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1 
Executive summary
The purpose of the study is to determine the environmental bene�ts of using methanol as fuel on ships with 
regards to emissions of greenhouse gases (GHGs), NOx and SOx. The potential environmental gains are seen 
in the context of current and future environmental regulations for methanol in maritime use, and in context of 
the costs of adaption and technical readiness.

The environmental assessment of methanol used as ship fuel shows that, for a lifecycle perspective, methanol 
produced with natural gas has higher GHG emissions than conventional fuels. However, methanol produced 
with biomass has the potential to save signi�cant emissions, provided that the electricity used in the process 
is relatively clean. The lifecycle NOx emissions from methanol are approximately 45% of those from 
conventional fuels per unit energy and the lifecycle SOx emissions of methanol are approximately 8% of those 
from conventional fuels per unit energy. In the case of both NOx and SOx, the emissions reductions are due 
to the fact that methanol results in lower emissions during the combustion phase.

The assessment of technology readiness for methanol as fuel shows that the methanol fuel system consists 
mostly of well-known components, and that the individual components are of a mature technology and have 
been used in the maritime industry. The new application is the connection of all these components along 
the methanol �ow and how they interact with each other. The assessment also shows that additional safety 
barriers are needed in every part of the methanol fuel system. From a technical aspect this is very much 
achievable for shipowners, both for newbuild and retro�t systems. 

From a cost perspective, methanol as fuel only shows potential within certain circumstances. These are 
mainly that MGO prices are high and that the time spent in ECAs for the vessel is a large portion of the total 
sailing time.





2 
Introduction
This study was carried out using funds provided to IMO by Transport Canada for analytical studies and other 
activities pertaining to the control of air related emissions from ships.

The purpose of the study is to determine the environmental bene�ts of using methanol as fuel on ships with 
regards to emissions of greenhouse gases (GHGs), NOx and SOx. The potential environmental gains will be 
seen in the context of current and future environmental regulations for methanol in maritime use, and in 
context of costs of adaption and technical readiness.

Methanol has been given attention as a low carbon alternative fuel because it can be synthesized from a 
number of feedstocks. Beyond the possibility of producing methanol with renewable resources, methanol is 
an environmentally interesting fuel for ships due to its low sulphur, NOx and particulate emissions. The low 
sulphur emissions make methanol an alternative for satisfying the IMO sulphur emission control area (SECA) 
requirements for SOx.

The Swedish ferry and freight operator Stena Line has successfully retro�tted one of its vessels for using 
methanol as a solution to low sulphur fuel requirements. This is the world�s �rst and only vessel running on 
methanol, at the time of writing. Additionally, a number of chemical carriers are also being designed to be able 
to run on methanol, so that they can use their own methanol cargo as fuel in SECAs. 

This analysis will address the question: what are the environmental bene�ts of methanol and what makes a 
shipowner choose methanol over other traditional and alternative fuels?

2.1 Methanol in industry
Methanol, also known as methyl alcohol or wood alcohol, is a chemical with the formula CH3OH. Most 
methanol produced today is used in the petrochemical industry, employing methanol as a feedstock to 
produce other chemicals, in particular formaldehyde and acetic acid/1/. 

Today methanol is generally produced using natural gas as a feedstock. Methanol has piqued interest as 
an alternative, low-carbon fuel because it is also possible to produce with renewable feedstocks such as 
municipal waste, industrial waste, biomass and carbon dioxide/2/.

Methanol is only employed as a transportation fuel on a signi�cant basis for cars in China, where it is 
inexpensive and readily available. Methanol in China is produced cheaply from coal, which causes a highly 
negative GHG impact.

Figure 2-1: Symbolic representation of methanol molecule, CH3OH



4 Methanol as marine fuel

The use of methanol in the maritime industry is currently limited. As mentioned previously, Stena Line has 
retro�tted a ro-ro passenger vessel for methanol use. There are currently seven chemical tankers under 
construction which will ship methanol and run on their cargo.



3 
The current environmental 
regulatory regime
The current regulations in place which can work to encourage the uptake of methanol for shipowners are related 
to restrictions on sulphur oxide (SOx), the most important being SOx restrictions imposed by IMO in emission 
control areas (ECAs) and in EU by the Sulphur Directive 1999/32/EC (as amended by Directive�2012/33/EU).

3.1 IMO regulations
The main international shipping convention regulating emissions to air from ships is the IMO International 
Convention on the Prevention of Pollution from Ships (referred to as MARPOL). MARPOL Annex VI establishes 
limits for SOx and NOx globally and in ECAs. 

The global limit of sulphur content in fuel will be reduced from 3.5% to 0.5% (m/m) in 2020 or 2025. The date 
of implementation will be decided by 2018. The use of scrubbers will be accepted in this regime.

Ships sailing in SOx ECAs (SECAs) are required to run on fuel with a sulphur content of 0.1% (m/m) or less after 
January 2015, alternatively using an equivalent method such as exhaust gas cleaning, or alternative fuels with 
low sulphur content. There are two established SECAs: the Northern European SECA, and the North American 
and US Caribbean ECA. These are shown in Figure 3-1. 

There is a possibility for new ECAs in Mexico and Turkey (the Bosporus Straits and Sea of Marmara). 

Equivalent puri�cation of exhaust gas from HFO by scrubbers is accepted (except in California where it is 
banned by state regulation, but this ban is expected to be lifted in 2015).
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Figure 3-1: Current established emission control areas

MARPOL Annex VI also establishes limits for NOx emissions from marine diesel engines of more than 130 kW 
output, dependent on engine mean rotational speed and the ship construction date (keel-laid date of the ship). 
The keel-laid date determines if a vessel is beholden to Tier I, II or III:

Tier I � Ships keel laid from 1 January 2000 to 1 January 2011

Tier II � Ships keel laid on or after 1 January 2011

Tier III � Ships keel laid after 1 January 2016 operating in the North American Emission Control Area or the 
United States Caribbean Sea Emission Control Area.

The relevant NOx emissions for each tier level are shown in Figure 3-2.
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Figure 3-2: Allowable NOx emissions from marine engines according to tier

Currently, the only established NOx ECAs (NECA) are the North American ECA and the United States Carribean 
Sea ECA.

The keel-laid date after which vessels must adhere to Tier III in future NECAs which can come into effect, 
cannot be earlier than the date of adoption of the NECA.

Beyond requirements for SOx and NOx pollution prevention, MARPOL Annex VI mandates the energy 
ef�ciency design index (EEDI) for new ships, as well as a Ship Energy Ef�ciency Management Plan (SEEMP) 
for all ships. 

The EEDI establishes a mileage standard for ships where the environmental burden of running the ship (CO2 
emissions) is measured against the bene�t for society (transport work).

Attained design CO2 index = 
environmental burden

bene�t for society

The design EEDI has been established for selected ship types and sizes above 400 GT. Ships will be required 
to satisfy the required EEDI value which is valid for the ship type, size and keel date. The design EEDIs are 
intended to establish energy ef�ciency standards to which ships must adhere at the design stage. The later the 
keel-lay date, the more stringent the standard mandated by IMO. The EEDI requirements are in force but will 
evolve as part of an agreed review process. 

Biofuels (such as methanol produced from biomass) are not considered in the existing EEDI regulation. 
The�EEDI calculation guidelines/3/ establish a carbon factor for methanol, regardless of whether or not it is 
produced by biomass. However, the �ag State may allow alternatives fuel oils, or compliance methods used 
as an alternative to the requirements of the EEDI, if the alternative is at least effective in terms of emissions 
reductions as that required by the EEDI/4/. This means that a �ag State can allow for biofuels such as methanol 
created with biomass to satisfy the EEDI requirements as an alternative to energy ef�ciency requirements 
stipulated in the EEDI. Possibly there is a need to consider setting a different carbon factor for biofuels.

In such a case, vessels running on biofuels must document that their motor is built to run on biofuels and that 
biofuels are the primary fuel. Exactly how this is to be documented is not yet established, so it will be up to 
the �ag State to determine which criteria will constitute a motor built and running on biofuels as the primary 
fuel and therefore to what extent bio-methanol will be advantageous in achieving compliance with EEDI, 
compared to other fuels. 
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3.2 Other regional requirements
Other than the MARPOL requirements, EU�s Sulphur Directive limits sulphur content in fuel to 0.5% in 
EU�waters (non-ECA) beginning January 2020. Equivalent puri�cation of exhaust gas from HFO by scrubbers is 
accepted, though scrubber discharge water is not accepted in certain coastal waters, ports and river estuaries.

Article 4b of the Council Directive 1999/32/EC as amended by Directive 2005/33/EC stipulates that ships at 
berth in European Union ports must use marine fuels with a maximum sulphur content of 0.1% (m/m) at all 
times.

The Directive also requires that all ships at berth in EU ports after 2010 must use marine fuels with a maximum 
sulphur content of 0.1% (m/m).  The Directive also mandates that all passenger vessels on scheduled routes 
must burn fuel at equal or less than 1.5% in all EU waters. (Except in SECAs where stricter restrictions apply.)

There are currently no EU directives speci�cally targeting NOx emissions from ships.

ECA-like requirements are also likely forthcoming in parts of Chinese waters/5/. The Chinese Ministry of 
Transport has indicated that it will establish emission control areas from 1 January 2016 in the Pearl River 
Delta, Yangtze River Delta and Bohai Rim. Vessels at berth inside the areas will be strongly advised to use 
bunker fuels with a sulphur content of less than 0.5% m/m sulphur. 



4 
Identifying the environmental 
bene�ts of methanol
In order to identify the environmental bene�ts of using methanol as marine fuel, the total lifecycle emissions of 
methanol propulsion on ships are compared to conventional fuels � MGO and HFO. The lifecycle emissions 
of SOx, NOx and greenhouse gases (GHGs: CO2, CH4 and N2O) are identi�ed for the production and emission 
phases of methanol production. 
The system boundaries for the lifecycle emissions are well-to-propeller, meaning that the emissions of 
extracting and re�ning raw fossil fuels are taken into account. The entire lifecycle can be divided into two 
main phases: well-to-tank (the total emissions of extracting raw materials, producing and transporting the fuel) 
and tank-to-propeller (the emissions from combustion and potential leakage).
The emissions of CO2 and SOx from the combustion phase are dependent on the carbon and sulphur content 
of the fuel in question. The emissions of CH4, N2O and NOx are based on temperature and combustion 
conditions. These values will also vary with engine load and rpm, but average emissions factors in g/MJ fuel 
are used in this study. 
All lifecycle emissions are normalized per MJ content of fuel. 
Emissions of CH4 and N2O have different contributions to global warming. These emissions are therefore 
normalized to g CO2 equivalents, so that the total GHG emissions can be summed and the lifecycle GHG 
emissions from each fuel type can be compared. The CH4 and N2O emissions are converted to CO2 equivalents 
using a 100-year time horizon. This means that the CH4 and N2O emissions are normalized according to their 
effect on global warming of a 100-year time scale. Normalization factors are given in Table 4-1.

Table 4-1: Global warming potential of CH4 and N2O
/6/

Emissions Global warming potential for 100-year time horizon (g CO2 equivalents/g emissions)1

CO2 1

CH4 25

N2O 298

CH4 and N2O are not emitted in large quantities from combustion methanol or conventional marine fuels, 
but they are taken into account because they are emitted in the production process and their inclusion is 
important for the completeness of any lifecycle GHG inventory.
SOx and NOx emissions are important in a maritime context primarily because of their harmful effects on 
human health, land based infrastructure and natural habitats. Their emissions near ports or where humans are 
present is where they do most damage, but on a regional level they also contribute to acid rain creation and 
potentially local acidi�cation of the marine environment. Their lifecycle emissions are therefore quanti�ed�here. 
Particulate emissions are important from a human health perspective, with black-carbon also seeking attention 
as a short-lived climate change forcer and a potential ice-melt accelerant. However, such emissions are outside 
the scope of this study.
Additionally, methanol combustion does emit formaldehyde, which has a human health effect, but this is 
outside the scope of this study. Other issues outside the scope include the possible cooling effects of SOx and 
aerosols in the atmosphere, the formaldehyde emissions from methanol and the uncertainty of NOx�s impact 
on climate chemistry.

 1 The IPCC has made an update to global warming potential for CH4 and N2O but values from the 2007 IPCC report are used here 
to ease comparison with other lifecycle assessments of marine fuels.
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4.1 Methanol fuel production

4.1.1 Methanol production with natural gas

Currently, the methanol used on board the Stena Germanica � the only current vessel employing methanol in 
the world � is produced by natural gas synthesis, as is most of the methanol produced in the world today. The 
methanol Stena purchases can theoretically come from any number of production sites, with various natural 
gas sources as the feedstock. It is assumed here that the majority of methanol used by Stena is produced in 
Europe with natural gas produced from Norwegian �elds.

Methanol production from natural gas entails a combination of steam reforming and partial oxidation, with 
up to about 70% energy ef�ciency/7/. The main emissions occurring during the production process are the 
emissions from combustion of natural gas. The process of producing methanol is highly exothermic, and the 
excess heat is used to generate electricity in a plant/8/. It can therefore be assumed that there are no extra 
energy inputs to the production process at the plant and that only negligible emissions occur beyond the 
natural gas combustion.

Further up the value chain, emissions will also occur from the extraction and transport of natural gas so that 
it can be used in the methanol plant. The emission estimates from natural gas extraction used in this study 
are based on natural gas extraction from Norwegian �elds, and include emissions from transporting the gas 
to mainland Europe. Additionally, it is assumed that the emissions from transporting and bunkering methanol 
are the same as those for MGO and HFO. The difference in energy density of methanol is assumed to have a 
negligible impact on emissions from transport, which are small compared to other parts of the lifecycle.

The lifecycle of methanol production with natural gas is shown in Figure 4-1.

Figure 4-1: Map of lifecycle phases of methanol production and use as fuel in ships

The emissions from extracting the natural gas and transporting it to the methanol production site are based on 
the European Lifecycle Database (ELCD)/9/.  These values are based on Norwegian natural gas extraction, and 
gas being sent via pipeline to a production site, totalling at 2.4 g CO2 eq/MJ natural gas.

Different �elds will have different energy requirements for extracting gas, and different ef�ciencies for gas 
processing and transportation. 

Although it is dif�cult to compare different lifecycle assessment (LCA) studies because the system boundaries 
can vary, Figure 4-2 shows the GHG emissions from gas extraction in various locations, in order to show 
the variation in emissions from natural gas extraction/10/. The results are from a study performed by the 
US Department of Energy, with three scenarios: LNG produced in the US and shipped to Rotterdam, LNG 
produced in Algeria and shipped to Rotterdam, and natural gas produced in Russia and sent via pipeline to 
Rotterdam. The results of the three scenarios are shown with the emissions values of Norwegian natural gas 
production taken from the ELCD database.
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Figure 4-2: GHG emissions of natural gas extraction

Figure 4-2 shows the emissions from extraction only. LNG will have additional emissions from liquefaction 
and other processing. Several studies choose to use emissions of Norwegian natural gas extraction to 
calculate the lifecycle values of fuel production when production occurs in Europe (Strłmman et al. 2006/11/; 
Brynolf et al. 2014/12/).

Despite the uncertainty in the emissions of gas extraction and transportation, the well-to-tank GHG emissions 
from methanol produced with natural gas are dominated by the emissions from natural gas combustion 
occuring at the methanol plant. The well-to-tank emissions of methanol production with natural gas are 
shown in Figure 4-3.

Figure 4-3: Well-to-tank GHG emissions from methanol produced with natural gas

The impact of methanol transportation is so small as to be barely visible in the �gure.
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4.1.2 Methanol production with biomass
Although today�s limited application of methanol as fuel for ships is mostly synthesized from natural gas, 
it is important to consider the lifecycle emissions from methanol produced with biomass. It is the eventual 
transition to bio-methanol that is the environmental motivation for using methanol on ships as additional 
reason for sustainability beyond no sulphur content. Methanol can be produced with biomass such as 
residues from forestry. Biomass materials are used to make black liquor in pulp and paper mills, where it is 
normally combusted to generate energy and recover chemicals. However, black liquor can also be gasi�ed 
in an oxygen-rich atmosphere and methanol produced from the resulting syngas, without compromising the 
recovery of the chemicals. This process may be integrated into the pulp and paper mill process with access 
to excess biomass/13/. Such a methanol production process is the grounds for the lifecycle GHG estimates of 
bio-methanol below.

In such a process, the emissions from methanol production will come from the emissions generated elsewhere 
to create electricity needed. The source of electricity is an important factor for the total GHG emissions of 
methanol created with biomass, because the emissions from electricity generation can vary according to the 
raw energy source. The amount of renewable resources used to generate electricity varies from country to 
country. Figure 4-4 illustrates the upstream CO2 emissions of the electricity mixes for various countries.

Figure 4-4: CO2 emissions for electricity mixes of various countries

Finland, Sweden and Russia are shown here as examples due to their large biomass availability. 

Besides the emissions from electricity, additional emissions may arise when the waste biomass from a mill is 
not suf�cient to ful�l the biomass needs of methanol production, and this de�cit is �lled by burning fossil fuels 
to create enough black liquor. Additionally, transportation of biomass and methanol will generate emissions. 

The lifecycle GHG emissions of bio-methanol production are modelled in the DNV GL study the Fuel 
Trilemma/13/, based on electricity need of 2.1 MWh/tonne of methanol. GHG emissions from electricity mixes 
are taken from the IEA. In order to model the emissions in the case of a plant with a biomass de�cit, a 15% 
additional biomass demand is assumed to be �lled by burning residual fuel oil. Figure 4-5 shows the results of 
lifecycle emissions from biomass methanol production, using the Finland energy mix and the Russian energy 
mix. Results for a plant with a biomass de�cit which must be �lled using residual fuel oil are also shown.
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Figure 4-5: Well-to-tank GHG emissions of methanol produced from biomass

Direct GHG emissions generated from the combustion of synthesis gas from biomass and the combustion 
of methanol from bio-methanol are considered climate neutral, and they are therefore not included in the 
lifecycle emissions. Bio-methanol produced with a clean electricity mix has therefore a potential to have 
low GHG emissions. Comparing Figure 4-3 to Figure 4-5 shows that the well-to-tank emissions of producing 
methanol with biomass are not much lower than with natural gas. However, the combustion of bio-methanol 
and methanol produced with natural gas will result in fewer GHG emissions. (This will be discussed in greater 
detail in section 4.4.)

4.2 Combustion of methanol on board ships
The actual CO2 emissions from combustion of methanol are based on the carbon content per MJ fuel. 
The carbon content can vary slightly according to the purity of fuel; however, purity of the product is well 
controlled in the production process. This study uses as a basis that methanol combustion emits 69 g CO2 per 
MJ methanol combusted/9/.

CO2 from combusted bio-methanol is considered climate neutral2 and is therefore not considered a GHG gas. 
This is because it is assumed that CO2 emitted from biomass-based fuel is removed from the atmosphere once 
new biomass grows to replace the biomass used to produce the fuel. CH4 and N2O emissions from methanol 
are assumed to be negligible/12/.

SOx emissions are based on sulphur content of methanol, which is negligible/12/. 

There have been few tests measuring the NOx emissions from methanol combusted in marine engines. 
Wärtsilä has tested NOx emissions from methanol against those from HFO in two engine models: pre-tests 
on the Wärtsilä Vasa 32, and full tests on the Sulzer Z40S-MD/14/. Their results show that NOx emissions 
were approximately 40% of emissions from HFO from the same engines at similar load. However, the NOx 
emissions were not as low as Tier III levels. It is therefore assumed that NOx emissions during combustion are 
reduced by approximately 60% when running on methanol compared to HFO. MAN Diesel has performed 
tests with a methanol in marine diesels resulting in a 30% reduction in NOx emissions compared to diesel/15/. 

 2  Although CO2 emissions from biofuels, including bio-methanol, are considered to be climate neutral from a lifecycle assessment 
perspective, they are not necessarily considered climate neutral when calculating the CO2 emissions of methanol propulsion for the 
EEDI regulation (see section 3.1).






























































