
57,000 1.03 1.10 1.11 1.19 1.28 1.40 1.54 1.70 1.91

The results of the sensitivity analysis between the cost of ship construction and the
reduction in pollution emissions are presented in Table 15. As the ship construction cost
increases or the average pollutant emission reduction decreases, Vessel B may even have
a CBR of less than 1 (gray area).
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Table 16 shows that the CBR increases significantly as the methanol price (USD/ton)
decreases. When the average price of methanol is higher or the average emission reduction
is lower, Vessel B may even have a CBR of less than 1 (gray block).

4. Results and Discussion
4.1. Comparison of Total Incremental Costs for Different Strategies

The total incremental cost of Vessel A is calculated according to Equation (1). Addi-
tionally, since this study aims to explore the cost-effectiveness of different fuels over the
next five years, the sum-of-the-years’-digits method [76] was used to amortize the CAPEX
of Vessels A and B to calculate the annual CAPEX. The calculation results for the various
incremental costs from year 1 to year 5 are presented in Table 17.

As shown in Table 17, the total incremental cost of Vessel A over the five years is
73,658 kUSD. If the fuel is not replaced and HSFO continues to be used, the total fuel
cost per year can be calculated using Equation (3), with the five-year total amounting
to 82,612 kUSD. Additionally, if the old ship continues in operation, its construction
cost amortization will be calculated based on the price of a newly built ship during the
6th to 10th years, resulting in a five-year total of 22,763 kUSD. Therefore, if no strategy is
used, the total five-year cost will be 105,375 kUSD. A comparison of the two strategies
shows that building Vessel A with a diesel engine and using 100% VLSFO as fuel in the
next five years (2024–2028) would result in a 69.9% increase in total expenditures compared
to building a new ship but continuing to use HSFO.

The total incremental cost of Vessel B is calculated according to Equation (4), with
the cargo space loss cost determined using Equation (7). Vessel B occupies 18 TEU berths
after the installation of the methanol storage tank. The average freight rate of each berth
(USD/TEU) is based on the data in Figure 2. In addition, Vessel B completes one voyage for
approximately 42 days, making 8 voyages per year, allowing for the deduction of the annual
cargo space loss cost. Other OPEX components include fuel price difference between low-
sulfur fuel oil and biomethanol compared to HSFO, lost cabin space cost for methanol fuel
tank installation, IGF crew training and salary costs, a premium of approximately 2% higher
operating cost for methanol fuel engines compared to conventional fuel, a 7% increase in
maintenance costs for dual-fuel engine equipment due to its greater complexity [30], and
bunker adjustment factors. After calculating each incremental cost, the total incremental
cost of operating Vessel B for each year is summarized in Table 18.

As shown in Table 18, the largest incremental costs for Vessel B are associated with
the construction of methanol dual-fuel engine equipment, the premium for dual-fuel ships,
and fuel premium costs. However, as the years of operation increase, the premium cost
of new ship construction decreases annually, and the price of e-methanol is expected to
decrease over time due to advancements in manufacturing technologies. Consequently, the
price difference between HSFOs is projected to decrease. As a result, the total incremental
cost of Vessel B exhibited a gradual downward trend starting from the first year. This trend
is attributed to the progressive reduction in the total annual cost driven by the anticipated
decline in e-methanol prices.

The estimated total incremental cost of adopting Vessel B over the next five years is
187,728 kUSD. Based on the comparison in Tables 17 and 18, if Vessel B with a methanol
dual-fuel engine is selected to replace the old ship, and 70% VLSFO + 30% e-methanol is
used as ship fuel in the next 5 years (2024–2028), the total cost will increase by 178.15%
compared to continuing with the conventional strategy.
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Table 17. Incremental costs of vessel A.

Year of Operation
Commencement

Very Low-Sulfur
Fuel Oil Price

(USD/ton)

High-Sulfur Fuel
Oil Price (USD/ton)

High-Sulfur Fuel
Oil Cost

(kUSD/year)

Amortization of Old
Ship Construction
Cost (kUSD/year)

Price Difference
Between Very

Low-Sulfur and
High-Sulfur Fuel
Oil (kUSD/year)

Fuel Additive Cost
(kUSD/year)

Newbuilt Ship Cost
Amortization
(kUSD/year)

Total Incremental
Cost (kUSD/year)

First-year 678.12 493.98 15,043 7588 5607 1138 15,176 14,333
Second year 711.2 518.24 15,782 6070 5883 1081 13,659 14,553
Third year 745.45 543.03 16,537 4553 6164 1024 12,141 14,776

Fourth year 776.43 565.59 17,224 3035 6420 967 10,517 14,869
Fifth year 812.61 591.95 18,026 1517 6720 910 9014 15,127

Total for five years - - 82,612 22,763 - - 73,658

Table 18. Total incremental cost of vessel B. Unit: kUSD.

Year of Operation
Commencement

Fuel Premium of 70%
Low-Sulfur Fuel Oil +

30% E-Methanol
Based on High-Sulfur

Fuel Oil

Lost Cabin Space Cost
for Methanol Fuel
Tank Equipment

Arrangement

IGF Crew
Training Cost and
Salary Premium

Methanol Fuel
Engine Operating

Cost Premium

Methanol Dual-Fuel
Engine Equipment
Maintenance Cost

Depreciation of Old
Ship Construction
Cost (kUSD/year)

Depreciation of
New Ship

Construction Cost

Total Incremental
Cost

First year 36,687 239 27 413 52 7588 16,846 46,676
Second year 32,876 241 27 433 54 6070 15,161 42,722
Third year 28,030 235 27 454 55 4553 13,476 37,724

Fourth year 23,141 359 27 472 57 3035 11,792 32,813
Fifth year 18,339 284 27 494 59 1517 10,107 27,793

Total for five years - - 22,763 187,728
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The incremental cost of Vessel A over five years primarily results from the premium of
VLSFO and HSFO, while Vessel B incurs additional costs for constructing dual-fuel ships
and paying the premium cost for e-methanol. Therefore, the total incremental cost of Vessel
B is substantially higher than that of Vessel A. Specifically, the total incremental cost of
Vessel A increased by 69.9% over five years.

4.2. Comparison of Pollutant Emission Reduction for Different Strategies

Pollutant emission reduction associated with different strategies is a critical component
of cost-benefit analysis. This section presents the results following the implementation
of various strategies. The pollutant emission reduction for Vessel A using 100% VLSFO
was calculated using Equation (10). Given that the main engine power of the ship under
consideration is 51,485 kW and the full-speed sailing time is 6500 h/year, the results of the
emission reduction for Vessel A in the first year are presented in Table 19.

Table 19. Pollutant emission reduction of vessel A in the first year.

Pollutant HSFO Emission
Coefficient (g/kWh)

VLSFO Emission
Coefficient (g/kWh)

HSFO
Emission (tons)

VLSFO
Emission (tons)

Pollutant
Emission

Reduction (tons)

Total Pollutant
Emission

Reduction (tons)

CO2 607 533 203,134 178,378 24,764 29,163
CH4 0.010 0.005 3 2 1
N2O 0.030 0.027 10 9 1
SOx 10.29 0.051 3444 171 3273
NOX 14.40 13.54 5656 4531 1124

Table 19 shows that the first-year emission reductions of CO2, SOx, and NOX after
switching from HSFO to VLSFO are 24,764 tons, 3273 tons, and 1124 tons, respectively,
with emission reduction rates of 12.2%, 95.0%, and 19.9%, respectively. VLSFO significantly
reduces SOx emissions compared to HSFO, making it a commonly used emission reduction
strategy in current practice.

The pollutant emission reduction of Vessel B using 70% VLSFO + 30% e-methanol is
calculated using Equation (10), and the results of Vessel B’s first-year emission reduction
are shown in Table 20.

Table 20. Pollutant emission reduction of vessel B in the first year.

Pollutant HSFO Emission
Coefficient (g/kWh)

VLSFO Emission
Coefficient (g/kWh)

E-Methanol
Emission

Coefficient (g/kWh)

HSFO
Emission (tons)

70% Very Low-
Sulfur Fuel Oil +
30% E-Methanol
Emission (ton)

Pollutant
Emission

Reduction (tons)

Total Pollutant
Emission

Reduction (tons)

CO2 607 533 283.275 203,134 153,299 49,835 55,372
CH4 0.010 0.005 0 3 1 2
N2O 0.030 0.027 0 10 6 4
SOx 10.29 0.051 0.0072 3444 120 3324
NOX 14.40 13.54 2.7606 5656 3449 2207

From Table 20, Vessel B is effective in reducing the emissions of pollutants such as
SOx, NOx, CO2, and CH4, lowering emissions by 3324 tons, 2207 tons, 49,835 tons, and
2 tons, respectively, with reduction rates of 96.51%, 39.02%, 24.53%, and 63.60%. The
emission reductions for CO2 and NOx under the Vessel B strategy are 2 times and 1.8 times
greater, respectively, compared to those emissions under Vessel A, which uses 100% VLSFO.
The emission reduction effects result from functional degradation over time, leading to
a yearly decrease in the emission reduction of these pollutants. The degradation rate of each
pollutant varies slightly; therefore, when estimating pollutant emissions, it is necessary
to first determine the annual pollutant emission coefficient after degradation. Thus, the
emission reduction of each pollutant for Vessels A and B decreases each year, as shown in
Table 21.
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Table 21. Total pollutant emission reduction of Vessel A and Vessel B in the next 5 years. Unit: tons.

Strategy Implementation Year

First Year Second Year Third Year Fourth Year Fifth Year
Total Pollutant

Emission Reduction
Within Five Years

Vessel A 29,163 30,317 31,082 31,868 32,673 155,107
Vessel B 55,372 57,196 58,630 60,100 61,607 292,906

Table 21 shows that the total pollutant emission reduction for Vessel B in the fifth
year is 28,934 tons greater than that of Vessel A. Using the total pollutant emissions from
operating with HSFO for five years as the baseline (i.e., a total of 1117,568 tons), the
total pollutant emission reduction of DF ships using 30% green methanol over the 5-year
implementation period is significantly higher than that of Vessel A using neat 100% VLSFO.
The total pollutant emission reductions for Vessels B and A reached 26.21% and 13.88% of
the baseline, respectively.

Currently, international carbon pricing methods are based on carbon dioxide equiva-
lent CO2e [77]. Based on the operating characteristics of the shipping industry, the IMO
currently includes only CO2, CH4, and N2O as the three greenhouse gases subject to regula-
tion. In previous studies, the global warming potentials of CO2, CH4, and N2O are 1:25:298,
respectively. Therefore, this study converted the pollutants from Vessels A and B into CO2e
according to their warming potential ratio. The changes in total emissions, total pollutant
emission reductions, and emission reduction ratios for the three pollutants regulated by
IMO are presented in Table 22.

Table 22. Total greenhouse gas emission reduction equivalent (CO2e) and total greenhouse gas
emission reduction rate (%) of Vessel A and Vessel B in five years.

IMO Regulation on
Ship Emissions

Total Greenhouse Gas
Emission Equivalent
(CO2e) in Five Years

Total Greenhouse Gas
Emission Reduction
Equivalent (CO2e) in

Five Years

Total Greenhouse Gas
Emission Reduction

Rate (%) in Five Years

HSFO 1083,155 -- --
VLSFO 951,271 131,884 12.18

30% e-methanol DF 815,378 267,777 24.72

As shown in Table 22, Vessel B effectively reduced the total equivalent emissions
of CO2, CH4, and N2O (i.e., CO2e by 24.72%) over five years, while Vessel A achieved
a 12.18% reduction in CO2e. Therefore, to reduce greenhouse gas emissions, ships using
100% VLSFO can only achieve half of that of dual-fuel ships using 30% e-methanol. This
demonstrates the potential of methanol as an alternative marine fuel for reducing air
pollutants and greenhouse gas emissions, a result consistent with [34].

4.3. Comparison of CBR

CBR refers to the benefit of pollutant emission reduction relative to the incremen-
tal cost that shipping companies incur when adopting a specific mitigation strategy, as
defined in Equation (14). A higher CBR represents a strategy that is more suitable for
priority adoption.

In the first year of replacing old ships with newly built ships using different fuels,
Vessel B’s CBR value is lower than that of Vessel A. However, the difference between the
two CBR values gradually narrows. As the equipment cost for Vessel B’s newly built ship
decreases year by year, Figure 3 shows that by the fifth year of using different fuels, Vessel
B’s CBR value has approached that of Vessel A’s. This indicates that, in terms of total



J. Mar. Sci. Eng. 2025, 13, 973 27 of 34

pollutant emission reduction, Vessel A’s CBR remains higher than that of Vessel B in the
first five years of the strategy, although the gap decreases over time.

Figure 3. Cost-benefit ratios (CBR) based on the benefit of total pollutant emission reduction for
vessel A and vessel B.

To further understand the impact of international carbon emission regulations and
carbon pricing standards on shipping companies’ strategic choices, the three greenhouse
gases currently regulated by the IMO—CO2, CH4, and N2O—were converted into CO2e
using a weighting of 1:25:298, and the CBR is shown in Figure 4. After 4.7 years of using
different fuels, the trend reversed; that is, the CBR value of Vessel B became higher than
that of Vessel A, and the gap in the CBR value widened each year. By the fifth year, the
difference in the CBR values between the two strategies reached 0.08, as shown in Figure 4.

Figure 4. Cost-benefit ratio (CBR) based on the benefit of CO2e emission reduction for vessel A and
vessel B.

In terms of cost-effectiveness, if shipping companies choose to build new ships with
dedicated diesel engines to replace existing old ships (Vessel A plan) and use VLSFO as
an alternative fuel, the cost-effectiveness in the first 4.7 years is higher, which means that
under the same total incremental cost, the benefit of pollutant emission reduction is greater.
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Thus, using VLSFO in the first 4.7 years has an advantage in implementation. However, the
Vessel B plan, which builds methanol dual-fuel engines to replace existing old ships and
uses 30% e-methanol co-firing, has a higher CBR than the former. It is speculated that this
may be due to the decreasing price of e-methanol as its production matures, and at the same
time, the initial investment in new shipbuilding-related expenses is amortized over time,
resulting in a decline in its total incremental cost. In addition, methanol fuel significantly
reduces ship pollutant emissions, resulting in a rapid increase in its cost-effectiveness
value. This study presents a comparative analysis of Vessel A (using 100% VLSFO) and
Vessel B (using 30% electro-methanol + 70% VLSFO). Despite Vessel B’s significantly higher
total incremental costs in the first five years—primarily due to the higher price of electro-
methanol, increased capital expenditure (CAPEX) for dual-fuel engine equipment, and
cargo loss resulting from fuel tank space requirements—its carbon reduction performance
is markedly superior to Vessel A. This aligns with the IMO’s policy objective of achieving
net-zero emissions by 2050, suggesting that methanol is a viable option in long-term fleet
fuel transition strategies.

From an economic standpoint, Vessel A exhibits a superior CBR initially, making it
a more suitable option for shipping companies prioritizing short-term cost management.
However, the analysis also reveals that the CBR crossover point occurs after 4.7 years,
indicating that Vessel B achieves a lower cost per ton of carbon reduction thereafter, thus
becoming more appealing to long-term operators. This aligns with the overall trend
assessment regarding the long-term economic potential and emission-reduction capabilities
of alternative fuels, including methanol.

Therefore, this study infers that methanol dual-fuel ships are more suitable for replac-
ing HSFO as a marine alternative fuel and are suitable as a medium-to-long-term strategy
to comply with the IMO’s VLSFO regulations while using VLSFO as fuel is more suitable
as a short-term strategy.

Concurrently, this study incorporated sensitivity analysis to examine the influence of
key parameter variations on the cost-benefit outcomes. The results indicate that ship con-
struction costs and e-methanol prices are the most sensitive variables for the Vessel B strat-
egy. When shipbuilding costs decrease or the e-methanol price falls from USD 4500/ton
to USD 1700/ton, the CBR improves substantially, reaching a maximum of 1.91, which is
demonstrably superior to the conventional VLSFO strategy. Regarding emission reduction,
Vessel B can reduce CO2e emissions by up to 24.72% within five years, twice that of Vessel
A, highlighting its superior long-term environmental benefits. Despite existing price and
supply challenges, green methanol is increasingly being adopted and tested by major
shipping companies such as Maersk and COSCO, indicating a concurrent increase in its
technological maturity and industry acceptance.

Moreover, previous studies suggested that while LNG benefits from a mature market
and higher energy density, its low-temperature storage requirements and methane slip
issues lead to less consistent greenhouse gas emission control compared to methanol and
also result in significant infrastructure retrofit costs. In comparison, methanol exhibits
superior storage properties as a liquid at room temperature and poses lower operational
risks, rendering it particularly suitable for retrofitting existing main engines and facilitating
port fuel conversion, thus indicating higher technical and economic feasibility. Although
ammonia presents potential as a zero-carbon fuel, previous assessments indicate that its
toxicity and ignition control issues remain unresolved, hindering its commercialization.
Conversely, methanol (particularly Green methanol and Biomethanol) has seen practical
application in various container ship types and widespread adoption by shipping compa-
nies such as Maersk, CMA CGM, and COSCO, demonstrating its technical and operational
feasibility and potential for broader implementation.
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Regarding economic benefits, it is inferred that methanol offers advantages over emerg-
ing fuels like hydrogen and ammonia, with a shorter cost recovery period (approximately
3–6 years) and easier integration with existing infrastructure. Furthermore, methanol
provides a more favorable balance between lifecycle carbon emissions and energy den-
sity compared to purely electric or hydrogen fuel systems, aiding in compliance with
regulations such as EEXI and CII. This study also highlights the practical advantages of
methanol over LNG and hydrogen fuel. For instance, methanol can be stored at ambient
temperature and pressure, eliminating the need for cryogenic or high-pressure equipment.
This simplifies bunkering operations and reduces port infrastructure modification costs,
thereby enhancing its adoption potential.

However, the widespread adoption of methanol faces challenges, including an insuf-
ficient supply of green methanol, safety concerns related to its toxicity and flammability,
and an underdeveloped global bunkering infrastructure. In the future, policy incentives,
infrastructure investment, and international cooperation should be actively pursued to
overcome these bottlenecks and promote methanol as a mainstream alternative fuel.

5. Conclusions
The IMO revised its strategy in 2023, aiming for international shipping to achieve

net-zero greenhouse gas emissions by 2050 or sooner. To meet these targets, shipping
companies must retrofit existing ships or invest in new builds, necessitating a thorough
evaluation of alternative fuel technologies and development trends. Among the promising
options, green methanol dual-fuel vessels have gained attention, with increasing orders
reflecting their potential.

Given the long renewal cycles of shipping fleets, transitioning to alternative fuels
has become a crucial strategy. Fuel selection depends on factors such as availability, cost,
technological maturity, and compatibility with existing infrastructure. This study employed
a Cost-Benefit Analysis (CBA) method in a case study of a 6600 TEU container ship to
evaluate the CAPEX, OPEX, and total incremental costs associated with various strategies,
highlighting their relative cost-effectiveness.

The findings indicate that while both VLSFO and e-methanol dual-fuel strategies
face uncertainties related to fuel price fluctuations, e-methanol dual-fuel strategies require
significantly higher initial investments. Over five years, the total incremental costs for
VLSFO and e-methanol strategies increased by 69.9% and 178.15%, respectively, compared
to the cumulative overall costs of a vessel using HSFO without any strategy. For companies
operating older fleets or without plans for new builds, continuing with low-sulfur fuel oil
is a more practical choice.

From an environmental perspective, methanol dual-fuel vessels demonstrate supe-
rior pollution abatement compared to VLSFO strategies. While SOx emission reductions
are comparable, e-methanol dual-fuel vessels achieve significantly greater reductions in
CO2 and NOX emissions—approximately two and 1.8 times higher, respectively. This
underscores their effectiveness in mitigating pollutant emissions.

In terms of cost-effectiveness, the study identified a pivotal shift in favor of methanol
dual-fuel strategies around the fifth year of operation, with CBR increasingly favoring this
approach over time. When greenhouse gas emissions are converted to CO2-equivalents,
the turning point advances to 4.7 years, further highlighting methanol’s advantages for
sustainable development.

This study further explored the impact of key cost and benefit parameters–such as
international crude oil prices, pollution emission reduction, shipbuilding costs, and e-
methanol prices–on the CBR through bivariate sensitivity analysis. The results indicate that,
for both conventional ships (Vessel A) and dual-fuel ships (Vessel B), the CBR increases
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significantly with greater pollution reduction or lower crude oil/methanol prices. Particu-
larly in the Vessel B scenario, the CBR can exceed 1.7 when shipbuilding costs decrease to
USD 10,000,000 or the e-methanol price falls to USD 1700/ton, indicating significant cost-
effectiveness potential. Conversely, if fuel prices are high or pollution reduction is limited,
the CBR may fall below 1, indicating financial infeasibility. This analysis demonstrates that
the economic viability of Vessel B is highly dependent on policy incentives, technological
advancements, and the extent of environmental benefits realized. It also highlights the
need for cost-support mechanisms to accompany alternative fuel promotion policies to
enhance investment incentives.

The analytical model developed in this study can be adapted to a wide range of
fleet and route conditions, providing valuable guidance to maritime fleet managers and
shipowners in optimizing sustainable investment decisions in the context of green shipping.
This study used a 6600 TEU container ship operating on a fixed route as a case study. While
possessing practical representativeness, the results may be limited in their applicability due
to variations in ship type, route, or operational model. Secondly, several parameters (such
as fuel prices, carbon prices, and shipbuilding costs) are estimated based on literature and
industry forecasts. Actual market volatility may impact the accuracy of the cost-benefit
analysis. Furthermore, greenhouse gas emission reduction data are primarily derived from
theoretical coefficients and publicly available reports. The absence of empirical data from
actual shipboard testing suggests potential for enhanced precision.

Future research should expand the analysis to include various ship types and routes,
incorporating empirical data and policy scenario simulations to enhance the generalizability
and practical relevance of the findings. Further investigation is warranted into the specific
impact of methanol fuel application in ships on the performance metrics of various carbon
reduction indicators (e.g., EEXI, EEDI, and CII) promoted by the IMO. Given methanol’s
relatively low carbon content and efficient combustion, increasing its utilization rate could
allow ships to achieve improved carbon intensity ratings, thereby mitigating operational
risks and regulatory burdens. Furthermore, simulations can be extended to encompass
various routes, ship types, and operational models to analyze the contribution of methanol
fuel to energy-saving design and operational efficiency.

Concurrently, with the ongoing expansion of carbon taxes (such as the EU ETS) and car-
bon border adjustment mechanisms (CBAM) to include the maritime sector, future research
should also examine the sensitivity of fuel selection to fluctuations in carbon prices. This
includes evaluating the cost-effectiveness and payback period of methanol fuel under vary-
ing carbon tax scenarios, providing a practical basis for decision-making, and facilitating
the development of a more comprehensive and adaptable ship fuel transition strategy.
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