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A B S T R A C T   

This article aims to fill a gap in existing studies by examining methanol’s prospects as a cleaner marine vessel fuel 
and addressing the industry’s challenges in reducing pollution from ship oil. The analysis focuses on methanol as 
a decarbonization fuel option, following its advantages compared to others through data triangulation that uses 
both bottom-up and top-down approaches to examine the safety concerns and environmental impacts of 
methanol. The findings support its use as a promising alternative to conventional marine fuels, considering 
regulations and safety codes related to low-flashpoint fuels and specifying key safety measures. Also, container 
vessels (6% of the global fleet) consume 23% of all annual bunker volume and require nearly two-thirds of the 
global bunker demand, along with liquid bulk tankers and dry bulk carriers. These findings, along with the 
current regulatory landscape and infrastructure requirements for methanol fuel distribution, pose the greatest 
challenges to its widespread adoption, despite successes by MAN and Wärtsilä engine manufacturers in offering 
high-pressure diesel combustion technology engines for burning methanol. This study provides insights that can 
help ASEAN adopt methanol fuel while complying with emission standards and reducing its environmental 
impacts.   

1. Introduction 

The maritime sector is facing heightened pressure to abide by stricter 
emissions regulations (Chuah et al., 2023a) that seek to curb GHG 
(Abbasi et al., 2023; Ahmad et al., 2023; Bokhari et al., 2020), NOx 
(Ameen et al., 2023; Bokhari et al., 2019), PM (Arshad et al., 2023; Asif 
et al., 2021) and SOx (Alsaiari et al., 2023; Bokhari et al., 2016) emis
sions released by ships. International authorities, such as the IMO, EU 
and US Environmental Protection Agency (EPA), introduced these reg
ulations to address the environmental impact of shipping (Lin et al., 
2021). These regulations have compelled national and local authorities 
globally to follow suit. 

The Association of Southeast Asian Nations (ASEAN) reinstated its 
commitments to emissions reduction in ports and the shipping industry, 
prompting the regional maritime industry to widely explore alternative 
approaches that would reduce carbon emissions by 2030. This has 
included the potential use of alternative fuels (Cao et al., 2023; Cheah 
et al., 2016; Chuah et al., 2023b). The 19th ASEAN Port and Shipping 
2022 Exhibition and Conference held in Kuala Lumpur, Malaysia, 
advanced the low-carbon shipping discourse ahead of 2030 (Halim 
et al., 2022). The conference amplified the call to weigh the possibility 
of using methanol as an alternative fuel for marine vessels that will help 
tackle compliance challenges related to emissions regulations. Industry 
experts classified the prospects of maritime fuel options for decarbon
ization in the ASEAN pathways to a sustainable shipping future. 

* Corresponding author. 
** Corresponding author 

E-mail addresses: lfchuah@umt.edu.my (L.F. Chuah), sairaasif@uaar.edu.pk (S. Asif).  

Contents lists available at ScienceDirect 

Cleaner Engineering and Technology 

journal homepage: www.sciencedirect.com/journal/cleaner-engineering-and-technology 

https://doi.org/10.1016/j.clet.2023.100639 
Received 31 March 2023; Received in revised form 26 April 2023; Accepted 4 May 2023   

mailto:lfchuah@umt.edu.my
mailto:sairaasif@uaar.edu.pk
www.sciencedirect.com/science/journal/26667908
https://www.sciencedirect.com/journal/cleaner-engineering-and-technology
https://doi.org/10.1016/j.clet.2023.100639
https://doi.org/10.1016/j.clet.2023.100639
https://doi.org/10.1016/j.clet.2023.100639
http://crossmark.crossref.org/dialog/?doi=10.1016/j.clet.2023.100639&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Cleaner Engineering and Technology 14 (2023) 100639

2

Likewise, industry professionals and academic scientists have conducted 
studies that detailed specific decarbonization fuel options and greener 
technologies (Chuah et al., 2022a) that include methanol. 

Methanol is widely available and has been used for decades; it is 
typically produced from natural gas. Also, it is produced from renewable 
resources (Chuah et al., 2022b), such as biomass (wood) (Mohd Sham
suddin et al., 2015; Chuah et al., 2022c), non-edible oil (Munir et al., 
2023) or electrolysis powered by renewable energy, by utilizing carbon 
capture and utilization technology (Brynolf et al., 2014; Acha et al., 
2021). The increasing use of renewable sources during methanol pro
duction has significantly reduced its CO2 footprint (Chuah et al., 2022d), 
making it a desirable option for various types of vessels. This is due to its 
potential to reduce CO2 emissions from marine fuels. Methanol is a 
colorless liquid that is easier to handle and store than other fuels like 
LNG, NH3 and hydrogen, which has made it more suitable as a marine 
fuel (Bilgili, 2021). Methanol has a high hydrogen-to-carbon ratio, 
which could potentially lower CO2 emissions from combustion 
compared to conventional fuels. It is also readily biodegradable, 
resulting in less environmental impact in the event of a spill 

(Vedachalam et al., 2022). Due to its lower specific energy, methanol 
requires about 2.54 times more storage volume for the same energy 
content compared to LNG (Chen et al., 2023). To accurately evaluate the 
volumetric density reduction of LNG, various factors like packaging, 
insulation and custody transfer losses should be taken into account when 
compared to methanol. 

Brynolf et al. (2014) stressed the importance of life-cycle analysis 
(LCA) of methanol as a viable alternative maritime fuel, which could 
account for emissions from various stages of its production process, 
including raw methanol extraction, its fuel production and trans
portation, storage, onboard ship combustion and bunkering, as pre
sented in Fig. 1. Energy- and carbon-intensive processes for its 
production may result in higher fuel prices because of proposed carbon 
levies and may also be subject to new regulations. Consequently, it is 
critical to evaluate the environmental impact of methanol production 
methods (from source to usage) to determine if it is a feasible and 
eco-friendly marine fuel. 

Methanol as a potential marine fuel (Chuah et al., 2021a) can be 
produced from various feedstocks, such as natural gas and biomass 

SI units 

◦C Temperature in degrees Celsius 
h Hours 
M Million 
m3 Cubic meter 
mg/m3 Milligrams per cubic meter 
mL Milliliters 
ppm Parts per million 
t Ton 
T2 Temperature at Class 300 ◦C 

Abbreviation 
ABS American Bureau of Shipping 
AR-FFF Alcohol Resistant Film Forming Foam 
ASEAN Association of Southeast Asian Nations 
CDR Carbon dioxide removal 
C-level CEOs, CFOs, CIOs, etc. 
CO2 Carbon dioxide 
EGR Exhaust gas recirculation 
EPA United States Environmental Protection Agency 
EU European Union 
FMEA Failure modes and effects analysis 
GHG Greenhouse gas 
HAZID Hazard identification 
HAZOP Hazard and operability study 
IBC Code International Bulk Chemical Code 
IDLH Immediately Dangerous to Life or Health Concentrations 
IGC Code International Code of the Construction and Equipment of 

Ships Carrying Liquefied Gases in Bulk 

IGF Code International Code of Safety for Ships Using Gases or other 
Low-Flashpoint Fuels Code 

IMO International Maritime Organization 
ISO International Organization for Standardization 
LCA Life-cycle analysis 
LFFS Low-flashpoint fuel-burning ships 
LNG Liquefied Natural Gas 
MAN German manufacturer of large-bore diesel engines for 

marine 
ME-LGI Methanol and LPG 
ME-LGIM Dual-fuel engine that can run on methanol as well as 

conventional fuels 
MGO Marine gas oil 
Mt Million tons 
MSC Maritime Safety Committee 
MVR Rules for Building and Classing Marine Vessels 
MW Megawatt 
NIOSH US National Institute for Occupational Safety and Health 
NOx Nitrogen oxide 
OSHA Occupational Safety and Health Administration 
OSV Offshore Support Vessel 
P/V Pressure/vacuum 
PEL Permissible Exposure Limit 
PM Particulate Matter 
PSV Platform Supply Vessel 
SCR Selective Catalytic Reduction 
SDS Safety Data Sheets 
SOx Sulfur oxide 
US United States of America  

Fig. 1. Methanol fuel LCA from extraction to consumption.  
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(Chuah et al., 2016; Karim et al., 2022). Li and Cheng (2020) study 
analyzed essential raw materials used as feedstock for reducing life-cycle 
GHG emissions. Production of natural gas-based methanol involves 
reforming and converting the gas into synthesis gas, followed by 
methanol synthesis and purification/distillation (Glaude et al., 2010). 
The distillation process then removes water, while excess heat from the 
reboiler is often used to generate electricity (Chen and Guan, 2021; 
Witthohn, 2022). Recent studies have shown that well-to-tank emissions 
of methanol produced from natural gas are higher than those of con
ventional fuels, resulting in marginally higher well-to-propeller emis
sions. Although Itskos et al. (2016) observed that utilizing feedstocks 
such as wood, biogas from landfills, municipal solid waste and waste
water treatment in methanol production can be deemed GHG-neutral. 
From the authors’ evidence, it can be inferred that during production, 
the carbon emitted is equivalent to the same amount that plant matter 
absorbs during its lifespan. Energy generation for the process can still 
result in emissions. Fig. 2 further corroborates the eco-friendly process 
of converting biomass (wood) into methanol. 

According toLi and Cheng (2020), the choice of energy source 
significantly impacts the life cycle of GHG emissions in production 
processes, with renewable energy sources reducing emissions. Methanol 
production using coal as a feedstock in China was found to have a 
detrimental effect on the environment, bordering on GHG emissions 
(Wang et al., 2023). Apart from biomass and fossil feedstocks, carbon 
dioxide recovery (CDR) technology can be used to produce low-carbon 
methanol by converting excess CO2 generated from syngas into steam 

methane reforming. (Gray et al., 2021; Rim et al., 2023). Thepsithar 
et al. (2020) highlighted Gulf Petrochemical Industries in Oman, along 
with the Azerbaijan Methanol Corporation, Qatar Fuel Additives and the 
US South Louisiana Methanol Facility, as companies that use CDR 
technology. Renewable electricity sources like solar (Oloruntobi et al., 
2023a), wind, geothermal, biodiesel (Chuah et al., 2017, 2021b) and 
hydropower can be employed to reduce the natural gas-based methanol 
plants’ carbon footprint. 

Methanol’s clean-burning properties make it an attractive alterna
tive fuel, as it lacks sulfur and carbon-to-carbon bonds, reducing SOx and 
PM emissions, and its lower adiabatic flame temperature can limit NOx 
formation during combustion (Glaude et al., 2010). As noted by Aabo 
(2020) and Korberg et al. (2021), MAN Energy Solutions research 
revealed that water addition to methanol can regulate NOx formation 
during combustion, resulting in an engine that can meet Tier III NOx 
regulations, eliminating the SCR or EGR requirement. 

Several industry research has indicated that methanol exhibits lower 
life-cycle SOx and NOx emissions compared to conventional fuels. Spe
cifically, Malmgren et al. (2020) revealed that methanol produces 
approximately 45% less NOx emissions and 8% less SOx emissions per 
unit of energy. The GHG emission performance of methanol is depen
dent on the feedstock and energy source used during production 
(Malmgren et al., 2021; Kountouris et al., 2023). While methanol is 
emerging as a promising marine fuel alternative, there is a knowledge 
gap in the research on its feasibility for compliance with emissions 
regulations in the maritime industry. The previous research in this area 
only focused on sustainability (Malik et al., 2019) and decarbonization 
fuel options and technologies. This study aims to comprehensively assess 
methanol’s viability as a marine fuel for achieving emissions compliance 
in the maritime sector. Consequently, this research examines the po
tential of methanol through analyses conducted to determine its feasi
bility as a marine fuel option for the maritime industry in meeting more 
stringent emissions regulations, and in addressing challenges facing the 
industry, such as the need to reduce NOx, SOx, PM, GHG emissions and 
carbon from ships (Oloruntobi et al., 2023b). By assessing the suitability 
of methanol as a marine fuel, this study aims to contribute to the 
industry’s efforts toward a cleaner and more sustainable environment. 
The study is based on proposals made at the 19th ASEAN Port and 
Shipping 2022 Exhibition and Conference. This research further touched 
on areas such as the potential of methanol as a decarbonization fuel 
option in comparison to other available maritime fuel options catego
rized in Gray et al. (2021) and Xing et al. (2021) publications. 

This study resolves to answer four research questions related to the 
use of methanol as a marine fuel option, including (i) its advantages and 
disadvantages; (ii) its feasibility in addressing emissions regulations, 
(iii) its environmental impacts considering production process emis
sions; and (iv) the available feedstock options for methanol production 
and their impact on environmental and cost-effectiveness factors. This 
research article is synchronously organized to present the adopted 

Fig. 2. Biomass (wood) to methanol process.  

Fig. 3. Methodological process.  
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methodology, which consists of three main steps in the next section. 
Section 3 provided answers to the research questions and discussed the 
findings in light of the actualization of the research objectives. The last 
section presents the conclusion and implications of this research. 

2. Methodology 

This research used a rigorous methodology that involved data 
triangulation using both top-down and bottom-up approaches. The 
assessment of methanol as a viable marine fuel option was validated 
through primary research. Since this study was determined to evaluate 
the feasibility of methanol as a marine fuel and forecast the maritime 
industry’s compliance with emissions, useful information was gathered 
from the most credible published sources, and interviews were also 
conducted with maritime industry relevant stakeholders. Various factors 
that impact the global availability of methanol as a decarbonization fuel 
option, such as market drivers, industry challenges, environmental 
impact, technological developments and production and ecological cost 
implications, are considered when calculating the feasibility of using 
methanol in the maritime sector over a certain forecast period. The 
methodological process is summarized in Fig. 3. The growth in global 
advocacy for decarbonization fuel options and technologies incited this 
chosen method. 

This study refers to the following secondary data sources:  

• Recent data from reputable sources (i.e. the IMO Ship Fuel Oil 
Consumption data, American Bureau of Shipping (ABS) methanol/ 
ethanol vessels fueled data and Methanol Institute data on marine 
fuel).  

• Academic collaboration networks (i.e. ResearchGate, ScienceDirect 
and Academia).  

• Industry journals. 

A secondary research project was conducted that aimed at gathering 
information on methanol as a marine fuel option, including its appli
cations, distribution channels and alternative strategies. This research is 
also intended to estimate the demand for methanol by region and 
country, as well as the average annual spending on producing methanol 
for seagoing vessels and related services. This research explored 
replacement demand and aftermarket services, as well as market dy
namics such as drivers, restraints, trends and opportunities. 

Interviews were conducted with key stakeholders, including ship
ping agencies, fleet managers, academic researchers and consultants 
from various end-use industries. These interviews included C-level ex
ecutives, ship managers, vessel operation managers, marine engineers 
and vessel ship experts, among others. Key opinion leaders from relevant 

associations were also interviewed to gather their perspectives. This 
research also analyzed the methanol market and technological trends, 
new product developments, the product pipeline and other related 
topics. The methodology schematic for this study’s triangulation 
approach is presented in Fig. 4. 

The interviews conducted helped this study derive valuable infor
mation, which included insights from vessel fuel supply-side re
spondents in relation to methanol market size, demand estimates and 
market dynamics analysis. The information also includes insights from 
end-user respondents to assess expected consumption patterns and 
preferences, such as methanol value, alternative fuel offerings, benefits, 
cost implications, etc. 

3. Results and discussion 

3.1. Methanol as alternative marine fuel 

An emerging concept in the maritime industry is the use of liquid 
low-flashpoint fuels in marine engines, such as methanol. According to 
Ampah et al. (2021), MAN’s ME-LGI system, which was first imple
mented on methanol-burning Dual Fuel (DF) engines for various vessels, 
leverages high-pressure pumping and low fuel supply pressure but is 
confined in the injector. Methanol can be an easily available fuel that is 
supplied using existing liquid fuel infrastructure, like bunker vessels for 
maritime bunkering (Svanberg et al., 2018). Ellis and Tanneberger 
(2015) study further revealed that methanol has an advantage over LNG 
in terms of onboard containment as it is a liquid fuel, but it requires 
modifications to existing systems and an infrastructure upgrade to 
support regular marine fuel bunkering. 

Since ASEAN is considering adopting methanol as a promising ma
rine fuel, it is crucial to weigh the safety considerations such as tank 
location, inerting and venting, protection, fire detection, vapor, spill 
containment and firefighting. To that effect, Ampah et al. (2021) ratified 
MAN’s ME-LGIM system, which delivers to the engine system a simpli
fied methanol fuel supply as compared to LNG because it eliminates the 
need for cryogenic storage and handling and enables the use of a 
low-pressure system for fuel supply to the engine. According to a study 
by Dierickx et al. (2018), a retrofit conversion for engines was developed 
and installed on the RoPax ferry named Stena Germanica based on the 
Wartsila HP DF engine technology. These findings have proven that 
methanol adoption as a marine fuel option is a promising solution to 
address challenges faced by the maritime industry in complying with 
increasingly strict emissions regulations, and the development of 
advanced technology like the ME-LGI system and retrofit conversions is 
leading to a more sustainable and efficient shipping industry. 

Fig. 4. Schematic diagram of research data triangulation.  
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3.1.1. Risks and considerations of bunkering methanol 
The chemical formula of methanol is CH3OH, and the colorless liquid 

fuel properties summarized in Table 1 reveal a low flash point as a 
unique identity. Due to its low flash point, methanol is considered toxic 
and corrosive to some materials following several “Environmental 
Toxicology” studies. These studies further revealed that methanol poses 
a threat to the central nervous system and can lead to coma, death, or 
blindness even if ingested in large quantities. According to Van Hoecke 
et al. (2021), inhaling methanol vapor, which is denser than air, can 
pose a danger to crew members on board, potentially leading to 
asphyxiation in high concentrations. Due to its toxic nature, Gerba 
(2019) declared that methanol must be handled with care, particularly 
in confined spaces or on deck if spilled or leaked. Elsaid et al. (2021) also 
reported the Immediately Dangerous to Life or Health Concentrations 
(IDLH) value for methanol, which was set at 6000 ppm by the US Na
tional Institute for Occupational Safety and Health (NIOSH), while the 
Permissible Exposure Limit (PEL) was established at 200 ppm 
time-weighted average for methanol by the Occupational Safety and 
Health Administration (OSHA). The studies have clearly emphasized 
that methanol vapor tends to gather at lower region points, such as low 
pipe points or the bottom of tanks, which highlights the need for special 
attention in providing detection and ventilation systems in areas prone 
to leakage. 

Recent studies on alternative fuel viability for marine vessel 
bunkering revealed that methanol produces particularly dangerous 
flames due to its low-temperature burning nature. Verhelst et al. (2019) 
reported that methanol produces a nearly invisible flame that is difficult 
to detect during daylight hours (h) and does not produce visible smoke. 
This characteristic makes the early detection of methanol flames chal
lenging until they fully spread to nearby combustible materials that burn 
with visible light, thereby increasing the risk of accidents (Wei et al., 
2022). Shamsul et al. (2014) findings have shown that the methanol 
vapor flammable range in the air is between 6 and 36.5%, creating a 
potential for an explosive or flammable environment that can pose a risk 
to crew members and the vessel. These findings further reinforced the 
seriousness of taking proper precautions when handling, storing and 
using methanol in operational vessels to prevent incidents and ensure 
the safety of onboard personnel. 

The analysis based on the findings concluded that methanol can burn 
even when mixed with water in concentrations as low as 25%. This has 
implied that using specialized fire suppression methods, such as alcohol- 
resistant foams, is crucial when dealing with methanol fires. Since 
methanol is corrosive to some materials, choosing suitable ship fuel 
handling system pipes, tank coatings and fixtures is essential to help 
prevent issues like pipeline leaks or fuel contamination that could pose a 
risk to crew members, the environment and the vessel. 

3.1.2. Methanol fuel toxicity, corrosion and compatibility 
Evidence has shown that methanol has a lower impact on the envi

ronment when compared to conventional hydrocarbon fuels if spilled or 
leaked. Lin et al. (2021) asserted that methanol easily dissolves in water 
and would create lethal conditions when in high concentrations or 
having a significant effect on local marine life, apart from the carbon 
released into the marine ecosystem. While phytoplankton is famous for 
producing and releasing methanol into the ocean as a byproduct of their 
metabolic processes, certain bacteria consume methanol as a carbon and 
energy source. This natural occurrence of methanol in the ocean sup
ports the marine food chain, which plays a key role in global carbon and 
energy cycling. Gerba (2019) further affirmed that methanol concen
trations in the ocean vary widely depending on the location, season and 
biological activity, with concentrations ranging from trace levels up to 
several hundred nanomoles per liter. This evidence highlights the 
complex role of methanol in marine ecosystems and its importance in 
global biogeochemical cycles. 

Meca et al. (2022) viewed methanol as a non-toxic substance and 
commonly transported chemical when shipped in accordance with the 
IBC Code. The Safety Data Sheets (SDS) classified liquid methanol as 
noxious when used onboard, as also reported by Vredeveldt et al. (2020) 
that it can cause skin irritation, cracking, dryness, inflammation, or 
burns. Pundir et al. (2021) reported that ingesting pure methanol, even 
as little as 10 mL, can cause the accumulation of hazardous levels of 
formic acid, which can result in a range of symptoms such as headache, 
nausea, vertigo, color perception changes, vomiting, inebriation, blur
red vision, or eventual blindness. Besides, extended exposure can be 
harmful, with a median lethal dose of around 100 mL (Rim et al., 2023). 
Findings from Hobson and Márquez (2018) showed that acceptable 
levels of methanol exposure in the workplace can differ across countries. 
The standard set by SDS, which is commonly used, is 200 ppm (260 
mg/m3) limit for skin exposure. For brief periods of exposure, higher 
limits may be permissible. 

To ensure the safe handling of methanol, crew members must be 
appropriately trained and aware of its hazards and characteristics, such 
as exposure, spills and leaks. The IMO Interim Guidelines for the Safety 
of Ships using Alcohol/Methyl/Ethyl as Fuel (MSC.1/Circ.1621) specify 
safety guidance for the onboard crew (Hughes, 2021). In any scenario 
involving a methanol spill, responders must have the appropriate 
equipment, including sorbent materials, a plastic shovel to disperse 
materials, caution tape, a waste container and emergency communica
tion devices, as recommended by Vredeveldt et al. (2020) and Verhelst 
et al. (2019). Responders must also wear proper personal protective 
equipment, including face shields, chemical splash goggles, anti-static 
rubber gloves, nitrile or butyl gloves and chemical-resistant overalls, 
with fresh breathing air facet provided, as highlighted by Hughes 
(2021). Multiple fire extinguishers, eyewash stations, industrial first aid 
kits, water showers, drinking water and water for washing must be made 
available. 

Many recent studies have shown that methanol can corrode some 
materials, which means that certain parts of combustion engines may 
need to be redesigned if must be used as marine fuel. Corrosion-resistant 
additives or unique coatings may be used to lessen methanol corrosion. 
Specific metallic materials, such as titanium alloys and aluminum, make 
methanol more corrosive by increasing its conductivity (Subedi et al., 
2019). As a result, it is not recommended to use these materials for fit
tings or pipes meant for methanol blends or fuel. Methanol storage tanks 
must be constructed from a suitable grade of stainless steel or coated 
with a methanol-resistant material on the interior. When using coatings, 
it is essential to keep in mind that acidic impurities may harm the 
coating material, and prompt action must be taken to prevent acceler
ated corrosion, such as iron pick-up, pitting and additional methanol 
contamination. Fuel tanks and pipes should be made of non-metallic 
materials that are compatible with methanol, such as non-butyl rub
ber, neoprene, or nylon (Ghorbani et al., 2022). 

Table 1 
Methanol fuel properties for marine vessel bunkering.  

Methanol property Value 

Molecular weight (g/mol) 32.04 
Heat of vaporization (kJ/kg) 1098 
Adiabatic flame temperature at 1 bar (◦C) 1980 
Energy density (MJ/L) 15.7 
Autoignition temperature (◦C) 470 
Liquid density (kg/m3) 798 
Boiling point @ 1 bar (◦C) 65 
Melting point (◦C) − 97.8 
Critical pressure (bar) 80.48 
Critical temperature (◦C) 239.4 
Flammable range in dry air (%) 6–36.5 
Flashpoint (◦C) 12 
Octane number 109 
Cetane number <5 
Heavy fuel oil (HFO) equivalent volume 2.54  
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3.1.3. Prevention, detection and fighting methanol fires 
A study by Ellis and Bomanson (2018) reported that the wide 

adoption of methanol as an alternative marine engine fuel poses a fire 
hazard, requiring proper safety precautions to be taken to prevent and 
detect potential fires. Whereas the Methanol Institute Safe Handling 
Guide and Interim Guidelines for the Safety of Ships contain provisions 
for detecting and extinguishing methanol fires. Even though methanol 
liquid vaporizes more slowly than liquefied gas at normal temperature 
and pressure, as noted in Hughes (2021) findings, it can become flam
mable if methanol vapor concentrations between 6.5% and 36.5% are 
introduced to an ignition source, as was also revealed in Shamsul et al. 
(2014) study. It is important to prevent sparks or ignition sources from 
occurring in the methanol manifold, pressure/vacuum (P/V) relief 
valve, or ventilation system. This implied that if electrical equipment 
with an autoignition temperature of 450–470 ◦C is exposed to methanol 
gas, it must be protected with a T2 surface temperature class, while Ellis 
and Tanneberger (2015) recommend the use of inert gas to prevent 
explosive behavior in the methanol tank vapor space. The study also 
noted that CO2 and wet or salty conditions can react with methanol to 
trigger corrosion; for this reason, inert gases containing carbon dioxide 
must be avoided. As a recommendation, using methanol blanketed with 
nitrogen gas to prevent fire hazards has some prospects. Methanol 
flames are difficult to detect due to their low light emission, low tem
perature and absence of soot. 

Techniques such as the use of foam extinguishing systems, infrared 
(IR) cameras and stringent operational protocols can aid in detecting 
and preventing methanol fires (Evegren, 2017). Due to the low tem
perature of methanol flames, heat-based fire detection systems may be 
unreliable, and only flame detectors that operate by detecting radiation 
in the infrared light range are deemed effective for detecting methanol 
flames. Monitoring oxygen and CO2 concentrations via vapor detection 
is a viable method for preventing leaks and fires (Solórzano et al., 2022). 
Gas detection systems should be installed in sensitive areas, such as near 
the ceiling and in low-lying regions, to detect flammable levels or toxic 
gases, while leak and overflow protection measures must be installed to 
prevent hazardous conditions near potential ignition sources. Hughes 
(2021) stated that the World Health Organization recommends adher
ence to the International Code for Fire Safety Systems guideline that CO2 
extinguishers or portable dry chemicals be used for minor methanol 
fires, while water extinguishers may be used for larger methanol vol
umes if the ratio of water to methanol pool is 4-to-1. For major methanol 
pool fires, Korzeniowski et al. (2018) recommend that foam-water 
measuring equipment with extinguishers made of Alcohol Resistant 
Film Forming Foam (AR-FFF) be used as the most effective option. It is 
essential to recognize that additional safety precautions for cofferdams 
on ships may be needed to avoid a probably hazardous methanol vapor 
or liquid buildup. 

3.2. Standards and regulations for methanol as marine fuel 

According to Ellis and Tanneberger (2015) and Hughes (2021), the 
IMO’s Maritime Safety Committee (MSC) developed the interim guide
lines for the safety of ships using Alcohol/Methyl/Ethyl as fuel, while 
several technical specifications and standards developed by the Inter
national Organization for Standardization (ISO) helped the marine in
dustry facilitate wider adoption of low-flashpoint fuel engines. Dowling 
et al. (2022) and Rousseau and Tomdio (2023) reported that two IMO 
safety codes had been incorporated into the ABS Rules for Building and 
Classing Marine Vessels (MVR) for the handling and carriage of 
low-flashpoint fuels, including natural gas. Part 5C-8 of the MVR also 
incorporates the International Code for the Construction and Equipment 
of Ships Carrying Liquefied Gases in Bulk (IGC Code) for specific vessel 
types, whereas Part 5C-13 incorporates the International Code of Safety 
for Ships Using Gases or other Low-Flashpoint Fuels (IGF Code) for 
vessels using low-flashpoint fuels. In May 2018, the ISO was tasked by 
the IMO to develop standards for methyl/ethyl alcohol as fuel couplings 

and marine fuels. 
The IGF-ready vessels, according to Rim et al. (2023), provide the 

‘Methanol Fuel Ready’ notation, along with other notations, for existing 
and new vessels that can be converted to low-flashpoint fuels. These 
notations adhere to the existing classification requirements for con
ventional fuels while also allowing for conversion to specific 
low-flashpoint fuels. Cassar et al. (2021) noted that the IMO assigned 
notations “LFFS” for low-flashpoint fuel-burning ships that use 
low-flashpoint fuels except natural gas. Because the IGC and IGF codes 
are prescriptive and designed for natural gas, additional precautions are 
necessary for ships using other low-flashpoint fuels, as stated in both 
sections of the rules. Ampah et al. (2021) and Dierickx et al. (2018) 
concur that natural gas-specific classes and statutory requirements can 
aid in vessel designs for fuels with low flashpoints or natural gas. These 
specifications are cited in a number of widely accepted guidelines for gas 
and other low-flashpoint fuels. 

Using low-flashpoint fuels in marine vessels requires risk assessments 
and engineering analyses. Such requirements are specified in the IGC 
and IGF codes, but as highlighted in Rousseau and Tomdio (2023) and 
Dowling et al. (2022), the Flag Administration must agree on the scope 
and approach for these evaluations. Established techniques such as 
hazard and operability study (HAZOP), hazard identification (HAZID) 
and failure modes and effects analysis (FMEA) should be used to conduct 
these assessments. 

3.2.1. Considerations for methanol fuel bunkering 
According to Etemad and Choi (2017) and Chen and Guan (2021), 

the IGC Code and IGF Code offer general safety guidelines for 
low-flashpoint fuels on marine vessels. These guidelines cover important 
safety measures like fuel tank protection, dual barriers on fuel supply 
lines, hazardous area classification, gas detection sensors, ventilation 
and explosion-proof materials for all low-flashpoint fuels. But the safety 
features required for individual fuels may vary based on their charac
teristics. Methanol produces denser vapors than air when it leaks, which 
makes it toxic and necessitates additional detectors. 

Hughes (2021) and Dowling et al. (2022) also reported that the 
IMO’s Interim Guidelines for the Safety of Ships Using Methyl/Ethyl 
Alcohol as Fuel provides a comprehensive reference for ship design and 
arrangement, pipe design, materials, fuel containment systems, fuel 
supply, bunkering, explosion mitigation, fire safety, ventilation, classi
fied hazard areas, power generation, control systems, electrical systems 
and fixtures, crew competency, risk assessments and operations. Ac
cording to Ellis and Tanneberger (2015), methanol, which is not cryo
genic, is simpler to handle and transport than other fuels and is like 
conventional bunker vessels. The experience of the Platform Supply 
Vessel (PSV) and Offshore Support Vessel (OSV) fleets in handling 
methanol for the offshore industry, as reported by Le Fevre (2018) and 
Rousseau and Tomdio (2023), can serve as a guide for methanol 
endorsement as a widely bunkering fuel. It is important to always 
consider fuel characteristics in risk assessment analyses. 

Methanol has a promising potential as a bunker fuel for ships due to 
its availability and global distribution. Ghorbani et al. (2022) described 
methanol as relatively efficient at storing energy by volume, despite its 
low energy content compared to other fuels. Short-sea vessels will most 
benefit from adopting methanol and other low-energy content fuels due 
to the limited trade distance and regulatory landscape. Since methanol 
requires more frequent bunkering, short-sea freight vessels can quickly 
adapt to this need. 

The net carbon-neutral and low-carbon fuel usage for large ships 
seemed more complicated than it is for smaller vessels. Gray et al. (2021) 
argued that using fuels like methanol with low energy content would 
necessitate significant ship design changes since fuel tanks would 
require larger storage of sufficient energy for longer voyages. Despite 
methanol’s greater versatility than other low-flashpoint fuels and its 
ability to be incorporated more readily into ship designs, industry 
studies (e.g., Pundir et al., 2021; Ellis and Bomanson, 2018) have raised 
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concerns about its placement below the lowest possible waterline under 
MSC.1/Circ.1621 regulations. These studies indicate that methanol has 
the potential to decrease CO2 emissions by approximately 10% as the 
primary marine fuel. Gray et al. (2021) further highlighted that if pro
duced sustainably via biomass, biogas, or renewable electricity, it may 
become a carbon-neutral fuel in the future. 

3.2.2. Challenges and opportunities for bunkering methanol fuel 
Methanol is now considered a viable fuel option as engine manu

facturers have successfully developed methanol-capable engine plat
forms. This development has raised the prospect of methanol 
contributing to meeting the carbon reduction goals set for 2030, thus 
paving the way for carbon-neutral propulsion systems. Vedachalam 
et al. (2022) have argued that methanol is costlier than low-sulfur ma
rine gas oil (MGO), making it the least desirable option under existing 
regulations. Another insight is that the shipping industry is always 
susceptible to fuel price volatility. It is necessary to implement 
contractual measures to limit this volatility and ensure the supply of 
methanol. 

All the literature sources reviewed pointed to the use of methanol as 
a marine fuel, but with complications. These challenges include supply, 
infrastructure and bunkering. Svanberg et al. (2018) and Vredeveldt 
et al. (2020) identified bunkering facilities, fuel supply systems, onboard 
containment systems and vessel engines as important areas requiring 
critical evaluation. Proper ventilation and an open deck location are 
essential for bunkering stations. Methanol is liquid, which makes it easy 
to store and available for bunkering. Van Hoecke et al. (2021) revealed 
that the current infrastructure built for the chemical industry can ensure 
adequate availability, but more terminals would be required for meth
anol’s extensive use in maritime vessels. In contrast, Brynolf et al. 
(2014) suggested that methanol could be stored in conventional fuel 
tanks for onboard storage, which can be easy to use as liquid 
low-flashpoint fuels at ambient conditions and can be easily stored this 
way. 

MAN and Wärtsilä propulsion engines for ships have been com
mended in several industry studies for possessing high capabilities for 
easily burning methanol. The ME-LGI engine from MAN uses high- 
pressure liquid fuel injection, like conventional oil fuel, through a 
dedicated liquid fuel injector and follows a dual-fuel combustion 
concept like the ME-GI engine as shown in Fig. 5. The Wärtsilä engine 
technology is built on their methanol common rail system and high- 
pressure natural gas injection mechanism that generates high pressure 
using a dedicated HP fuel supply pump. Giernalczyk (2019) and Güdden 
et al. (2021) affirmed that this technology has been developed for both 
offshore and land-based engine applications. The ME-LGI engine is 
designed to inject high-pressure liquid fuels (Zhu and Fan 2022). 

3.3. Methanol-powered vessels: current research and future developments 

Several advanced research and development projects in the maritime 
industry have successfully shown that methanol engines and fuel cells 

are technically possible. This study has analyzed the research and pilot 
projects that have used methanol as a reliable and potent marine fuel. 

The methanol-powered tanker fleet operated by Waterfront Shipping 
has demonstrated operational success. The Pu and Verhelst (2022) 
report revealed that the fleet consists of 11 ships that were delivered and 
began operation in October 2020. Waterfront Shipping Company is a 
subsidiary of Methanex, which is the world’s largest methanol producer. 
Deep-sea commercial vessels run by Waterfront Shipping as summarized 
in Table 2 are the only vessels currently using methanol as fuel. 

The industry research analyzed led to the findings that the successful 
use of methanol as a fuel source is fast growing. Laasma et al. (2022) 
validated that the Stena Germanica Ro-Pax ferry underwent a retrofit in 
2015 to accommodate methanol combustion. The retrofitting aimed at a 
high-pressure pump room installation, ballast tanks converted for 
methanol storage, and safety features enabled double-wall fuel piping 
systems, as well as modifying engines for methanol use. In 2017, MS 
Innogy became Germany’s first methanol-powered fuel cell vessel. The 
excursion vessel, according to Hobson and Márquez (2018), was 
designed to run on green methanol generated from the surrounding air, 
water and green electricity produced by the nearby Lake Baldeney hy
droelectric plant. Witthohn (2022) reported the Alfred Wegener In
stitute’s invention of the Uthörn, a 37.5 m methanol-powered research 
vessel, which was the first of its kind to be built in Germany in August 
2020. The ship is currently operating in the North Sea, with operations 
centered on Germany’s Heligoland Island station. 

These recent developments have contributed to the increasing use of 
methanol as a fuel source in the maritime industry. The testing of 
methanol fuel cells on the AIDAnova cruise ship in 2021 was another 
turning point. Freudenberg Sealing Technologies designed and tested 
the fuel cells, which have a lifespan of up to 35,000 operating h (Elkafas 
et al., 2022). Tests were conducted to assess the efficiency, integration 
and operability of the fuel cell in comparison to other low-emission 
options such as LNG and batteries (Mallouppas and Yfantis, 2021). 
Proman Stena Bulk Ltd. commissioned two new tankers that have a 
deadweight capacity of 49,900 t and will run on methanol dual-fuel 
engines (Küfeoğlu, 2023). Shore-based research projects also focus on 
engines powered by pure methanol or a methanol blend. The 

Fig. 5. MAN High-pressure liquid methanol-fuel injection ME-LGI engine.  

Table 2 
Waterfront operational methanol-powered tankers fleet.  

Vessel name IMO number Owner Builder 

Mari Jone 9725316 Marinvest HMD 
Mari Kokako 9848687 Marinvest HMD 
Mari Couva 9848584 Marinvest HMD 
Mari Boyle 9732979 Marinvest HMD 
Lindanger 9725299 Westfal-Larsen HMD 
Leikanger 9725304 Westfal-Larsen HMD 
Creole Sun 9850214 IINO LINES and Mitsui HMD 
Takaroa Sun 9850202 NYK HMD 
Cajun Sun 9724025 MOL Mitsui OSK Minami Nippon 
Taranaki Sun 9751406 MOL Mitsui OSK Minami Nippon 
Manchac Sun 9724013 MOL Mitsui OSK Minami Nippon  
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HyMethShip project is a 13-member European consortium that is 
developing a methanol ship that uses renewable energy (Malmgren 
et al., 2021). The Green Maritime Methanol Consortium is conducting 
engine testing programs using a retrofitted 3508 Caterpillar gas engine 
that runs completely on methanol. Fig. 6 provides the potential for 
attractive and feasible use of methanol in the shipping industry, based 
on vessel tank capacity, bunker needs and operational profiles. The 
analysis does not include the financial viability of adopting methanol as 
a marine fuel. 

The US Navy, in collaboration with Alfa Lava, Aura Marine and 
Wärtsilä in Finland, is conducting tests on a dual-fuel methanol engine. 
The tests will use the Wärtsilä 32 (32 methanol) engine and two different 
fuel mixtures, one sustained by an emulsifier and the other hybrid me
chanically (Wissner et al., 2023). The objective was to analyze the en
gine’s performance with different fuel compositions and injection 
systems that meet the US Navy’s maritime needs. Another research 
project by the Danish Energy Agency and the Danish Technological 
Institute is ongoing to optimize methanol additives, which could enable 
their use in conventional diesel engines with minimal modifications for 
carbon-neutral or zero-emissions applications (Kountouris et al., 2023). 
Several research and development projects are currently underway to 
increase the use of methanol as a fuel in various transportation sectors. 
Van Hoecke et al. (2021) listed some progress made in the development 
of methanol bunkering facilities and fuel supply systems to support 

marine vessels. A consortium led by AP Moller-Maersk and Ørsted, 
involving 25 other partners is scaling up the production of industrial 
hydrogen in Europe to produce sustainable fuel for marine vessels, 
aviation transport and road transportation by 2030 (Latapí et al., 2023). 
The project is expected to be powered by electrolyzers and renewable 
offshore wind energy. The plan is to raise electrolyzer output to 260 MW 
by 2027 and supply sustainable methanol to Maersk vessels using sus
tainably captured CO2. The project is expected to reduce carbon emis
sions by 70% through sustainable fuels and changes to energy 
infrastructure. 

The top-down and bottom-up methods were used to estimate global 
bunker demand, which was found to be approximately 300 Mt per year. 
This was based on IMO data and 7 equal sources. Container vessels, 
which make up only 6% of the global fleet, were found to consume 23% 
of the total annual bunker volume. When combined with dry bulk car
riers and liquid bulk tankers, these vessels consume almost two-thirds of 
the global bunker demand. Table 3 demonstrates how this bunker de
mand is distributed throughout various shipping markets. 

Based on global bunker demand, Shanghai Huayi Energy Chemical 
and Methanex collaborate with the Methanol Institute and the China 
Waterborne Transportation Research Institute to conduct advanced 
studies that explore methanol viability as a future maritime fuel (Wang 
et al., 2023). Since China is a major producer and consumer of methanol, 
the studies will consider China’s current methanol availability and 
infrastructure, as well as its shipping sector. The outcome is predicted to 
provide a policy roadmap and guidance for the wider adoption of 
methanol for China vessels. 

The ASEAN shipping industry is exploring methanol as a potential 
alternative fuel to reduce GHG emissions. The existing infrastructure to 
accommodate methanol and its trade will be critical to its availability 
and cost when compared to other alternative fuels. Vedachalam et al. 
(2022) predicted a possible surge in future demand for methanol in 
manufacturing and opined that financial incentives or synthetic meth
anol production may be necessary to meet the demand for global 
maritime use, which may result in additional costs. The Methanex 
Corporation and the Methanol Institute provide useful information on 
methanol prices, safe handling practices and supply infrastructure. 
Methanol has been used in power generation and propulsion in meth
anol carriers, and the development of reliable, efficient and dedicated 
propulsion mechanisms has driven an expansion in the building of new 
methanol-powered cargo vessels. Renewably produced methanol has a 
better prospect of reducing life-cycle emissions and improving the sup
ply chain of renewable methanol fuel for other applications. 

Data estimation and the key findings have shown an overall 

Fig. 6. Heatmap of shipping segments’ methanol-applicability.  

Table 3 
Annual bunker demand estimate per vessel type.  

Ship type Fleet GT capacity 
X (kt) 

2014 Bunker 
volume (Mt) 

Bunker per 
vessel 

General cargo 16,061 57025 21700000 7% 1351 
Oil & chemical 

tanker 
11730 281072 57200000 19% 4876 

Oil Tanker   39700000 13%  
Chemical 
tanker   

17500000 6%  

Bulk carrier 9892 359521 53400000 18% 5398 
Offshore 7002 27968 8600000 3% 1228 
Cruise 6423 34892 11100000 4% 1541 
Container vessel 4858 175627 66000000 23% 13586 
RoRo 1470 44756 9300000 3% 6327 
LNG tanker   15700000 5%  
Fishery   16100000 5%  
Ferry Ropax   9900000 3%  
Vehicle carrier   7900000 3%  
Other   23600000 7%  
Total 79471 1048336 300500000    
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methanol market share of 5% in the low scenario and 23% in the high 
scenario. Applying this analysis technique to the expected bunker 
market in 2030, the results indicated that Malaysia would need between 
0.6 and 2.6 M m3 of methanol and that all of ASEAN will require be
tween 1.1 and 5.0 M m3. Table 4 demonstrates that future global 
methanol production capacity can easily meet ASEAN demand. 

Research is underway to explore the potential of methanol as a dual- 
fuel marine engine that can facilitate the use of various alternative fuels 
in the future. Methanol has an advantage over LNG and other gas bun
kers because of its liquid state, which makes it easier and more cost- 
effective to store and retrofit existing infrastructure. Although Chen 
et al. (2023) and Thepsithar et al. (2020) noted that one of the diffi
culties with using methanol in contrast to conventional fuel oils is its 
lower energy content. Converting tanks to hold larger volumes of 
methanol and scaling up production activities, storage and trade for 
further methanol applications in marine fuel can help address this 
challenge. Rapidly scaling up the methanol infrastructure globally and 
onboard applications to achieve the IMO 80% GHG emissions reduction 
targets by 2050 remains the focus of ongoing research. Fig. 7 represents 
the predicted production and use of methanol as a marine fuel before 
2050, based on data analysis from Wissner et al. (2023) and Shamsul 
et al. (2014) studies. 

An updated list of ASEAN methanol-fueled vessel fleets was not 
available during the study. But Japanese shipping fleets such as Mitsui 
OSK Lines, Tabuchi Kaiun, Niihama Kaiun and MOL Coastal Shipping 
are collaborating with Murakami Hide Shipbuilding and Hanshin Diesel 

Works to expand methanol-fueled vessel fleets in Asia. Methanol as a 
marine fuel is still in the early stages of development and implementa
tion, and the number of methanol-fueled vessels in operation is rela
tively small. Notwithstanding, some notable developments in this area 
have occurred. For example, Methanex Corporation’s subsidiary, 
Waterfront Shipping, ordered eight new methanol-fueled vessels to be 
delivered in 2021 and 2022, which are the first methanol-fueled vessels 
to be built in Asia. 

The Maritime and Port Authority of Singapore has also been sup
porting methanol as a marine fuel, launching a pilot program to test its 
use on a small harbor craft in 2018. The program was successful, and the 
MPA has announced plans to expand the use of methanol as a marine 
fuel in Singapore. There is no comprehensive list of Asian methanol- 
fueled vessel fleets yet, but there is a growing interest in methanol as 
a marine fuel in the ASEAN region. 

4. Conclusion 

The benefits and drawbacks of methanol as an alternative fuel 
source, as well as its feasibility in meeting emission regulations, were 
carefully examined. In this study, the environmental implications of 
using methanol as fuel in marine vessels were analyzed, including its 
production process and comparison to other fuel alternatives. The 
impact of methanol on reducing greenhouse gas emissions, air pollution 
and the overall sustainability of the marine industry were also evalu
ated. The findings revealed the potential environmental impacts of 
increasing methanol production to meet the demand for marine fuel, 
including the potential for water contamination, land use change and 
other indirect effects. Ongoing research and industry projects related to 
feedstock options for methanol production are discussed in Section 3. 

In terms of safety, the findings unveiled the ME-LGI concept by MAN, 
which safely uses liquid low-flashpoint fuels like methanol in marine 
engines. This success further indicates that methanol is easier to contain 
onboard than LNG and only minor modifications are required to the 
existing infrastructure. Although safety considerations such as tank 
location, protection, inerting, spill containment and fire-fighting must 
be considered. The findings further revealed that methanol is toxic and 
can pose a danger to human health if ingested, leading to blindness, 
coma and even death. It also produces a nearly invisible flame, making it 
challenging to detect until it has spread. The IMO interim guidelines for 
ships utilizing methyl/ethyl alcohol as fuel, in addition to those pro
vided by the ISO, facilitate the use of low-flashpoint fuels in the 

Table 4 
Projected models of future methanol market shares.   

High scenario % Low scenario % 

S/M share L/VL share S/M share L/VL share 

General cargo 50 10 25 0 
Oil & chemical tanker 50 10 25 0 
Bulk carriers 50 10 25 0 
Offshore 50 20 10 0 
Cruise 50 10 25 0 
Container vessels 50 20 25 0 
RoRo 50 20 10 0 
LNG tanker 0 0 0 0 
Fishery 50 10 10 0 
Ferry Ropax 50 10 25 0 
Vehicle carrier 50 20 25 0 
Other 50 20 10 0  

Fig. 7. Predicted methanol use as marine fuel before 2050.  
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maritime industry. These guidelines and standards have ensured the safe 
storage, handling and using methanol as well as other low-flashpoint 
fuels on board vessels. ABS also incorporated safety codes related to 
low-flashpoint fuels into their rules for marine vessels, requiring risk 
assessments and engineering analyses. 

The analysis revealed that methanol is a promising alternative fuel 
source that can reduce carbon emissions, especially for short-sea vessels. 
Specific safety measures must always be taken due to methanol toxicity 
and additional detectors and ventilation systems are needed. Despite 
having a lower energy content than other fuels, methanol remains effi
cient at storing energy by volume. While methanol may be more 
expensive than low-sulfur MGO, the availability of engines capable of 
using methanol, coupled with existing distribution infrastructure, would 
make it a viable alternative sooner. Challenges such as fuel supply, 
infrastructure and bunkering must be addressed for widespread adop
tion. MAN and Wärtsilä have offered methanol-burning engines based 
on the high-pressure diesel combustion process and the ASEAN maritime 
industry can sufficiently benefit from this development. 

This study suggests that methanol is a potential alternative marine 
fuel that can reduce greenhouse gas emissions and improve air quality in 
the shipping industry, but there are costs and challenges to consider, 
including initial costs, fuel costs, safety concerns, technical challenges, 
infrastructure challenges and regulatory challenges. Retrofitting ships to 
use methanol can be expensive and methanol is currently more expen
sive than traditional marine fuels. New infrastructure for methanol 
production, storage and distribution is needed. Further research is 
required to determine the full costs and benefits of implementing 
methanol as a marine fuel. 
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