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A B S T R A C T

In the pursuit of sustainable solutions to reduce carbon emissions, the maritime industry is increasingly
focusing on transitioning from fossil fuels to alternative fuels. Methanol offers significant environmental
benefits, including Well-to-Wake greenhouse gas emission reductions of 95% with synthetic methanol and
89% with green methanol. Gray methanol can increase emissions by 20% compared to marine diesel oil.
Methanol reduces sulfur oxides by 99%, nitrogen oxides by 60%, and particulate matter by 95%. However, its
lower energy density requires 75% larger storage volumes to maintain comparable ranges. This study explores
retrofitting a 60-meter yacht for methanol propulsion, addressing structural, spatial, and safety challenges
associated with converting existing vessels into more environmentally sustainable ships. Key innovations
include compact cofferdams, reduced from 800 𝑚𝑚 to 100 𝑚𝑚, and corrugated bulkheads, improving tank
efficiency from 0.32 to 0.83 while preserving safety. A Finite Element Model validated the structural integrity
of these solutions, confirming their ability to withstand operational stresses while meeting stringent safety
standards. Methanol propulsion provides a 23% range reduction compared to diesel, a trade-off balanced by
its environmental advantages. This work highlights the interplay between structural modifications, onboard
capacity enhancements, and alternative fuels in maritime decarbonization, contributing to more sustainable
and responsible yacht transportation.
1. Introduction

Climate change and environmental protection are some of the most
debated issues for the future. One significant problem is air pollution
caused by greenhouse gas (GHG) emissions. Human activities have
caused a global temperature rise of 1 ◦C since the beginning of the
industrial era, with a per-decade increase of 0.2 ◦C. To avoid reaching
a 2 ◦C increase over the pre-industrial era, reducing greenhouse gas
emissions through clean energy production is the challenge of the
millennium and can deeply impact our lifestyle (IMO, 2020). With
a fleet almost entirely powered by fossil fuels, the shipping sector is
responsible for about 3% of total annual human-produced greenhouse
gas emissions (Jägerbrand et al., 2019), particularly carbon dioxide
(CO2) (Altosole et al., 2023). With current trends, emissions will in-
crease by 150−250% by 2050, while global trade will triplicate. In
contrast, the European Union has set a goal of achieving net zero CO2
emissions by 2050 to limit global temperature rise to 1.5 ◦C.

The pleasure craft sector is less significant than the merchant ship
sector in terms of number of units, tonnage, and sailing time. However,
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it hugely influences local pollution, significantly impacting marine
protected areas and small water cities. Chartered yachts are increasing
their market; therefore, the demand for greener solutions is increasing,
primarily due to their specific operating profile. In the future, most
ships approaching sensitive coastal areas should be designed to operate
in zero/low emission mode.

Over the years, increasingly restrictive International Maritime Or-
ganization (IMO) regulations have been enacted to reduce polluting
emissions and combat global warming. The regulatory framework is
committed to reducing environmental pollution by implementing sus-
tainable industry strategies. Indeed, the massive and steady reduction
of GHG emissions is one of the main thrusts of the International
Maritime Organization in issuing regulations. Consequently, the in-
dustry’s approach rapidly changes, focusing on developing low-impact
propulsive configurations (Livanos et al., 2014).

In 2015, the Paris Agreement set ambitious and challenging targets
to limit greenhouse gas emissions and the rise in the global average
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Abbreviations

𝐵 𝑆 𝐸 𝐶 Brake Specific Energy Consumption
𝐹 𝐸 𝐴 Finite Element Analysis
𝐺 𝐻 𝐺 Greenhouse gas
𝐼 𝑀 𝑂 International Maritime Organization
𝐿𝐻 𝑉 Lower Heating Value
𝐿𝑁 𝐺 Liquefied Natural Gas
𝑀 𝐷 𝑂 Marine Diesel Oil
𝑆 𝐹 𝑂 𝐶 Specific Fuel Oil Consumption
𝑆 𝑀 𝐶 Specific Methanol Consumption

temperature. In 2018, the International Maritime Organization devel-
ped and adopted an Initial Strategy that provides targets, tools, and
rinciples for reducing greenhouse gas emissions from shipping, mak-
ng decarbonization one of the most urgent issues in a sector strongly
inked to fossil fuels.

In 2023, the strategy has been revised with more ambitious goals
or decarbonization and zero greenhouse gas emission maritime trans-

port. The European Commission’s FuelEU Maritime initiative presents
 Well-to-Wake approach to decarbonization. This part of the Fit for
5 package focuses on reducing the GHG intensity of fuels, imposing
ncreasingly restrictive limits and penalties, supporting the adoption of

renewable fuels and energy, especially of non-organic origin, and using
he onshore power supply (Tadros et al., 2023).

Increasing attention to environmental impact and challenging lim-
ts on greenhouse gas emissions requires a radical transformation.
he maritime industry and research cooperate to find sustainable and
nvironmentally friendly solutions.

Adopting innovative technologies, transitioning to cleaner fuels,
and implementing effective policies can improve the industry’s energy
efficiency and reduce its environmental impact. Collaboration among
all stakeholders is critical to ensure that shipping facilitates global trade
in an environmentally responsible manner. Given the complexity and
extent of the problem, there is no one-size-fits-all solution. Instead,
there is a wide range of possible solutions with different impacts on
emission reduction. The impact of battery-powered electric propulsion
on reducing GHG emissions is significant. However, the applicability of
this type of solution is limited to short navigation, such as might be in
inland waters or marine protected areas (Maloberti et al., 2022).

Hybrid systems, in which the battery system is recharged through
the generators while sailing, are needed to use batteries in longer-range
applications (Al-Falahi et al., 2018; Kanellos, 2013; Belvisi et al., 2024;
Maloberti and Zaccone, 2025; Maloberti et al., 2025). Such systems, in-
luding those optimized for load management in military applications,
rovide the flexibility to adapt to different energy mixes. This system
s adaptable to different energy mixes, integrating devices such as fuel

cells, or employing alternative fuels such as methanol (Maloberti et al.,
2024). These configurations aim not to achieve zero emissions but to
ignificantly reduce them.

Due to its unique characteristics, methanol, a widely traded chemi-
al commodity, has recently garnered interest as an alternative marine
uel. Its liquid state in atmospheric conditions offers a significant ad-
antage, making transportation and storage more convenient. However,

it is essential to note that methanol has some drawbacks. Its calorific
value is about half that of conventional marine fuels, necessitating
twice the volume and weight to store the same chemical energy on
board. It is also a volatile, colorless gas with a low flash point (12 ◦C)
and is toxic for humans (Ellis and Tanneberger, 2015). Methanol’s
characteristics allow it to be used in conventional internal combus-
tion engines with some modifications related to the injection and
fuel system, and it uses a small amount of pilot fuel. The dual-fuel
methanol–diesel technology with methanol injection in the intake has
2

proven to be a promising retrofit solution for vessels (Dierickx et al.,
2021). Recent studies highlight the potential of methanol as a sustain-
able alternative fuel for internal combustion engines (Verhelst et al.,
2019), offering benefits such as high efficiency, reduced emissions,
nd compatibility with renewable production methods (Korberg et al.,

2021), with minor economic barriers that can be overcome by strength-
ening environmental targets or increasing fuel oil prices (Svanberg
et al., 2018). Emissions from fuel use can be evaluated by adopting two
different approaches. The Tank-to-Wake approach, used by IMO to set
limits to the atmospheric emissions of pollutant gases, considers only
the emissions produced locally, neglecting everything that occurred
before. In contrast, another approach, the so-called Well-to-Wake ap-
proach, considers the entire toolchain, from raw material extraction to
onboard use. Methanol can be produced from various sources, including
fossil products, agricultural waste, biomass, municipal waste, and other
environmentally friendly feedstocks. The feedstock used in methanol
production is crucial for emission assessment, especially when adopting
the Well-to-Wake approach. Methanol is classified based on its feed-
stock, using a color code: gray methanol when the feedstock is natural
gas, brown methanol produced from coal, blue methanol if produced
from both fossil and biological feedstocks, and green methanol obtained
exclusively from green sources. This category also includes e-methanol
from carbon capture. This distinction is significant as the environmental
impact varies among different production pathways. The use of green
feedstock methanol offers the most significant reduction in GHG emis-
sions, providing a hopeful outlook for the future of marine fuel. The
final product from the different feedstocks and production toolchains
is identical, so the Tank-to-Wake emissions are the same for everyone.

Considering GHG emissions, if a Tank-to-Wake approach is used,
here is a reduction if methanol is used as a fuel. However, if a

ell-to-Wake approach is taken, one no longer has this clear dis-
inction. Fossil-based methanol produces similar emissions as marine
iesel oil, while methanol produced from coal is even much more
mpactful. The only option that reduces the carbon footprint is using
ethanol from green feedstock (Methanol Institute, 2023). Considering

emissions of other pollutants, using methanol, a sulfur-free chemical,
liminates 99% of sulfur oxides (𝑆 𝑂𝑥) emissions compared to fos-

sil fuels. This significant reduction in 𝑆 𝑂𝑥 emissions with methanol
use should encourage the audience about its potential for cleaner

arine operations. As for nitrogen oxides (𝑁 𝑂𝑥), emissions are still
present but reduced by about 60% compared to conventional fuels,
and straightforward solutions exist to meet Tier III regulations. Par-
ticulate emissions are reduced by about 95% compared to Heavy
Fuel Oil. A multi-parametric methodology for assessing the feasibility
of alternative-fueled ships has highlighted methanol as a promising
alternative, significantly impacting ship design and market strategies
and reducing GHG emissions (Adami and Figari, 2024). Recent studies
on chemical precooling cycles have explored advanced thermodynamic
applications, including the use of methanol as a fuel to improve engine
efficiency and reduce emissions (Wang et al., 2021, 2022a,b).

To significantly reduce emissions in the maritime sector, it is crucial
to design new ships with reduced emissions and consider converting
xisting units. Retrofitting offers a viable solution, enabling operating
hips to adapt to more sustainable technologies without requiring new
onstruction. This study focuses on retrofitting, essential for making the
xisting fleet more sustainable and complementing efforts in building
ew vessels. As of July 2024, there were 5932 superyachts over 30
, with 63% measuring between 30 and 40 m, and all 5039 motor

yachts relying on polluting diesel propulsion (Super Yacht 24 Edito-
rial Desk, 2025). Transitioning these yachts to methanol propulsion
requires substantial structural modifications. The study examines struc-
tural modifications and range assessment, as no methanol-powered
engine currently meets the power requirements for these units. The
methodology for calculating the vessel’s range involves converting a
traditional MDO engine to methanol, assuming the same specific energy

consumption for both fuels.
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Refitting a yacht from diesel to methanol propulsion necessitates
everal structural modifications. Firstly, the fuel storage system must be
ltered to accommodate methanol, which has different properties and
torage requirements compared to diesel. This includes the installation
f new fuel tanks that are resistant to methanol’s corrosive nature
nd compliant with safety regulations. Additionally, the fuel delivery
ystem, including pumps, filters, and injectors, needs to be replaced
r adapted to handle methanol’s lower energy density and higher
low rates. The engine itself may require significant modifications or
omplete replacement with an engine designed for methanol com-
ustion. Safety systems, such as gas detection and ventilation, must
lso be upgraded due to methanol’s higher flammability. Moreover,
djustments to the yacht’s control systems and possibly the onboard
ower management may be needed to ensure optimal performance and
ntegration of the new propulsion system.

This paper explores the structural modifications necessary for refit-
ing a 60-m yacht to methanol propulsion. The study was prompted

by a risk assessment conducted in collaboration with classification
societies, which highlighted the need for a cofferdam solution with
corrugated bulkhead tanks. This design choice aims to minimize the
space taken from accommodations and streamline the welding and
installation processes of tank bulkheads.

This work presents a significant advancement in sustainable mar-
time engineering by retrofitting a 60-m yacht to utilize full green
ethanol propulsion - a notable departure from conventional uses of

reen fuels limited to generator sets or bi-fuel engines. The retrofit
ncludes innovative solutions like compact, safety-enhanced methanol
torage systems and structural modifications to address the challenges
f energy density and operational range, highlighting its pioneering
ole in adapting yachts for comprehensive decarbonization while pre-
erving performance and luxury features. The research focuses on the
imensioning of the bulkhead plating and the gap of the cofferdam.
iven the specific requirements of the risk assessment, it was crucial

o develop a finite element numerical model to validate the proposed
olution. This model provides a detailed analysis of the structural
ntegrity and safety of the design, ensuring compliance with industry
tandards and performance under various operational conditions.

The paper further discusses the engineering considerations involved
in the transition from diesel to methanol propulsion. Methanol’s dif-
ferent properties necessitate changes in fuel storage, delivery systems,
and engine modifications or replacements. The cofferdam solution
addresses the challenges posed by methanol’s corrosive nature and
higher flammability, incorporating enhanced safety measures such as
improved gas detection and ventilation systems.

This comprehensive examination provides valuable insights and a
obust framework for future yacht refitting projects aimed at adopting
ethanol propulsion, highlighting the critical engineering processes

nd validation methods necessary for successful implementation.
The paper is organized as follows: Section 2 discusses the modifica-

ions required for the retrofit, focusing on the design and adaptation
f the fuel storage system, including calculating the minimum fuel
olume needed to ensure a range of 5000 nautical miles, equivalent
o an Atlantic crossing, which would enable the vessel to operate
n the Mediterranean Sea during the summer and travel to warmer

destinations, such as the Caribbean, in the winter. Section 3 explores
he differences in regulations between methanol and diesel propul-

sion systems, highlighting the regulatory challenges in the maritime
ndustry. Section 4 presents a case study of the yacht retrofit, eval-

uating the feasibility and performance in terms of fuel consumption
nd range. Section 5 addresses the scantling of tank plates, ensuring
tructural integrity and safety in the modified fuel storage system.
ection 6 presents the finite element analysis (FEA) used to evaluate

the structural design and validate the modifications. Eventually, Sec-
tion 7 concludes the paper by summarizing the findings, discussing
limitations, and suggesting future research directions.
3
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2. Methodology

The ship’s range must be considered when converting a diesel-
owered vessel to an alternative methanol fuel supply. This is because
ethanol has a much lower calorific value than diesel fuel, which
eans that in order to transport the same energy, much more fuel needs

o be transported. As a result, it is necessary to reconsider the shipboard
ayout, increasing the volumes allocated to fuel storage. As highlighted
n Section 1, no engines currently utilize methanol as the single fuel

or operate with only minimal reliance on pilot fuel. Developing a
new yacht project designed exclusively for methanol propulsion would
require approximately 5–7 years of lead time. Consequently, retrofitting
existing vessels emerges as the only feasible short-term approach to
reduce emissions, as detailed further in Section 4 significantly. From a
naval architecture standpoint, aside from the necessary replacement of
the primary propulsion engine and auxiliary generators, the differences
between a methanol-powered system and a conventional propulsion
system for high-speed recreational vessels (typically employing fast
4-stroke diesel engines) are relatively minor. The primary design chal-
lenge lies in methanol storage due to its corrosive nature, which
can compromise fuel tanks and associated systems if not adequately
treated. Furthermore, methanol cannot be stored directly with the hull
structure to mitigate potential environmental risks during grounding
r collision. The criterion adopted in determining the space to be

allocated for fuel was to ensure sufficient range to make the Atlantic
rossing, i.e. 5000 nm, in order to make it possible to spend the summer

in the Mediterranean Sea and move to warmer waters, such as the
Caribbean Sea, during the winter. The specific consumption of the

ethanol-fueled engine has been derived by considering the typical
energy consumption of a 4t diesel engine. The energy consumption of
the engine was calculated according to the following equation:

𝐵 𝑆 𝐸 𝐶 = 𝑆 𝐹 𝑂 𝐶𝑀 𝐺 𝑂 𝐿𝐻 𝑉𝑀 𝐺 𝑂 (1)

where 𝐵 𝑆 𝐸 𝐶 represent the Brake Specific Energy Consumption of
the engine, 𝑆 𝐹 𝑂 𝐶𝑀 𝐺 𝑂 represent the specific MGO consumption, and
𝐿𝐻 𝑉𝑀 𝐺 𝑂 is the Lower Heating Value of the marine diesel oil. The
specific consumption of methanol is then obtained from the following
equation:

𝑆 𝑀 𝐶 = 𝐵 𝑆 𝐸 𝐶
𝐿𝐻 𝑉𝑚

(2)

where 𝑆 𝑀 𝐶 and 𝐿𝐻 𝑉𝑚 represents the specific methanol consumption,
nd its lower heating value respectively. To ensure a 5000 nautical miles
ange, the minimum volume required for the fuel tanks is determined
sing the following equation:

𝑉𝑚𝑖𝑛 = 𝑚̇𝑚 𝜌𝑚 𝑡 (3)

where 𝜌 is the methanol density, 𝑡 represents the time required to travel
5000 nm at cruising speed, and 𝑚̇𝑚 is the methanol mass flow rate,
calculated according to the following equation:

̇ 𝑚 = 𝑃𝑟𝑒𝑞 𝑆 𝑀 𝐶 (4)

where 𝑃𝑟𝑒𝑞 is the power required to cruise at the cruising speed,
including hotel loads, and 𝑆 𝑀 𝐶 is the specific methanol consumption,
as determined using Eq. (2).

Well-to-wake GHG emissions are assessed using the following equa-
tion:

𝑚CO2 𝑒𝑞
= 𝐸 𝐹𝑋 𝑚𝑋 (5)

where 𝑚CO2 𝑒𝑞
represent the mass of CO2 equivalent emitted using the

generic fuel 𝑋, 𝐸 𝐹𝑋 is the emission factor of the Equivalent CO2
enerated using the generic fuel 𝑋, and 𝑚𝑋 is the generic fuel 𝑋
onsumption. Emissions assessment is performed for different fuels, and
he impacts produced are compared with each other. In particular,
t has been evaluated how the impact varies depending on whether
arine Diesel Oil (MDO) or methanol is used, considering different raw
aterials.
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3. Differences in regulations compared to diesel

The design of a yacht using methanol as fuel requires several
specific considerations that differ from those of conventional diesel-
powered yachts. These include the need for cofferdams around tanks,
nitrogen-inerted tanks, and double-walled pipes. Furthermore, to main-
tain approximately the same range, it will be necessary to enlarge the
fuel storage tanks, considering that the lower heating value (LHV) of
methanol is slightly less than half that of diesel fuel.

There are already regulations addressing safety standards for low
flashpoint fuels such as methanol: The International Code of the Con-
struction and Equipment of Ships Carrying Liquefied Gases in Bulk (IGC
Code), International Code of Safety for Ship Using Gases or Other Low-
flashpoint Fuels (IGF Code), Lloyd’s Register ‘Classification of Ships
using Gases or other Low-flashpoint Fuels’ (Lloyd’s Register, 2019)
and China Register ‘Guidelines for Ships using Methanol and Ethanol
Fuels’ (China Register, 2022) among others. Generally, these standards
regulate the layout of areas and spaces, gas-fueled engines and sys-
tems, storage and bunkering arrangements, piping systems, ventilation
systems, control systems, electrical equipment, gas detection systems,
and the tests or trials required to validate such installations. To date,
these regulations are optimized for a certain type of vessel (such as
chemical tankers) with very different sizes, purposes, and needs than
a recreational yacht. Therefore, it will be necessary to adapt these
existing standards to the size of a yacht.

Cofferdams are a safety feature required by current rules and reg-
ulations, as explained in the IMO CCC6 guidelines (IMO, 2019): a
cofferdam is a structural space surrounding a fuel tank that provides
an added layer of protection against external fire, toxic and flammable
vapors, and ensures gas and liquid tightness between the fuel tank and
other areas of the ship.

In the context of a yacht using methanol as fuel, the cofferdam
performs a fundamental function. Its main responsibility is to act as
a secondary barrier, ensuring impermeability to gases and liquids, and
separating the methanol storage tank from other areas of the yacht.
This way, any methanol leakage from the tank is prevented, and gases
are kept from spreading into spaces not suitable to safely contain them.
Additionally, the cofferdam plays a crucial role in protecting the tank
from any fire hazards that might arise in other parts of the yacht
and spread toward it, with potentially disastrous consequences. The
presence of the cofferdam is mandatory when the methanol storage
tank is in contact with other areas of the yacht, except where the tank
encounters side or bottom plating panels below the lowest water line
and areas dedicated to fuel preparation as shown in Fig. 1.

The size of the cofferdam is determined by its accessibility, as it
must be inspectable by a person. The IMO CCC6 guidelines (IMO,
2019) state: for safe access, horizontal hatches, or openings to or within
fuel tanks or surrounding cofferdams should have a minimum clear
opening of 600 mm × 600 mm that also facilitates the hoisting of an
injured person from the bottom of the tank/cofferdam. For access
through vertical openings providing main passage through the length
and breadth within fuel tanks and cofferdams, the minimum clear
opening should not be less than 600 mm × 800 mm at a height of not
more than 600 mm from bottom plating unless gratings or footholds are
provided. Smaller openings may be accepted, provided the evacuation
of an injured person from the bottom of the tank/cofferdam can be
demonstrated.

According to IMO regulations, the double bottom is not a suitable
area for storing methanol. The presence of the cofferdam is required
between the methanol storage tank and other areas of the yacht. This
means the cofferdam must be positioned both inside and above the
tank, resulting in a loss of space inside the double bottom for its
construction. Consequently, the double bottom is not only impractical
from a construction point of view (as it would be difficult to weld
in those areas) but also inefficient from a volumetric perspective. As
evidenced by the above regulations, there are many provisions focused
4

Fig. 1. Placement of the cofferdam.

on detecting and containing any methanol leaks, whether in liquid or
gaseous form. This containment is of utmost importance since methanol
vapors tend to ‘float’ in the air, making it difficult to confine them in a
safe place that does not pose a risk to persons on board. The presence
of the cofferdam provides additional security as a secondary barrier
around the methanol storage tanks; however, valuable space within the
yacht must be utilized.

4. Case study

Spaces on board a pleasure vessel are extremely valuable, especially
in luxury areas, as these are what guests desire and are willing to pay
for. Each additional space dedicated to storage or energy conversion
leads to an increase in the technical area, which in turn reduces the
space available for guests. Therefore, the spaces and volumes available
for fuel storage are limited. In the case of methanol as fuel, the volume
available for fuel is the net capacity of the tanks, excluding the volume
occupied by the cofferdams. The yacht examined for this paper is a 64-
m yacht with a steel hull and aluminium superstructure and a volume
of 1500 GT.

It is powered by two diesel engines, pushing it up to 16 knots. The
capacity of the diesel tanks is 175 m3. It was necessary to carefully
analyze the spaces on board to identify areas that could be converted
into tanks as shown in Fig. 2.

As previously discussed, current rules and regulations require the
presence of a cofferdam around methanol tanks, with a current size of
800 mm according to Lloyd’s Register guidelines for methanol-fueled
ships. However, this arrangement can be problematic on a pleasure
yacht, especially in the case of retrofit solutions. While on large com-
mercial vessels the size of the cofferdam is relatively small compared to
the overall size of the ship, on a pleasure yacht, especially a medium-
sized one, the size of the cofferdam can be considerable, taking up space
that could otherwise be allocated to accommodation or luxury areas. In
this context, an alternative to the traditional cofferdam is a significant
aid in the design of a methanol-powered yacht, allowing optimized use
of interior spaces.

For projects that deviate from existing rules and regulations, or for
innovative design solutions for which no precise guidelines yet exist, a
design approach based on risk analysis must be adopted. This method-
ology requires a thorough assessment of the associated risks. Through
this analysis, safe and efficient design solutions can be developed, while
ensuring compliance with relevant safety standards and reducing the
impact of the cofferdam on the yacht’s interior layout. The designer
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must prove that the proposed solution guarantees a level of safety
quivalent to standard rules and regulations.

Although a detailed risk analysis is not the primary focus of this
paper, it is essential to consider how alternatives to the traditional
cofferdam could influence yacht design. The size of the cofferdam is
currently limited by the requirement that it must be accessible for
nternal inspection by a person. If a solution could be devised to remove
his accessibility requirement, the cofferdam size could be significantly
educed, allowing for more efficient use of space. Lloyd’s Register’s
ules and Regulations for the Classification of Ships Using Gases or
ther Low Flashpoint Fuels provide an interesting point of Ref. Lloyd’s
egister (2020). These regulations specify that LNG-fueled vessels with

ndependent Type C tanks do not require secondary barriers such as cof-
ferdams. This provision is based on the robust containment capabilities
of these tanks and highlights how, under certain circumstances, alter-
native solutions can ensure safety and compliance without negatively
impacting interior space. Applying these principles to methanol tanks
provides a pathway for innovative and practical design adaptations.
The rationale for these design changes is supported by a risk analysis
that focuses on key considerations such as safety, space optimization,
and compliance with classification standards. This paper are interesting
for understanding the design process concerning LNG tank regulations
and risk analysis methodologies in maritime contexts (Margulies, 1982;
Peng et al., 2022; Wang et al., 2024).

While this paper does not delve into the full details of the risk assess-
ment, the analysis evaluated scenarios including fuel leaks, fire hazards,
and the structural integrity of the containment system under extreme
conditions. To address these risks, the proposed alternative cofferdam
incorporates a monitoring system with sensors strategically positioned
between the inner and outer walls. This approach ensures real-time
safety monitoring, drawing on the practices established for LNG tanks,
while adapting them to methanol’s unique properties. Methanol tanks
do not require cryogenic containment and have a higher flashpoint
than LNG, which makes them less hazardous. As a result, adopting a
design approach similar to LNG tanks is feasible and advantageous.
The alternative cofferdam is also designed to meet Lloyd’s Register’s
requirement for A-60 fire protection, which specifies that the system
must withstand fire exposure for at least 60 min. This can be achieved
by using sufficient thermal insulation and enclosing connections and
valves within a protective box. These measures allow the cofferdam
to be smaller and more compact, significantly reducing its impact on
the yacht’s interior layout while maintaining safety and compliance. By
leveraging the insights provided by LNG tank regulations and incorpo-
rating findings from the risk analysis, this approach demonstrates how
innovative design solutions can balance safety, regulatory compliance,
and spatial efficiency.

The structural feasibility of a smaller cofferdam is crucial. An option
would be to build the cofferdam first and then the methanol tank from
the inside, using more generous space to facilitate processing. The size
of the alternative cofferdam, chosen as a reasonable value of 100 mm, is
crucial to the correct development of the design, as it directly influences
the tank volumes and range of the yacht.

Considering the cofferdam that would have to be implemented
according to Lloyd’s standards, the overall usage factor would be 0.32,
while considering the alternative cofferdam solution (i.e., 100 mm
instead of 800 mm) the usage factor rises to 0.83, thus significantly
increasing the efficiency of the tank deck. Certainly, working on a boat
that has already been designed and built poses very big challenges,
and it may not be economically worthwhile to make such changes.
Designing from scratch a boat that will be powered by methanol is
perhaps less complex as it will be the result of a careful and targeted
esign, aimed at reducing the number of tanks as much as possible,
o minimize interruptions, pipes, valves, and filters. To complete the

analysis related to onboard volumes that will be occupied by methanol,
a comparison of autonomies was conducted considering the original
layout (with MDO) and our proposed layout (with methanol). The
5

Table 1
Main engine(ME) and generator sets (G) specific consumption.
𝐿𝐻 𝑉𝑀 𝐺 𝑂 𝐿𝐻 𝑉𝑚 𝑆 𝐹 𝑂 𝐶𝑀 𝐺 𝑂 ,𝑀 𝐸 𝑆 𝑀 𝐶𝑀 𝐸 𝑆 𝐹 𝑂 𝐶𝑀 𝐺 𝑂 ,𝐺 𝑆 𝑀 𝐶𝐺
[MJ/kg] [MJ/kg] [g/kWh] [g/kWh] [g/kWh] [g/kWh]

42.6 19.7 235 508 240 519

reference power values were provided by the shipyard for two speeds:
he ship’s typical cruising speed, i.e., 12 knots, and a reduced speed,

called economic transfer speed, of 9 knots. For prime mover power, a
20% sea margin was considered, while for hotel power, an electrical
fficiency of 0.98 was assumed. The methodology detailed in Section 2

has been employed to assess the expected autonomy range for the new
configuration. The specific fuel consumptions of the prime mover and
generators have been assumed constant. Table 1 present the specific
consumptions for the prime mover and generators using methanol as
fuel. Tables 2 and 3 display the volumes and range achieved for the
two propulsion configurations: conventional and methanol-powered.
When using methanol, the range in nautical miles is reduced by approx-
imately 23%, while the fuel tank volume increases by about 75% (from
175 m3 to 306 m3). To meet the typical operational requirements of this
ship category, a substantial increase in fuel tank capacity is necessary
to maintain an acceptable range.

To compare the impact due to the use of different fuels, marine
diesel oil and three different types of methanol have been considered:

• Gray methanol refers to methanol produced by steam methane
reforming;

• Green methanol indicates methanol produced using the steam
reforming process of bio-methane (Steam bio-methane reforming
SBR);

• E-methanol indicates synthetic methanol produced using renew-
able energy.

The emission factors of the different fuels are shown in the Table 4.
Fig. 3 shows the results obtained considering the ocean crossing of

5000 nm on which the fuel tank has been sized at 12 knots. Emissions
produced using the three types of methanol considered are repre-
sented as a percentage variation from emissions produced using 𝑀 𝐷 𝑂.
Fuel consumption is calculated using one of the following equation,
depending on the considered fuel:

𝑚𝑀 𝐷 𝑂 = ∫

𝑇

𝑡=0
(𝑃𝑀 𝐸

𝐵 𝑆 𝐹 𝑂 𝐶𝑀 𝐸 + 𝑃𝐺
𝐵 𝑆 𝐹 𝑂 𝐶𝐺) 𝑑 𝑡

𝑚𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 = ∫

𝑇

𝑡=0
(𝑃𝑀 𝐸

𝐵 𝑆 𝑀 𝐶𝑀 𝐸 + 𝑃𝐺
𝐵 𝑆 𝑀 𝐶𝐺) 𝑑 𝑡

(6)

where 𝑡 = 0 is the initial time-instant and 𝑇 is the final time-instant.
The Equivalent CO2 emissions are calculated using Eq. (5).

The most significant reduction is achieved by using synthetic
methanol (−95%). A significant reduction of 89% is similarly obtained
sing methanol produced by steam bio-methane reforming. In contrast,
ue to the impactful production process, using methanol produced by
team methane reforming results in an increase in emissions of about
0%.

Considering the significant changes made to the vessel’s capacity
plan, it was appropriate to conduct a preliminary stability and trim
verification. These changes in capacity plan were made with the aim of
maintaining, as far as possible, the original ranges of the diesel-powered
vessel. This approach provides an initial assessment of the stability and
trim of the vessel. Although it cannot provide absolute accuracy, it
does delivers preliminary and useful information on the preservation
of good stability and trim of the vessel after modifications are made.
It has been necessary to develop a hydrostatic curves table, which
provides useful geometric values of the hull as the draught changes, in
this case considering immersion ranges from 0 to 4.1 [m] with 0.1-m
increment. Once the stability of the boat in calm water was assessed,
the trim was evaluated considering the vessel with the new capacity
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Fig. 2. Case-study ship tank layout.
Table 2
Ranges considering MGO.

Main engines Generators

𝑉𝑠 𝑃𝐵 𝑡𝑜𝑡 𝑆 𝐹 𝑂 𝐶 𝑃𝐵 𝑡𝑜𝑡 𝑆 𝐹 𝑂 𝐶 𝐶 .𝑃 .𝐻 . 𝜌 𝐶 .𝑃 .𝐻 . 𝑉𝑡𝑎𝑛𝑘𝑠 𝐻 .𝑅. 𝑀 .𝑅.
[Kn] [kW] [g/kWh] [kW] [g/kWh] [kg/h] [kg/m3] [l/h] [m3] [h] [nm]

9 360 235 193.9 240 131.1 850 154.3 175.11 1032.7 9294.2
12 840 230 234.7 240 249.5 850 293.6 175.11 542.7 6512.4
Table 3
Ranges considering methanol.

Main engines Generators

𝑉𝑠 𝑃𝐵 𝑡𝑜𝑡 𝑆 𝐹 𝑂 𝐶 𝑃𝐵 𝑡𝑜𝑡 𝑆 𝐹 𝑂 𝐶 𝐶 .𝑃 .𝐻 . 𝜌 𝐶 .𝑃 .𝐻 . 𝑉𝑡𝑎𝑛𝑘𝑠 𝐻 .𝑅. 𝑀 .𝑅.
[Kn] [kW] [g/kWh] [kW] [g/kWh] [kg/h] [kg/m3] [l/h] [m3] [h] [nm]

9 360 512 193.9 521 285.3 790 361.2 306.2 805.4 7248.5
12 840 508 234.7 519 548.7 790 694.5 306.2 418.8 5026.1
Table 4
Well-to-Wake emission factors.

Short name Technology WtW - EF

MDO – 3.87
Gray Methanol SMR 11.7
Green Methanol SBR 0.2
E-methanol Synthetic 0.09

Fig. 3. GHG emissions variation compared to MDO.

plan and more than three hundred cubic meters of methanol embarked.
Both longitudinal trim angle and transverse metacentric height (GM
T, Table 5) were evaluated. After trim verifications, a study of the
ship’s stability behavior in response to potential heeling moments was
undertaken. These phenomena may result from factors such as wind
or wave action, the presence of a hanging load, or a high-speed turn.
To assess the stability behavior, the value of the stability arm and the
area subtended by its curve, known as the ship’s stability reserve, are
studied. The difference between the two stability arm curves turns out
to be minimal, an indication that this variation in the capacity plane
does not substantially affect the stability of the ship, at least in first
analysis. Although the huge change in the capacity plan, the stability
characteristic of the vessel, both in departure, mid-range and arrival
loading conditions, have not suffered a significant variation.
6

Table 5
𝐺 𝑀𝑇 [𝑚] evaluation.

Departure Mid-range Arrival

MGO-powered 1.65 1.49 1.34
Methanol-powered 1.70 1.39 1.35

5. Scantling of tank plates

Once the layout of the cofferdams has been assumed, direct scant-
ling calculations must be performed both on bulkheads that form
the cofferdam itself and on the plates of the tanks with the material
AH36 steel, before moving on to finite element analysis. The methanol
containment system utilizes structural cofferdams that extend the full
height of the under lower deck and, in some areas, extend in width
to the middle of the ship, leaving a central space of about 800 mm
to install a passageway. Unlike traditional diesel containment tanks,
which are typically located within the double bottom, these tanks
extend much higher as the double bottom alone is not feasible for the
reasons previously discussed.

Corrugated sheets have been chosen over traditional flat sheets due
to practical design considerations and lightweight (Aguiari et al., 2022).
The tank is protected by a cofferdam placed at 100 mm in every direc-
tion, making it impossible to weld any vertical reinforcements from the
inside of the cofferdam. Therefore, the traditional flat reinforced sheet
is replaced with a corrugated sheet, whose shape eliminates the need
for vertical reinforcements as shown in Fig. 4. Consequently, the tank is
composed mostly of corrugated sheets, which are welded to the bottom
panels using asymmetrical corner welds. These welds require an X-ray
check to verify penetration. Depending on the specific case, the use of
a backing plate and performing a double weld could be considered.

The scantling of the corrugated sheets was conducted in accordance
with IACS standards (IACS standard, 2004) and compared with a direct
calculation using a triangular acting load. From these calculations, the
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Fig. 4. Mid methanol tank.
Table 6
Corrugated bulkhead scantling comparison.

Triangular-shaped load IACS prescription Adopted

𝑊𝑚𝑖𝑛 [cm3] 𝑊𝑚𝑖𝑛 [cm3] 𝑊𝑚𝑖𝑛 [cm3]
89.9 56.2 136.8

minimum section modulus value of the steel plate, as well as the min-
imum thickness value, were determined. The calculations considered
the worst-case scenario: a water head of 3.4 m, corresponding to the
maximum height of the tank, rather than methanol. Since water is heav-
ier than methanol, the worst-case scenario for the ship would involve
the breaking of the sidewall around the tanks, resulting in methanol
spilling into the sea and a progressive filling of salt water. In the
scantling of tank plates section, it is noted that the plates are subject to
worst-case load scenarios (Gaiotti and Rizzo, 2012; Brush et al., 1975;
IACS, 2023) including pressures due to water and methanol, which
could induce bending and compressive stresses. A buckling analysis
could strengthen the justification for the structural design, particularly
when considering the efficiency of corrugated plates in resisting such
stresses. Specifically, such an analysis could validate the plates’ ability
to prevent buckling under combined loads, ensuring that they meet
safety and performance standards. The comparison revealed that the
section modulus evaluated using direct sizing with a triangular acting
load is higher than that prescribed by IACS standards. The difference
in the calculation of the minimum section modulus lies in the different
evaluations of the bending moment acting at the end of the beam,
as shown in Table 6. In the case of the triangular load, the standard
formula of structural mechanics is used. In contrast, the IACS method
evaluates the bending moment by considering the force acting on the
corrugation due to the sea water head.

The minimum required thickness is 2.75 mm. However, to ensure a
robust safety margin, the thickness was increased to 5 mm, providing
additional resilience against uncertainties such as dynamic fuel sloshing
or accidental impacts. This thickness also facilitates better weldability,
as thinner plates could pose challenges during welding, potentially
compromising the structural integrity and seal of the tanks. Moreover,
using 5 mm plates accommodates worst-case scenarios, such as saltwa-
ter ingress in the event of a tank breach, by withstanding the associated
higher pressures. The uniform thickness simplifies manufacturing, in-
spection, and assembly, ensuring consistent performance across the
tank. Additionally, given methanol’s corrosive nature, the thicker plates
enhance durability and extend the service life of the system, reducing
the need for frequent maintenance. Not all plate can be corrugated
because it would complicate welding the connection areas between
horizontal and vertical sheets (Poggi et al., 2019), as shown in Fig. 4.
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Fig. 5. Amidship tank and surrounding cofferdam.

Therefore, corrugated plates have been selected for those that primarily
extend horizontally and vertically, while traditional flat sheets are used
to ‘close’ the tank transversely.

The compartmentalization of the vessel’s cargo area is achieved
using watertight bulkheads reinforced with vertical profiles. These
structural elements are not subject to global loads as they are transverse
structures, allowing their dimensioning to be evaluated considering
only local loads. Structural dimensioning was performed using the
simply supported beam model. The concept of structural hierarchy
was employed to define loads and constraints for each beam, as the
ship structures are designed as grids with beams of various sizes and
functions. For the plating panels, it is assumed that the secondary
beams provide a constraining function, so the panel is embedded on
the long side in the longitudinal direction of the secondary weighted
structural area and element. The dimensioning of the panels is indepen-
dent from the width of the weighted area and focuses on defining the
thickness. The minimum thickness 𝑡 required to ensure that the acting
stress does not exceed the maximum permissible stress of the material
𝜎𝑎𝑑 𝑚 is assessed. The dimensioning of beams involves determining the
minimum section modulus so that the maximum acting stress does
not exceed the permissible stress. The effective width must also be
considered in the resistance section. Certain sheets must necessarily be
flat to facilitate installation without resorting to complex construction
methods that can lead to errors and malfunctions. For example, the
sizing for one of the flat sheets of the tanks located amidships is shown.
In this case, the sheet is reinforced with three primary vertical stiffeners
and four secondary vertical stiffeners, resulting in eight plating panels
as shown in Fig. 4.
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Fig. 6. Boundary conditions.
Fig. 7. Displacements: Translational results.
As a result of the scantling, the thickness of all plates, both flat and
corrugated, will be 5 mm. Flat plates are provided with appropriately
dimensioned reinforcements, whereas corrugated plates do not require
them. Additionally, the vessel was originally fitted with a longitudinal
bulkhead consisting of primary and secondary vertical stiffeners, likely
dimensioned to withstand a high-water head in the event of damage.

Modifications have been made due to the tank’s non-constant width,
necessitating the installation of additional partial bulkheads to create a
cofferdam that encloses the tank. These modifications were essential to
achieve a shell that entirely covers the tank, except for the side and
bottom areas where the plating panels are in contact with seawater
as shown in Fig. 5. This additional safety layer comprises various
structural components: the lower deck, the existing longitudinal bulk-
head, the newly added bulkheads, and the two transverse watertight
bulkheads.

The modifications are designed so that the reinforcements lie per-
fectly within 100 mm of the width/height of the cofferdam, or 200 mm
in the corrugation areas, with the corrugation height being 100 mm.
From a practical standpoint, the assembly process involves installing
the tank plate by plate once the lower deck with its reinforcements
and the longitudinal bulkhead with its vertical stiffeners are already in
place. This allows for working from the inside of the tank, which is very
large and facilitates riveting, welding, or both, the tank sheets to the
vertical stiffeners’ flange and deck girders’ flange, which are external to
8

the tank but inside the cofferdam. After conducting direct calculations
to assess the structural integrity, a finite element analysis (FEA) was
required to verify that the dimensioning is appropriate. This analysis
ensures that the global stresses remain below permissible levels and
that deformations stay within acceptable thresholds.

6. Finite element analysis

The numerical model of the tanks with the portion of the hull
between two watertight bulkhead is performed as shown in Fig. 6. The
plate and the reinforced beam are modeled by shell element instead the
common stiffener by beam element. The applied loads are water head
acting on the side and bottom structures and plating panel, methanol
head acting on the same structures but with opposite direction. Then
there is one-meter water head acting constantly on the lower deck
panels and structure, to simulate a crowd on the deck, or a leakage;
then a 0.5-m water head acting on the top part of the tanks has been
accounted, simulating fuel sloshing phenomenon. Regarding the bound-
ary conditions, a symmetry boundary condition with respect to the
𝑦-axis is applied to all elements, as illustrated in Fig. 6(a). Additionally,
all degrees of freedom of the nodes corresponding to the bulkhead are
fixed, as shown in Fig. 6(b).

The results are promising as both the deformation (Fig. 7) and
the Von Mises stress levels (Fig. 8) are acceptable. The maximum
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Fig. 8. Stress tensor, Von Mises.
displacements, in the order of approximately 7 mm, occurs at the two
partial transverse sheets that has been introduced. The displacements
of the side and bottom plating panels are also in line with what was
expected, with a maximum intensity in the order of 3 mm at the ship’s
bottom panels.

The maximum equivalent stress value is around 111 MPa, which is
well below the permissible stress limit, which has been considered the
75% of the yield stress of AH36 steel, which is approximately 265 MPa.

7. Conclusions

Methanol can be used in internal combustion engines and fuel
cells. Although it poses significant risks to human health, its complete
miscibility in water is a notable advantage. Currently, the majority of
methanol produced is derived from fossil fuels such as coal and natural
gas, which does not contribute to CO2 reduction. The IMO’s target
to reduce CO2 emissions by 50% by 2050 compared to 2008 levels
necessitates the large-scale production of green methanol. Without this
shift, the use of gray methanol will continue to generate considerable
greenhouse gases.

In considering the decarbonization process, it is essential to eval-
uate both the energy converter’s emissions and the fuel’s produc-
tion methods. If large-scale production of green methanol, particu-
larly through CO2 capture, becomes feasible, it could serve as a low-
environmental-impact fuel. However, stakeholders need incentives to
adopt this currently expensive and scarcely available fuel. The conver-
sion of bunkering plants to methanol is feasible with minor modifi-
cations, as methanol is a liquid at ambient temperature and pressure,
similar to MGO.

This study demonstrates the feasibility of retrofitting a 60-m yacht
for methanol propulsion, highlighting the trade-offs between environ-
mental benefits and operational constraints.

Methanol propulsion results in a 23% reduction in range compared
to diesel, while the required fuel tank volume increases by approx-
imately 75% (from 175 m3 to 306 m3). While adopting methanol as
fuel reduces the vessel’s range, the ship can still complete the Atlantic
crossing, representing one of the study’s key objectives. The design
modifications implemented have effectively ensured that the vessel can
meet this requirement despite the reduced range. However, innovations
such as the adoption of a compact cofferdam (100 mm instead of
the standard 800 mm) significantly improve tank efficiency, increasing
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the usage factor from 0.32 to 0.83. Finite Element Analysis confirms
the structural integrity of the design, with maximum deformations
of 7 mm and stresses well within safety limits (111 MPa compared
to a permissible limit of 265 MPa). The environmental benefits vary
significantly depending on the type of methanol used. Using green
methanol (e.g., from bio-methane reforming) can reduce well-to-wake
greenhouse gas emissions by up to 89%, while synthetic methanol
(e-methanol) offers the most substantial reduction, reaching 95%. Con-
versely, gray methanol, derived from steam methane reforming, results
in a 20% increase in emissions compared to marine diesel oil, high-
lighting the importance of sustainable feedstock choices in maximizing
the benefits of methanol propulsion.

While this paper focuses on structural aspects, other considera-
tions such as auxiliary systems, fire-fighting systems, management
and control systems, and issues related to damaged ships require fur-
ther investigation. Additionally, dynamic analyses are needed due to
changes in mass and weight distribution, which affect the ship’s natural
frequencies. New analyses of vibrations and on-board comfort will also
be necessary. Regulations require the cofferdam to be ventilated with a
specified number of air changes per hour or saturated with nitrogen un-
der light pressure. Currently, pressurized nitrogen is preferred to avoid
methanol vapors and internal condensation. Nitrogen flow rate into the
tanks will match the methanol consumption rate by the engines, main-
taining a light pressure to prevent contact between methanol vapors
and oxygen. A comprehensive risk assessment must be submitted to
the Register for certification of the structures and auxiliary equipment.
Based on the performed work and achieved results, the design of a
methanol-powered boat is structurally feasible. This is particularly true
for new vessels, as retrofitting existing vessels with larger tanks may
disrupt existing accommodations and prove commercially unviable for
recreational vessels.

Further research is needed to explore the potential, capability, and
willingness of large companies to produce and market green methanol
at a profitable price. Additionally, collaboration between Classification
Societies and shipyards is expected in the coming years to establish
precise regulations tailored to the needs of recreational vessels, distinct
from those for merchant ships.
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