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1 Introduction 

1.1 Present situation 
The EffShip project is based on the vision of a sustainable and successful maritime transport 
industry – one which is energy efficient and has minimal environmental impacts. Specific 
project goals to achieve this include improving the efficiency of the ship machinery, 
introducing alternative marine fuels, using wind energy as a complementary propulsion force 
and developing applicable technology for reducing the emissions of CO2, NOx SOx and 
Particulate Matter. The project will result in solutions with respect to maritime fuels, energy 
efficiency and emission reduction technology that will contribute to the fulfillment of EU’s 
and the Swedish Government’s climate goals of 20% more efficient energy usage, 40% 
reduction of greenhouse gas emissions, a minimum of 10% renewable energy in the transport 
sector in year 2020 and to fulfill and exceed upcoming international rules. In the project, 
there will be full scale tests of some of the developed technologies as well as a complete ship 
design including functional design of the best technologies. A state of the art ship design has 
been made available to the project to act as the platform for further development. The project 
results will be disseminated and exploited through the eight partners of the project 
consortium consisting of research organizations, ship design companies, suppliers of power 
and emission reduction solutions and heating systems. 

1.2 Project Areas 
The project addresses the area “Efficient energy use” for shipping, and also the area 
“Sustainable use of natural assets”. The project is a combined Research, Technological 
development and development and Demonstration (RTD) project. 

2 Summary  

2.1 Project Background 
As seen from the introduction there is a short term goal to meet the emission legislation of 
sulphur emission in 2015 and NOx emission for new buildings in 2016 and a medium/ long 
term goal to meet the CO2 emissions in 2020.  

The choice of fuel is an important factor to comply with these up-coming regulations. 
However, the existing ship must be economically able to convert to these new fuels and stay 
competitive and new buildings must be viably built in competition with existing technology. 

Today heavy fuel oil (HFO) is the dominant fuel for ship propulsion and will remain so for 
many years but the introduction of Sulphur Emission Control Areas (SECAs) will create new 
limitations and opportunities for creating cleaner shipping. 

Having this as the outset we have analysed which technical and economic possibilities are at 
hand in the near future in order to improve and replace existing technologies which fulfil 
today’s demand on emissions and cost levels of the shipping industry. 
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2.2 Project Definition of Work Package 2 
 

WP2. Present and Future Maritime Fuels: The purpose is to identify and present possible 
future fuels for maritime use. An overview level report with focus on a wide picture of 
maritime fuel over short term, medium term and long term perspectives will be compiled. 
Logistic and risk aspects of the supply and storage of the fuels are also included in this work 
package. 
 
Oil has for the last years been the dominant fuel for ship propulsion. Changing conditions and 
concerns such as price, availability, emissions, operating conditions and legislation have 
made oil less attractive and there is a growing interest in finding alternatives which will be 
available in the long term perspective.  
 
The team will compile an overview report with focus on a wide picture of maritime fuel over 
short term, medium term and long term perspectives. Clean land based local power 
generating systems will serve as an important reference.  
 
The most promising fuels will be identified. For these alternatives WP2 will investigate 
availability, price, emissions, other environmental impact from a life cycle perspective, 
operational characteristics in the engines, storage, bunkering, handling, space requirements in 
the ship, safety, and class approval. A successful implementation of an alternative maritime 
fuel requires a reliable and adequate supply that can be offered in many (or “enough”) ports. 
Otherwise it might result in increased environmental impact and higher costs for the shipping 
companies.  
 
This work package will also analyze how the logistic system can be designed to support the 
supply of new fuels and what is necessary to create opportunities for a successful 
implementation into the market. A risk analysis will be carried out for the supply of the 
various fuels considered, and will include an assessment of risk of transport to the port, 
storage at the port and onboard the vessel, and bunkering activities. 
  
The WP2 findings will serve as an important input to WP3, WP4 and WP5. The various fuel 
alternatives will have different problems related to exhaust gas cleaning e.g. exhaust gas 
after-treatment technologies such as scrubbers, require a supply of input materials 
(consumables) and handling of waste products in port. The different fuel alternatives also 
have different possibilities regarding exhaust gas energy recovery. 
 

2.3 Work Package Members 
 

The project leader of WP2 is Lennart Haraldson of Wärtsilä and the team is compiled from 
Effship participants. Occasionally external partners have been invited to discuss and present 
their opinions on their experience but regular members have been: 
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 Lennart Haraldson, Wärtsilä project manager 
 Joanne Ellis, SSPA 
 Per Stefenson, Stena 
 Per Fagerlund, ScandiNAOS 
 Bent Ramne, ScandiNAOS 
 Thomas Stenhede, Wärtsilä 
 Johan Danbratt, Wärtsilä 
 Karin Andersson, Chalmers University of Technology 
 Selma Bengtsson, Chalmers University of Technology 
 
Fourteen documented meetings have been held within WP2 the last taking place on Feb 21, 
2013 dedicated for the final report. The intermediate meetings have been working meetings 
and reporting of on-going activities.  
 

3 Criteria for Future Marine fuels 
 
The work within the WP2 included workshops and discussions of criteria for future marine 
fuels. This work resulted in a conference paper presented at the IAME 2012 conference in 
Taipei (Bengtsson et al. 2012a). The conference paper is included as Appendix E to this 
report. Here follows some highlights from the paper.  
 
The problems and the alternative fuel options were discussed and identified in a series of 
meetings within the EffShip project, in a group consisting of different stakeholders including 
engine manufacturers, shipping companies, naval architects, consultants and researchers. 
After specifying the alternatives, the next step was to define the criteria for scoring the 
alternatives. This work was initialised with a post it session, following the basic steps 
described in Belton and Stewart (2003), where the participants were asked to write down 
criteria for future marine fuels. These were then put on the board and divided into four 
groups: technical criteria, environmental criteria, economical criteria and other criteria 
(Figure 1). As an illustration of how to use the criteria, LNG and methanol are compared 
against the criteria. For a more detailed description of the criteria and for a comparison of 
LNG and methanol toward the set of criteria see Appendix E.  
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Figure 1 Schematic representation of the criteria for future marine energy carriers 

The use of Multi Criteria Decision Analysis (MCDA) in Effship WP2 widened the scope of 
the project and criteria not considered in the beginning were added. The framework of criteria 
for future marine fuels provided a framework for structuring information about future fuels. 
The study included the initial steps in MCDA. However, in order to use the set of criteria for 
a final decision of which fuel to select, and not only as a way to structure information, a 
weighting of the criteria according to priorities set by the stakeholders is essential. This is an 
area for future research.  
 
The study also involved a learning process for all involved that improved the quality of work 
and the case study, comparing LNG and methanol, highlights the importance of considering a 
holistic set of criteria. If only the environmental criteria are reflected, the best fuel was shown 
to be LNG, but when technical, economic, and logistical aspects were considered, the picture 
became more complex; positive as well as negative aspects of both fuels were highlighted. 
Although the discussion on new fuels so far has been very much focused on LNG, it is shown 
here that methanol is a comparable fuel in many aspects and easier to handle as it is a liquid. 
From a well-to-propeller perspective, the primary energy use is lower for LNG than for 
methanol, but the difference in global warming potential is less significant due to the leakage 
of methane from LNG engines. Still, methanol and LNG are today expected to be available 
for purchase at a similar price while the investment cost for an LNG ship is expected to be 
higher than for a methanol ship. 
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4 Present Maritime Fuels 

4.1 Evaluation of present fuels 
Over the years many studies and evolutions have been made in order to replace petroleum 
based fuels both within the academic world and within commercial companies. Many studies 
have been related to the world financial situation when the fuel prices have sky-rocketed or 
when there was fear expressed that oil will be depleted. During the last twenty years the 
environment and climate change have become additional drivers for finding new fuels.  

This study is focused on replacing ship fuels such as HFO and MDO. To be successful not 
only the fuel switch is important. A number of other factors related to the usage of such a fuel 
must be scrutinized and adapted to the prevailing market and operating conditions. 

 

 

 

Figure 2 Interrelation diagram for new fuels 

 

Figure 2 shows a number of items which are relevant for getting a new fuel accepted on the 
market. Plenty of studies have been made with respect to each individual aspect or “island” of 
features. In this project we have the objective of finding the most suitable fuel with respect to 
most aspects shown in the figure. Even if an optimal solution cannot be found for each 
individual aspect the fuel might become an acceptable solution in the overall context.  
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Too many studies have considered the individual aspect but not the overall system. When 
evaluating a new fuel all aspects have to be investigated and evaluated. Each fuel must pass 
all seven stages ending up with a sub-optimized solution. 

HFO is today the most common ship fuel and HFO will then be the reference fuel.  

Generation refers how the fuel is produced or generated e.g. refining, chemical processing, 
and fermenting. 

Combustion refers to which combustion technology could be the most suitable for the 
selected fuel e.g. boiler, turbine, internal combustion engine. 

 Environment-climate refers to the impact of emissions of chemical compounds coming either 
from the fuel itself or created within the combustion process. 

Safety refers to how the fuel can be handled in order to avoid damages to people and 
equipment and the environment. Therefore classification societies and governmental 
authorities must be engaged. 

Availability-pricing refers to how the fuel will be traded on the market and at what price. For 
shipping large amounts are necessary.  

Toxicity refers to health influence on people and the marine environment. Therefore 
precautions when handling the fuel are important. 

Logistics refers to transport, transfer and storage of the fuel. Personnel training for those 
engaged in fuel handling are an important issue. 

Sec 8 demonstrates the conclusions of the above aspects. 

 

4.2 Fuel evaluation 
 

The WP2 members arranged a seminar with people invited from academia and industry to 
discuss and evaluate the state-of-the art of various fuels applicable for shipping. The seminar 
was held November 16, 2010 in Gothenburg. Most of the presentations can be found on the 
Effship homepage http://www.effship.com/Symposium_2010-11-16.htm.  The aim was to 
have an overview of all possible fuel alternatives and an investigation to identify technical, 
environmental and market based challenges and possibilities.  

 

 

 

 

http://www.effship.com/Symposium_2010-11-16.htm
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From the seminar the team members drew the conclusions that the following fuels could be 
of prime interest to replace the reference FO and should be evaluated with respect to the 
important aspects described previously.  

 Marine gas oil MGO – marine diesel oil MDO 
 Liquefied natural gas LNG 
 Liquefied petroleum gas LPG 
 Synthetic fuels GTL 
 Methanol – DME 
 Ethanol-glycerol 
 Biodiesel FAME 
 Palm oil, rapeseed 
 Hydrogen 

The list can of course be made much longer but these fuels have been studied and applied in 
internal combustion engines to some extent with different outcomes.  

 

A first screening resulted in the following immediate observations: 

 MGO-MDO: Today commercially available but 40% more expensive than HFO. 
 LNG: Available but high conversion cost with comprehensive  logistics system  
 LPG: Requires more engine development, limited availability for ships, safety issues, 

and expensive 
 GTL: Not commercially available, automotive fuel 
 Methanol: Engine development, safety issues, infrastructure in place 
 Ethanol-glycerol: Automotive and power plants 
 Biodiesel: Automotive 
 Palm oil: Environmentally questionable and  mainly power plant fuel 
 Hydrogen: Not commercially available, no solution exist how to bunker or how to 

store. Possible best solution will be to convert to methanol 
 

 

After this first screening three fuels were selected for a further analysis as a replacement for 
HFO for meeting the SECA rules: 

 MGO-MDO 
 LNG 
 Methanol-DME 

Despite its higher cost MGO-MDO is an alternative as most engines with some adjustments 
can operate on such a fuel. The fuel is commercially extensively available but its use for land 
transport may make the price increase more rapidly. 
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LNG has become a commercial ship fuel thanks to the LNG-carriers that operate on the cargo 
boil-off gases. Engines running on regasified LNG are well proven technology. For 
conversion of existing vessels the situation is more complex and experience from executed 
conversion has shown that it in most cases is not a commercially viable option. 

Methanol-DME is an unproven fuel but has a number of characteristics which could make it a 
future fuel for shipping. 

Methanol is logistically attractive, as it is liquid. The availability is very good because it is a 
worldwide chemical commodity available at an attractive price. In 2010 it was one of the 
most handled chemicals in the Baltic Sea ports (Häkkinen et al, 2012). Methanol can meet the 
SECA regulations and over the long term could be produced from fossil free sources. The 
toxicity is similar to gasoline and it dissolves rapidly in water. A methanol fire can be 
extinguished by water. The major hurdles are in the engine technology and to have it 
approved by ship classification societies, because it is a low-flashpoint fuel and not allowed 
under current regulations. The International Maritime Organization’s  Bulk Liquid and Gas 
Sub-Committee is currently developing an international code of safety for ships using gases 
and other low-flashpoint fuels, and this should ease the issues regarding approvals.   

It was therefore decided that methanol should be more carefully scrutinized as a potential 
future marine fuels. 

4.2.1 Fossil derived fuels 
Fossil fuels are the dominant fuel for prolusion of vehicles and ships. Oil constitutes the 
major share although if natural gas lately has been introduced on the market. 

Before the oil economy was established many other fuels were tried in cars and trucks while 
the ship essentially used coal. Before the Second World War both methanol and ethanol in 
various blending configurations were used as fuels. However, when oil became cheap these 
coal or biomass based fuels were not competitive. 

Excluding coal, oil and natural gas are the dominating fossil fuels. The availability of gas as 
methane has grown in recent years thanks to improved extraction technologies for shale gas 
and tight gas. Even collection of coal bed mine gas (CBM) is nowadays common. 

Oil is particularly simple to convert to a readymade fuel thanks to easy logistics and simple 
upgrading in refineries. Natural gas is more complex as it either has to be converted to a 
different energy carrier such as methanol or DME or liquefied in a liquefaction process. 

 

4.2.2 Bio mass derived fuels 
Biomass can also be converted to a more attractive fuel to simplify the logistics. However, as 
seen from figure 3 several process stages have to be passed before the energy can be made 
available for an engine. 
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Figure 3 Production methods for biomass based fuels 

 

This makes the processing complex because of fertilizer, harvesting, collection, and fuel pre-
treatment before the real fuel conversion takes place. A number of process technologies must 
and can be used such as gasification, fermentation and simply pressing and filtration. Only 
ethanol and biodiesel have had some commercial success in the automotive industry. 

It is very unlikely that biomass can replace the oil based economy but in some areas it might 
contribute to a smoother transfer to a fossil free economy. 

 

4.2.3 Artificial photosynthesis and CCR 
Today methanol is produced via syngas (H2+CO) to a catalytic compression process product 
having an energy efficiency of around 70%. If the syngas process could be avoided direct 
generation of methanol could take place.  Such processes where methane could directly 
oxidize are very desirable. 

The syn-gas process is well established and used for natural gas, coal or biomass. For 
avoiding fossil fuel feed stocks other production methods could be applied particularly if 
hydrogen could be manufactured in another way, for example by electrolysis of water. 

If hydrogen could be directly generated from water via sun radiation the ultimate fossil free 
solution is obtained. Carbon dioxide is than taken from either the atmosphere or a carbon 
dioxide generating process. 

 CO2 +3H2 → CH3OH +H2O  -49.7 kJ/mol 
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Using electricity for hydrogen generation is very energy consuming (endothermic) and today 
not economically viable but demonstration plants have been built in Iceland in order to show 
that pure hydrogen and CO2 from geysers could be processed for methanol generation. 

 H2O → H2 + ½O2     +285 kJ/mol 

This is the theoretical value and in practice the conversion efficiency will be somewhat lower 
giving a higher need for energy. 

The traditional Gas to Liquid technologies via syngas are energy consuming. Up to 30% to 
35% of the energy content in the feed stock gas is used in the processes. 

Efforts are continuously being made to improve the efficiency.  

 

Development of Carbon Capture and Utilisation (CCU) and Carbon Capture and 
Recycling (CCR) technologies. 

Carbon dioxide can be regarded as a resource and utilized in processes for methanol 
production. 

 

Different pathways to methanol using CH4 (natural gas) and CO2 are suggested: 

1. Steam and dry reforming combined in bi-reforming.  
2. Steam reforming and external CO2 addition 
3. Dry reforming, Boudouard reaction and CO2 addition 
4. CH4 decomposition and CO2 addition (Carnol) 

 

4.3 Methanol as a Fuel 

4.3.1 Background 
Oil has dominated as a fuel in the transportation and power industries for over a hundred 
years. Emissions of combustion residuals have shown the limitations of using oil and its 
effects on environment and climate, as well as more notable health effects. 

The Nobel laureate in chemistry Prof George Olah et al. argues in his book “Beyond Oil and 
Gas: The Methanol Economy” for using methanol in a big scale to replace oil. 

For achieving a fossil free transportation system the development must proceed in a pace 
meeting the commercial and environmental requirements. For shipping the first step is to 
reduce the emissions of sulphur and nitrous oxides, a second step will make the fuel for the 
transport industry fossil free, and a third step is to produce all fuels independent of natural 
gas and oil.  
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Methanol is an energy carrier that can fit in with such a multi-step plan toward a fossil free 
society. 

4.3.2 Shipping 
Shipping is an extremely competitive business where the cargo owners rarely pay any extras 
to facilitate low emission impact as some 50% of the cost will be for fuel. 

The technology development has rather been to facilitate selection of the cheapest fuel - often 
high sulphur heavy fuel oil - in combination with the most efficient energy converting 
equipment, - the two stroke diesel engine. 

High sulphur HFO is a residual product from the refineries, which distils the more valuable 
products such as gasoline, diesel and jet fuel from crude oil. The choice of the refineries is 
either to sell the HFO at a lower price to the shipping industry or invest in a costly up-grading 
to more valuable products. With continuing economic growth in the world the oil industry 
will start to upgrade HFO to higher value products, which will hereby reduce the quantities of 
HFO available.  

4.3.3 Emission limits 
Already now there are emission limitations for vessels within the North Sea or Baltic Sea  
and the east and west coasts of North America. The big step will be taken on the first of 
January 2015 when a maximum of 0.1% sulphur in the fuel will be allowed for all vessels 
operating in the SECA area. There will be a NOx reduction of 80% from January 1, 2016 for 
all new-buildings. In addition to emission limits there will be stricter requirements for bilge, 
sewage and ballast water treatment for ships. All together very demanding restrictions are 
forced on the shipping industry in the near future when operating conditions will be adapted 
to an existing fleet. 

In order to comply with the sulphur directive a ship-owner can choose between three methods 
witch to marine gas oil, install SOx scrubbers or use a new type of fuel. Regardless of which 
method is chosen the additional cost will be substantial. MGO is today almost 40% more 
expensive than HFO. Scrubbers are comprehensive installations and many existing vessels 
cannot install such equipment due to lack of space or stability requirements. 

4.3.4 Change of Fuel 
LNG is an energy carrier for methane and is stored and transported cryogenically (-163 °C, 
atmospheric pressure). LNG is already today used as a ship’s fuel mainly for transportation of 
LNG itself, and has been a commercial success. To be applicable in the existing fleet the 
current situation is more complex as the vessels have to be rebuilt for storing and handling of 
LNG. Additionally there needs to be comprehensive installations of distribution and 
bunkering system at small scale. Such a system has to be built from the very basics.  

Both DME and MeOH have excellent combustion features. Both are simple molecules 
containing one oxygen atom beneficial to the combustion. DME is rather similar to LPG and 
has to be stored in pressure vessels while MeOH is a liquid like ethanol. 
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4.3.5 Logistics 
The success of oil is based on its easy handling as a liquid. It can be pumped and stored in 
simple tanks, and distributed in big quantities, which makes the distribution costs very 
favourable. At the introduction of LNG as a marine fuel the distribution cost will be high as 
the gas must be kept under cryogenic conditions and transported in special LNG-carriers and 
stored in cryo-tanks. Transfer of LNG between various bunker vessels and tanks is complex 
and requires substantial investments in harbour facilities and bunker vessels. Such a system is 
today established at Nynäshamn for providing fuel to the Viking Grace ferry which sails 
between Stockholm and Åland. 

Handling of DME for ships would be similar to LNG as DME is a gas at atmospheric 
conditions. The advantage with DME is its direct use as a diesel fuel without the need for 
comprehensive redesign of the engines.  However, handling DME on board a vessel is more 
complicated than liquid fuels. 

Both DME and MeOH are energy carriers of methane as is LNG, but MeOH is a liquid at 
room temperature. This facilitates the distribution and you get a system similar to that used 
for oil distribution as existing tanks, product vessels and bunker vessels can be used. The 
possibility of rebuilding existing vessels for using LNG as a fuel is limited so also the 
engines. 

An essential feature is that the new fuels must be combined with established oil in dual fuel 
mode operations.  

4.3.6 Methanol as a Marine Fuel 
Diesel fuel oils are a common name for various long chained hydrocarbons containing 
sulphur, ash (a measure of the metals present in the fuel) and trace elements. Combustion of 
diesel fuels creates residual products such as sulphur and nitrogen oxides and particulate 
matters. 

Fuels such as LNG/DME/MeOH are simple short chained molecules free from sulphur which 
at combustion creates no sulphur compounds, lower NOx and no particulate matter. As 
DME/MeOH already contains an oxygen atom its energy per mass unit is around half that of 
oil. This implies that the vessel tanks must hold double the volume. This is normally not a 
limitation as vessels are normally equipped with a ballast system for stability. 

4.3.7 Emissions and climate gases 
Just like ethanol methanol is an alcohol though in somewhat simpler form. Methanol, also 
known as methyl alcohol or wood alcohol, used to be manufactured in the pulp industry, but 
nowadays the majority of methanol is mainly produced from natural gas. 

Methanol is by volume one of the top chemical commodities transported globally, and the 
annual demand is about 50 million tonnes. It is mostly used as an intermediate chemical in 
the plastic and paint industries. This methanol is a high grade chemical but as a fuel a lower 
quality is accepted with higher water content and residual chemical elements. 
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Methanol is thus today a natural gas based fuel, produced from a fossil fuel feedstock. 
Methanol production takes place close to the gas wells in a syngas process. Studies have 
shown that the CO2 footprint of methanol is in the same range as LNG. 

Just as in the past, methanol can be produced from biomass and thereby reduce the CO2 
footprint as compared to production from fossil fuel sources. It is not possible to produce bio-
MeOH that is competitive on a price basis with MeOH from natural gas, unless political 
initiatives are taken. As the marine industry is difficult to regulate MeOH from natural gas 
will dominate until bio-MeOH becomes more competitive. 

G. Olah emphasizes in his book that MeOH is the most likely fuel to be produced from 
artificial photosynthesis. In the same way as plants use the energy from sunlight together with 
water and carbon dioxide to produce an energy carrier,  man can use a similar process to 
produce methanol. Water can be converted to hydrogen with solar radiation. Carbon dioxide 
can be taken from underground sources, industrial emissions, or the air to be converted to 
methanol. Such tests takes place in Iceland where hydrogen is electrolytic produced. 

 The CRI plant at Svartsengi in Reykjanes, Iceland, produces renewable methanol by 
harnessing energy and CO2 emissions of the nearby geothermal HS Orka power plant. 
Carbon dioxide from the geothermal flue gas is converted and recycled to produce liquid fuel 
with a technology developed by CRI in Iceland. 

A more detailed analysis can be found in section 6 where a general comparison of various 
impacts and characteristics of methanol and LNG is provided. Natural gas based fuels have 
very similar impacts in the greenhouse gas (GHG) emission category while both LNG and 
methanol have low impacts in other categories. 

When biomass based fuels are used the primary energy required is very high but the GHG 
impact is very low. 
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Figure 4 Summary of environmental impacts of evaluated fuels 

 

4.3.8 Toxicity 
Methanol is toxic to humans, even in small quantities.  It can be detrimental when ingested, 
absorbed through the skin, or when vapours are inhaled. The effect of methanol is well 
studied as it has been used as a chemical for many years. Methanol can lead to blindness and 
through the metabolism destroy the liver function via formic acid and formaldehyde. 
Methanol poisoning can be treated with ethanol and other antidotes which reduce the reaction 
of methanol and production of toxic metabolites in the body. Methanol has a slower reaction 
time before toxic effects start. 

Methanol poisonings due to ingesting methanol used illegally in alcoholic beverages are 
thought to account for far more fatalities than those resulting from industrial use and 
transportation.  An example of this is the recent methanol poisoning in the Czech Republic, in 
September 2012, which took 38 lives, and was attributed to criminal activity. A similar 
tragedy occurred in Estonia in 2001, with 68 fatalities resulting from illegal methanol 
poisoning (Paasma et al., 2009).  

4.3.9 Safety 
Methanol has been used in car racing for many years as it can be extinguished with water 
unlike gasoline and has been regarded as a safer fuel. Pure methanol burns invisibly and no 
flame can be seen which requires special fire detectors. As other components start to burn 
simultaneously with a flame e.g. paint or plastics still a flame can be seen. 

A recent report by the Methanol Institute (2012) includes data on incidents involving 
methanol during the period 1998 to 2011, as compiled from internet sources. It is not 
presented as a comprehensive list of incidents but rather gives an indication of the common 
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types of incidents that occur and of the types of risks associated with the methanol supply 
chain. The industrial sector, including biodiesel production, was the main category of activity 
with the most incidents. This was followed by transportation, with most incidents resulting 
from collisions, primarily in road and rail transport. There were 4 incidents reported in 
shipping over the 13 year period, with no known fatalities. Methanol is soluble in water and it 
does not bio-accumulate. It bio-degrades quickly in water.  A recent environmental risk 
assessment of frequently transported chemicals in the Baltic Sea area (Häkkinen et al., 2012) 
found methanol to be one of the less hazardous chemicals in the case of a maritime spill, even 
though it is transported in large volumes.  

For methanol tanks special measures must be taken as the space above the methanol surface 
can hold a flammable mixture of methanol vapour and air. A blanket of nitrogen can be used 
to cover the methanol surface and improve safety by removing the oxygen necessary for 
combustion. For feeding the methanol to the engines double piping can be used to reduce risk 
of a spill. Also additional ventilation can be installed in the engine room to prevent build-up 
of flammable vapours. 

4.3.10 Conclusions 
As seen from above methanol has a number of advantages versus other energy carriers. 
Natural gas based methanol can be introduced in the existing shipping industry now. Later on 
when fossil free methanol will be available the infrastructure established can be used. 
Therefore, the Effship and Spireth projects are an important step toward a cleaner and 
efficient shipping industry. 
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5 MIT   Study on the Future of Natural Gas 
 

Massachusetts Institute of Technology has made a comprehensive study of natural gas as a 
future fuel for transportation “The Future of Natural Gas” in which methanol is described as 
one of the major energy carriers. Below is quoted the result of their study with respect to 
utilization of methanol. http://mitei.mit.edu/system/files/NaturalGas_Report.pdf 

5.1.1 Conversion to Liquid Fuels 
Natural gas use in transportation could potentially develop into a substantial market and 
have an important impact in reducing U.S. oil dependence if natural gas could be 
economically converted into a (room temperature) liquid fuel that could be used in a way 
similar to present liquid fuels (diesel, gasoline, and ethanol). In this case, there would be 
at most a minimal incremental vehicle cost and a relatively modest required modification 
to the present fuel infrastructure. 

A range of liquid fuels can be produced by thermo chemical conversion of natural gas to 
a synthesis gas followed by catalytic conversion to the liquid. These fuels include diesel 
produced by the Fischer-Tropsch process, methanol, mixed alcohols (methanol, ethanol 
and others), ethanol, gasoline, and dimethyl ether (which, like propane, requires modest 
pressurization to remain liquid. Among these conversions processes, the only one that 
has established costs is the natural gas to methanol conversion (for purposes other than 
transportation). It is the liquid fuel that is most efficiently and inexpensively produced 
from natural gas. Overall GHG emissions are basically the same as gasoline, but natural 
gas derived methanol could also serve as a bridge to low-carbon methanol from a variety 
of biomass feedstock. In contrast, natural gas derived diesel is considerably more costly, 
and there is a substantial increase in GHG emission from the conversion process and the 
higher carbon content of diesel. In addition, methanol has high-octane numbers and can 
be used like gasoline and ethanol in spark ignition engines, which have very low 
emission of nitrogen oxides and other pollutants. 

Dimethyl ether (DME) is another fuel that is produced with relatively high efficiency, 
with methanol as an intermediate step. DME is a cleaner burning fuel than diesel for 
compression ignition, similar to propane. Natural gas can also be converted into gasoline, 
but this conversion reduces the efficiency and increases cost. 

Because of the low energy cost of natural gas relative to oil, natural gas derived methanol 
could be an economically attractive fuel for both light- and heavy duty-vehicles at 
present oil price. In contrast to advanced bio fuels (such as cellulosic ethanol) and 
electrically powered vehicles, the basis for the economic viability for methanol as a 
transportation fuel is much better established. 

Methanol could be used in flexible-fuel, light-duty vehicles in a manner similar to 
present ethanol utilisation with minimal incremental vehicle cost. The incremental cost 
relative to gasoline – only operation would likely be less than $300. These flexible-fuel 
vehicles could be operated on various mixtures of methanol, ethanol and gasoline. 

http://mitei.mit.edu/system/files/NaturalGas_Report.pdf
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Presently flexible-fuel vehicles are not equipped to operate on methanol. Removing this 
barrier through the adoption of some type of open fuel standards would be needed for 
methanol use to be pursued on a level playing field. 

Methanol could also be used in various combinations with gasoline and ethanol to power 
heavy-duty vehicles, utilizing high compression ratio, turbocharged direct injection spark 
ignition engines for diesel-like efficiency and torque, at lower cost, with lower emissions 
and more horse power. These advantages can be used to compensate for the much lower 
energy density of methanol relative to gasoline. The energy security benefit of methanol 
use would be to reduced oil dependence and the ability to substitute alternative fuels for 
gasoline in flexible-fuel, light-duty vehicles and for diesel in heavy-duty vehicles.  

6 Methanol as a global chemical 
 

Together with ammonia, ethylene and LPG, methanol is one of the world’s most used 
chemical commodities by volume. Today methanol is mostly used as an intermediate 
chemical for various products. However, some of the chemical grade methanol is used for 
blending with gasoline fuel in some markets. 
 
 

6.1 Methanol as a fuel 
 

It is somewhat beyond the Effship project to evaluate the availability and production methods 
of methanol but still it is of importance to cover various commercial and utilization aspects of 
methanol.  
 
Methanol has over the years been a major option for replacement of gasoline and failed 
mainly because of becoming a more expensive fuel. Oil and gasoline prices have over the 
years been very volatile creating crisis when the pump price has sky-rocketed and yet at other 
times prices have been too low to encourage development of competitive alternatives. 
 
Methanol was during the beginning of the 1980s a substitute for gasoline, and was blended 
with gasoline in various grades. In the 1990s methanol was used as a fuel in California and 
some other US states thanks to good emission levels. However, compressed natural gas and 
ethanol have become a more attractive option and most of the methanol based fuels, e.g di-
methyl ether and MTBE, have never taken off as a transportation fuel. 
 
In some markets (e.g. China) methanol is converted to DME or blended with gasoline for bio-
diesel for transportation. 
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6.2 Methanol as a chemical 
Most of the methanol currently produced is used in the chemical industry as an intermediary 
product for manufacturing formaldehyde, paints, and pharmaceutical products. For such 
applications methanol is produced at a very high quality chemical grade methanol with purity 
above 99%. 
 

6.3 Methanol production 

6.3.1 Availability 
Approximately 80% of today’s methanol is produced from natural gas and the balance from 
coal. All coal based methanol is produced in China. 
 
Europe has today one world scale methanol plant, which is located in Norway. Other plants 
are located in Trinidad, Egypt, Saudi Arabia, New Zealand, and Chile. Currently North 
America has had very few methanol plants but some plants have been restarted thanks to 
lower gas prices. Plants have even been relocated from other areas. 
 
Both Iran and Russia have access to large quantities of methanol but are currently constrained 
due to domestic limitations. As seen later on in this report the total world consumption is 
around 50 million tons but the total capacity is around 90 million tons giving an average 
utilization of some 60%.  
 
China is today the leading and driving user of methanol and it is expected to grow with an 
additional methanol production of 6 million tons this year - all originating from coal. 
However, shale gas might in the future become a methanol source as well. 
 
Being a methanol driver China is also setting the world market price thereby the cost of coal 
is fundamental.  
 
 

6.3.2 Production processes 
A typical world scale methanol plant has a production capacity above 1000 MTPD (metric 
tons per day) giving a production of 800 kton per year. Some plants are very big - 5000 
MTPD e.g. Trinidad having several trains producing around 30 million tons per year. The 
process suppliers claim that plants of 10000 MTPD can be built that produce 3 million tons 
per year. Such process providers are Linde, Johnson-Matthey (former ICI), Kellogg and 
Topsoe. 
 
The construction time for a 5000 MTPD plant is around two years depending on plant 
location, for example whether it is a green field plant or will be established in an area with 
developed infrastructure. 
The investment cost per produced ton of methanol is said to be substantially lower than for an 
LNG plant.  
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A modern methanol process plant consumes natural gas energy below 30 GJ/ton of methanol 
corresponding to an efficiency of 70%. If the distillation process of crude methanol to 
chemical grade methanol can be avoided the efficiency can be further improved and the price 
of bunker will become less. 
 
As stated China is mostly producing methanol from coal, which is a more complex process 
due to handling of the coal before entering the syngas generator. The specific investment cost 
for a coal based plant is much higher than that for a natural gas driven plant. The relation of 
hydrogen and CO-CO2 is more unfavorable implying a lower methanol yield giving an 
efficiency of 55-60%. However, the investment cost and coal price in China is difficult to 
estimate and the methanol price might still be competitive.  
 

6.3.3 Production costs 
A very coarse production cost of methanol is performed with a number of simple assumptions 
giving an opportunity pricing to find out if methanol can be competitive to HFO. 

The natural gas price is very disbursed in the world as some gas is going via pipe lines to the 
market and now also LNG is carried to the market. The US gas price is quoted at Henry Hub 
in Louisiana and today´s price is well below 4 $/MMBtu. US gas has still not been used for 
LNG but it is soon expected to be. The LNG price in Europe is around 8 $/MMBtu and in 
Japan 15 $/MMBtu. Thus readymade LNG has a wide price range. 

LNG is made at very large gas deposits with high capacities, e.g. 8 million tons LNG/year, 
and it can be assumed that the gas price at these locations is not above 4 $/MMBtu, and 
probably below. Even methanol plants are located remotely. Such plants don’t require that 
big of a gas deposit. 

Therefore a gas price of 4 $/MMBtu is reasonable and with an efficiency of 70% and a capex 
(capital expenditures) and opex (operational expenditures) corresponding to half of the final 
price, the opportunity cost at site for methanol would be 11 $/MMBtu or 30 €/MWh as fuel or 
30% below prevailing Rotterdam HFO price. 

This is a very simple way to find out if methanol could be a competitive energy carrier as 
compared to LNG and HFO. Methanol requires very simple and cost effective logistics to 
bring it to the final vessel while LNG requires a comprehensive logistics system due its 
cryogenic condition. 

 

6.3.4 Fossil free methanol production 
As discussed previously almost today’s entire methanol is produced from natural gas or coal. 
Small quantities of methanol come from the forest industry as a by-product. This methanol is 
of low quality and is mostly burnt in near-by boilers for destruction. 
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In his book “Beyond Oil and Gas: The Methanol Economy” Olah and others propose a 
number of ways and technologies to convert CO2 and hydrogen based molecules into 
methanol. 
 
The ultimate conversion should be able to use atmospheric CO2 and water and with solar 
energy make methanol in a similar way as plants, through an artificial photosynthesis 
process. Such a vast scientific step requires substantial research on all levels and a great deal 
of money. 
 
A number of intermediate steps have been proposed in order to improve the process 
technology and find the most commercial solution. 
 
Currently a demonstration project is going on in Iceland, carried out by Carbon Recycling 
International, where CO2 is taken from emissions from a geothermal power plant and the 
hydrogen is coming from an electrolytic process. 
 
It is somewhat beyond the Effship project to study various process technologies but if 
methanol could be produced from a suitable fossil free technology shipping could be a major 
consumer of such a fuel. 
 

6.3.5 Methanol production 
Both methanol and DME can be produced in different ways and with different feedstock. 
They are commonly produced from synthesis gas and synthesis gas can be produced from 
coal, oil, natural gas and wood. Methanol and DME can also possibly be produced directly 
from CO2 and H2 in the future (Naik et al. 2011; Pontzen et al. 2011). The main source of 
methanol during the period 1830-1923 was from dry distillation of wood. However, in 1913 
Mittasch and co-workers at BASF managed to produce organic compounds containing 
oxygen including methanol from carbon monoxide and hydrogen in the presence of iron 
oxide catalysts. This was the starting point for production of methanol from synthesis gas 
(Fiedler et al. 2000). Methanol is today primarily produced by methanol synthesis following a 
synthesis gas production from natural gas.  The industrial methanol production can be 
subdivided into three main steps: (1) production of synthesis gas, (2) synthesis of methanol 
and (3) processing of crude methanol.   

Synthesis gas production 
Synthesis gas, also called syngas, mainly consists of hydrogen (H2), carbon monoxide (CO) 
and some carbon dioxide (CO2) and can be produced by reforming or partial oxidation from a 
range of raw materials including natural gas, coal, biomass, waste, landfill gas and residual 
oils. The composition of the synthesis gas is characterised by the stoichiometric number, 
defined as the molar ratio (H2-CO2)/(CO+CO2), which ideally should be equal or slightly 
above 2 for methanol production.  

Synthesis gas produced from natural gas is mainly produced by two processes: (1) 
conventional natural gas reforming with steam or carbon dioxide and (2) the combination of 
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conventional reforming with autothermal reforming in which the addition of oxygen is 
needed for the partial oxidation of natural gas (Höhlein et al. 2006). Steam reforming is a 
widely used technology for production of synthesis gas. The process is highly endothermic 
and heat needs to be supplied to the system. This is usually done by burning a part of the 
natural gas used as feedstock. The stoichiometric number obtained is closed to 3. This is can 
be solved by addition of CO2 or by removal of H2. Partial oxidation is the reaction of 
methane with insufficient oxygen, which can be performed with or without a catalyst. The 
reaction is exothermic and operated at temperatures between 800-1500 ∘C. The problem with 
partial oxidation is that the products, CO and H2, can be further oxidised to form undesirable 
CO2 and water, which raising safety concerns and leading to a stoichiometric value below 2 
(Olah et al. 2009). To produce synthesis gas without either consuming or producing much 
excess heat modern plants usually combine exothermic partial oxidation with endothermic 
steam reforming. This process is called “autothermal reforming” and typically results in a 
stoichiometric number close to 2. 

Synthesis gas from biomass is produced by gasification, but this process is under 
development and so far not commercially viable. A wide variety of biomass resources can be 
used as feedstock: wood, agricultural wastes, black liquor, organic wastes, sludge etc. The 
cleaner the feedstock the cleaner the synthesis gas, e.g. clean wood gives synthesis gas with 
relatively low levels of contaminants. The biomass needs to be pre-treated before the 
gasification. Which type of pre-treatment that is necessary will depend on the technology 
used for gasification. Fluidised bed and entrained flow are the two main gasification reactor 
designs considered for the production of alternative fuels (Hellsmark 2010). The pre-
treatment can for example be large scale grinding of biomass into a fine powder, torrefaction 
or fast pyrolysis (Hellsmark 2010).  The gasification pressure can be varied, oxygen or air 
can be used as medium and heating can be either directly by partial oxidation of the feedstock 
or indirectly through a heat exchange mechanism. Equation below simplifies the gasification 
process. 

 (-CH2-)Biomass+ H2O→CO+2 H2 (6-1) 

Synthesis gas from natural gas has much higher H2/CO ratio, than synthesis gas from 
biomass, usually around 2 or higher. Biomass gives synthesis gas feeds with H2/CO ratio in 
the range of 0.455–1.03 (James et al. 2010). A water-gas shift reaction can be used to raise 
the H2 proportion; this can however result in a loss of carbon yield in the overall process (van 
Steen and Claeys 2008). 

Methanol syntheses 
In the methanol synthesis, synthesis gas is converted into raw methanol over a heterogeneous 
catalyst1 with the following reactions (Fiedler et al. 2000).  

                                                           
1 “Heterogeneous catalysis involves systems in which catalyst and reactants form separate physical 
phases. Typical heterogeneous catalysts are inorganic solids such as metals, oxides, sulphides, and 
metal salts […]” Deutschmann, O., H. Knözinger, K. Kochloefl and T. Turek (2000). Heterogeneous 
Catalysis and Solid Catalysts, 1. Fundamentals. Ullmann's Encyclopedia of Industrial Chemistry, 
Wiley-VCH Verlag GmbH & Co. KGaA. 
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 CO2  +  3H2  ↔ CH3OH +  H2O  (∆H300K≈  -49 kJ/mol) (6-2) 
 

 CO2  +  2H2  ↔ CH3OH (∆H300K≈ -91 kJ/mol) (6-3) 
 

 CO2  +  H2  ↔ CO +  H2O  (∆H300K≈ 41 kJ/mol) (6-4) 

The two first reactions are exothermic and are favoured by increasing temperature and 
decreasing pressure. The last reaction is the endothermic reverse water-gas shift reaction. 
Each of these reactions is reversible and limited by the thermodynamic equilibrium 
depending on reaction conditions such as temperature, pressure and the composition of the 
synthesis gas (Olah et al. 2009). 

The conversion of synthesis gas into methanol and water is an exothermal process, which 
preferentially takes place at temperatures of 220–280 °C and a pressure of 40–110 bars with 
the catalysts available today. Typical catalysts used today are based on copper/zinc/alumina 
(Höhlein et al. 2006).  Raw methanol leaving the reactor is a mixture of methanol, water, 
dissolved gases and traces of by-products. The composition of the raw methanol depends on 
the gas feed, reaction conditions and type and lifetime of the catalysts (Olah et al. 2009). 

Table 1 Typical raw methanol data (Zhang et al. 2010). 

Vol%  composition (%) Value 
Methanol 90.9 
Water 7.7 
Other impurities 0.4 

Raw methanol distillation is an energy-intensive separation process and stands for a large part 
of the cost of methanol production (Höhlein et al. 2006). A two column methanol distillation 
scheme has traditionally been used to purify methanol, produced from natural gas, from water 
and organic impurities. Many alternative schemes have been proposed to increase the energy 
efficiency. The most widely applied method in industry is probably the three column scheme, 
made up of a pre-run column, a high pressure column and an atmospheric column, invented 
by Lurgi. However, large scale methanol plants currently use Lurgi’s improved four column 
scheme, including a recovery column after the atmospheric column. The last column reduces 
the methanol content in the waste water and fuel oil leaving the process. The four-column 
scheme is about 30% more energy efficient than the two column scheme (Zhang et al. 2010). 
The heat needed for distillation can be supplied by steam or possibly by waste heat from a 
reformer unit depending on the setup of the methanol plant. One of Methanex plants uses 
4.5GJ natural gas per tonne methanol produced for distillation and this represents around 
10% of the overall energy consumption of the methanol plant. This plant uses steam as a 
heating medium in distillation and at least part of this is additional to what is available from 
the reformer unit (Methanex 2013).  

Energy efficiency and greenhouse gas emissions 
Höhlein et al. (2006) report efficiencies for different methanol plants in the range of 62-70% 
for different sources and an energy demand of 29-32GJ per tonne methanol produced. The 
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natural gas consumption can vary a lot between new and old methanol plants, from below 
30GJto above 40GJ per tonne produced (Methanex 2013).  Biomass-to-methanol efficiency 
can be as high as 55% (Olah et al. 2009).  

There is a large variation in efficiencies and greenhouse gas emissions reported in the LCA 
literature for methanol production from natural gas, as shown in. The production efficiency 
varies between 56-71% and the greenhouse gas emissions vary between 9.2-30 g CO2-eq. per 
MJ methanol produced.  

Natural gas based methanol production efficiency is compared from various sources in the 
table below.  The same comparison is also made regarding greenhouse gas emissions.  

 

Reference Methanol production 
efficiency (%) 

Greenhouse gas emissions (g 
CO2-eq.a/MJ methanol) 

Edwards et al. (2011c) 68 11.7 
Strömman et al. (2006) 68 19.8b 

U.S. Life-Cycle Inventory 
Database (2012) 

56 26 

Furnander (1996) 64 16.4 
Brandberg et al. (1992) 71 9.2 
Methanex (2012) - 30c 

aBased on global warming potentials with a 100 year time perspective (IPCC 2007). bNo allocation 
between electricity and heat is made here. cAbout 0.6 tonne CO2 per tonne methanol produced. 
 

Table 1 Comparison of efficiency and greenhouse gas emissions 

 

 
 
 
The Joint Research Centre-EUCAR-CONCAWE collaboration (JEC) has performed 
extensive well-to-wheel analysis with the aim of estimating, greenhouse gas emissions, 
energy efficiency, and industrial costs of all automotive fuels and power-trains options 
significant for Europe after 2010. Their latest study "Well-to-Wheels Analysis of Future 
Automotive Fuels and Powertrains in the European Context” Version 3c was published in 
July 2011 (Edwards et al. 2011a). It is transparent and includes a lot of different fuel routes 
for the automotive industry, but they only include information about energy use and 
greenhouse gas emissions and no other emissions in the life cycle. The data for fuel 
production is included here for comparison. Edwards et al. (2011c) have assumed state of the 
art technology available today. Their estimates of emissions of greenhouse gases is much 
lower compared to Strömman et al. (2006) even if the methanol production efficiency is the 
same. When studying the data more carefully it becomes evident that it is the estimate of 
emissions of CO2 from the production of methanol that differ. The reason for the difference 
in the emissions of CO2 is different composition of the natural gas. Edwards et al. (2011c) 
model  the results for Russian natural gas with a carbon content of 55.1 g CO2 per MJ while 
Strömman et al. (2006) model the results for natural gas with a carbon content of 60.3 g CO2 
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per MJ. The main reason for this divergence is more CO2 in the natural gas in Strömman et 
al. (2006),  6 vol. % compared to only 0.1 vol. % in Edwards et al. (2011c). The composition 
of the natural gas used thus has a large impact on the climate impact with use of methanol. 
The share of CO2 in the natural gas used in Europe is in average below 1 vol. % (Edwards et 
al. 2011b). The data from U.S. Life-Cycle Inventory Database (2012) reports very low 
efficiency  for the methanol production, but is probably more representative for an average 
methanol plant today as the CO2 emissions are close to the emissions reported by Methanex 
(2012).The Methanex Corporation have emitted around 0.6 tonne CO2 per tonne methanol 
produced during the last years (Methanex 2012), see Figure 5 below. 

 

Figure 5 Methanex methanol production and CO2 emissions during 2007-2011 (Methanex 
2012). 

  



Thomas Stenhede                                  WP2                                           2013-03-14 Page 30 
 

7 Feasibility study of Methanol as a Retrofit Fuel 
 

7.1 Summary  
 

Methanol has been identified as a possible marine fuel meeting the 2015 SECA regulation 
with low NOx and PM emissions. 

Alternative methanol engine concepts have been investigated and the conclusion is that the 
most promising retrofit alternative is the methanol-diesel concept with no power reduction 
switching from HFO to methanol and superior fuel consumption in back-up mode running on 
HFO.  The concept enables both HFO as well as MGO as pilot fuel. 

However, methanol characteristics such as its low flash point, low energy content, poor 
lubricating ability, low viscosity, corrosivity for certain polymers as well as metals and 
toxicity makes it challenging to use the fuel and some adaptation of technology and 
implementation of safety measures will be needed. 

The economic evaluation shows that with today’s fuel prices a scrubber will be the preferable 
choice, but with a lower methanol fuel price methanol conversions will be competitive.  

Although this study is focused on methanol as a retrofit solution there might be a potential for 
new-buildings as well, with NOx emissions possible below Tier III without after treatment. 

An important point for governments trying to achieve targets connected to the amount of 
renewable fuels used is that methanol can easily be produced in a “green” way by gasification 
of any organic substance and mixed without any limitations with methanol produced from 
natural gas. 

An additional benefit with methanol as a possible marine fuel compared to LNG is the 
substantially lower cost for the infrastructure. 

7.2 Introduction 
 

In order to meet the coming 2015 SECA regulation a preliminary conclusion in the Effship 
project, in which Wärtsilä is a member, is to run on methanol as a competitive alternative. 

The shipping company Stena is also a partner in the Effship project. They have been very 
active in trying to stop implementation of the upcoming 2015 SECA regulation. However, 
since the outlook to succeed with this mission is limited they are trying to find other 
alternatives to the three main choices promoted today, which are:  
 

 Changing fuel to low sulphur fuel  
 LNG  
 After treatment (Scrubbers) 
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Actually, there may be a fourth and fifth alterative as well which in many cases will be 
chosen - to move the ship to a non-SECA area and replace it with a ship fulfilling the SECA 
regulation - or to just stop operating certain routes. 
 

Of the three first alternatives scrubbers will be the most economical alternative in most cases.  
Low sulphur fuels will probably be very expensive in the long run if the ship operates mostly 
within the SECA area and LNG conversions are very expensive, if they exist at all for the 
relevant engine type. 

After being in contact with Methanex, which is today’s leading methanol producer supplying 
15% (2012) of the total amount, it has become clear that methanol, as an energy carrier, has a 
very competitive price, even compared to HFO. It also has a developed distribution 
infrastructure and good availability worldwide. 

With this information the obvious question to the participants within EffShip is if adaption of 
vessels can be carried out from a technical point of view and at a competitive cost for the 
customer. 

The key issues in this feasibility study have been technical adaption of existing vessels, and 
availability, cost, and distribution of methanol. Further on a market study of conversions has 
been carried out. 

What also can be stated as important advantages is that methanol will produce a, more or less, 
smokeless combustion and also can be seen as a bridge to future renewable fuels. 

 

7.2.1 Methanol  
Methanol, also known as methyl alcohol, wood alcohol, wood naphtha or wood spirits, is 
a chemical with the formula CH3OH (often abbreviated MeOH). It is the simplest alcohol, 
and is a light, volatile, colourless, flammable liquid with a distinctive odour very similar to, 
but slightly sweeter than, ethanol.  At room temperature, it is a polar liquid, and is used as 
an antifreeze, solvent, fuel, and as a denaturant for ethanol.  

With its high octane number methanol is suitable to use in the Otto process in internal 
combustion engines, but methanol can also be used in the diesel process with ignition 
support. The use of methanol as engine fuel received a lot of attention during the oil crises of 
the 1970s due to its availability, low cost, and environmental benefits. By the mid-1990s, 
over 20,000 methanol "flexible fuel vehicles" (FFV) capable of operating on methanol or 
gasoline were introduced in the U.S. In addition, low levels of methanol were blended in 
gasoline fuels sold in Europe during much of the 1980s and early 1990s. Automakers stopped 
building methanol FFVs by the late 1990s, switching their attention to ethanol-fuelled 
vehicles. While the methanol FFV program was a technical success, rising methanol pricing 
in the mid to late 1990s during a period of slumping gasoline pump prices diminished the 
interest in methanol fuels. 
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http://en.wikipedia.org/wiki/Chemical_formula
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http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Alcohol
http://en.wikipedia.org/wiki/Volatility_(chemistry)
http://en.wikipedia.org/wiki/Color
http://en.wikipedia.org/wiki/Flammable
http://en.wikipedia.org/wiki/Ethanol
http://en.wikipedia.org/wiki/Solvent#Solvent_classifications
http://en.wikipedia.org/wiki/Antifreeze_(coolant)
http://en.wikipedia.org/wiki/Solvent
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However, characteristics such as low flash point, low energy content, poor lubricating ability, 
low viscosity, corrosivity for certain polymers as well as metals and toxicity makes it 
challenging to use it as fuel, especially in diesel engine applications. 

For additional information about methanol characteristics see appendix A. 

 

7.3 Production of methanol 

In 1923 a means to convert synthesis gas (a mixture of carbon monoxide, carbon dioxide, 
and hydrogen) into methanol was developed. This process used a chromium and manganese 
oxide catalyst, and required extremely vigorous conditions—pressures ranging from 50 to 
220 bar, and temperatures up to 450°C. Modern methanol production has been made more 
efficient through the use of catalysts capable of operating at lower pressures; the modern low 
pressure methanol production method was developed in the late 1960s. Today, synthesis gas 
is most commonly produced from the methane component in natural gas rather than from 
coal. 

Although natural gas is the most economical and widely used feedstock for methanol 
production (80% of all methanol is produce from natural gas), many other feed-stocks and 
any organic substance can be used to produce syngas via steam reforming. Coal is 
increasingly being used as a feedstock for methanol production, particularly in China.  

In addition, mature technologies available for biomass gasification are being used for 
methanol production. For instance, woody biomass can be gasified to water gas (a hydrogen-
rich syngas), by introducing a blast of steam in a blast furnace. The water-gas / syngas can 
then be synthesized to methanol using standard methods. The net process is carbon neutral, 
since the CO2 by-product is required to produce biomass via photosynthesis.  

An additional method of interest for the future is electrolysis of water, where electricity from 
renewable sources can electrolyze “CO2-to-fuel”. Specifically, CO2 and water can be 
electrolyzed to syngas (CO + CO2 + H2), which can be catalyzed into various types of 
synthetic fuels – such as methanol. 

http://en.wikipedia.org/wiki/Syngas
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Figure 6 Paths to produce methanol 

 
(Source: B Ramne 2011-03-23) 
 
 

7.4 Market situation for methanol 
 

Methanol is an established energy carrier available world-wide. Bigger quantities can be 
ordered from major suppliers such as Methanex and MHTL - or bought on the spot markets 
in North America, Europe or Asia. In 2010 the annual production of methanol was close to 50 
million tons with an annual growth of 13%. 
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Figure 7 Methanol production world wide 

(Source: Methanex presentation B Iosefa 2012-01-16) 

Most of the methanol is produced in North East Asia and Africa/Middle East. Since the 
investment cost for a methanol production plant is less than for a LNG production plant,  
methanol production plants will be of more economic interest for smaller findings than  LNG 
production plants. Typical efficiencies converting natural gas to methanol are 65-70%. 

 

Figure 8 Methanol production by Region 

(Source: Methanex presentation B Iosefa 2012-01-16) 
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What is notable is that the overcapacity of methanol production makes the operating rate to 
be just above 60% (year 2010). 

 

Figure 9  Methanol supply and demand 

(Source: Methanex presentation B Iosefa 2012-01-16) 
 
The largest use of methanol by far is in making other chemicals. However, the fuel sector is 
growing quickly and may soon overtake the chemical use of methanol. Less than 40% of 
methanol is converted to formaldehyde, and from there into products as diverse as plastics, 
plywood, paints, explosives, and permanent press textiles. In the 1990s, large amounts of 
methanol were used in the United States to produce the gasoline additive methyl tert-butyl 
ether (MTBE). While MTBE is no longer marketed in the U.S., it is still widely used in other 
parts of the world. In addition to direct use as a fuel, methanol is also used as a component in 
the transesterification of triglycerides to yield a form of biodiesel. 
Other chemical derivatives of methanol include dimethyl ether, which has replaced 
chlorofluorocarbons as an aerosol spray propellant, and acetic acid. Dimethyl ether (DME) 
can also be blended with liquefied petroleum gas (LPG) for home heating and cooking, and 
can be used as a diesel replacement for transportation fuel. 

Other applications are as a traditional denaturant for ethanol, the product being known as 
"methylated spirit" which is used as a solvent, and as an antifreeze in pipelines and 
windshield washer fluid. In some wastewater treatment plants, a small amount of methanol is 
added to wastewater to provide a carbon food source for the denitrifying bacteria, which 
convert nitrates to nitrogen to reduce the nitrification of sensitive aquifers. The relatively easy 
and safe storage and handling of methanol may open the possibility of fuel cell-powered 
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consumer electronics, such as for laptop computers and mobile phones. Methanol is also used 
as a fuel in camping and boating stoves.  

 

Figure 10  Methanol usage by derivative and by region 2010 

(Source: Methanex presentation B Iosefa 2012-01-16) 
 

7.5 SWOT analysis 
SWOT-analyses (strengths, weaknesses, opportunities, and threats) are frequently made for 
evaluating the general benefits of products and processes. Figure 12 shows the four SWOT 
areas in which methanol are evaluated in a simple and quick manner. Each statement has to 
be analysed in more depth but a good general overview can be obtained. 
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Figure 11 A SWOT analysis of methanol 

 

7.6 Methanol influence on human health and the environment 

7.6.1 General health aspects 
Methanol evaporates when exposed to air. It dissolves completely when mixed with water. 
Most direct releases of methanol to the environment are to air. Methanol also evaporates from 
water and soil exposed to air. Once in air, it breaks down to other chemicals. Microorganisms 
that live in water and in soil can also break down methanol. Because it is a liquid that does 
not bind well to soil, methanol that makes its way into the ground can move through the 
ground and enter groundwater. Plants and animals are not likely to bio-accumulate methanol. 

Effects of methanol on human health and the environment depend on how much methanol is 
present and the length and frequency of exposure. Effects also depend on the health of a 
person or the condition of the environment when exposure occurs. People have died as a 
result of drinking small amounts of methanol. Drinking smaller, non lethal amounts of 
methanol adversely affects the human nervous system. Effects range from headaches to un-
coordination similar to that associated with drunkenness. Delayed effects such as severe 
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abdominal, leg, and back pain can follow the inebriation effects of methanol. Loss of vision 
and even blindness can also occur after exposure to amounts of methanol causing inebriation.  

These effects are not likely to occur at levels of methanol that are normally found in the 
environment. Human health effects associated with breathing or otherwise consuming smaller 
amounts of methanol over long periods of time are not known. Workers repeatedly exposed 
to methanol have experienced several adverse effects. Effects range from headaches to sleep 
disorders and gastrointestinal problems to optic nerve damage. Laboratory studies show that 
repeat exposure to large amounts of methanol in air or in drinking water cause similar 
adverse effects in animals.  

Methanol is not a carcinogen, nor does it contain any carcinogens. However, methanol may 
be metabolized in the body to formaldehyde, which is both toxic and carcinogenic. 

 

7.6.2 Short Term Effects  
Swallowing even small amounts of methanol may cause blindness or death. 

Effects of sub-lethal doses may be nausea, headache, abdominal pain, vomiting and visual 
disturbances ranging from blurred vision to light sensitivity. Inhalation of high airborne on 
concentrations can also irritate mucous membranes, cause headaches, sleepiness, nausea, 
confusion, loss of consciousness, digestive and visual disturbances and death. High vapour 
concentration or liquid contact with eyes causes irritation, tearing and burning. Methanol may 
be absorbed through the skin in toxic or lethal amounts. 

7.6.3 Long Term Effects  
Repeated exposure by inhalation or absorption may cause systemic poisoning, brain dis- 
orders, impaired vision and blindness. Inhalation may worsen conditions such as emphysema 
or bronchitis. Repeated skin contact may cause dermal irritation, dryness and cracking. 

Methanol by itself is not likely to cause environmental harm at levels normally found in the 
environment. Methanol can contribute to the formation of photochemical smog when it reacts 
with other volatile organic carbon substances in air. 

 

7.7 Well-to-propeller analysis 
 

Well-to-propeller is the specific life cycle assessment (LCA) used for marine fuels and ships 
corresponding to the more commonly known expression “well-to-wheel” for transport fuels 
and vehicles. LCA (also known as life-cycle analysis, eco-balance, and cradle-to-grave 
analysis) is a technique to assess environmental impacts associated with all the stages of a 
product's life from cradle-to-grave (i.e., from raw material extraction through materials 
processing, manufacture, distribution, use, repair and maintenance, and disposal or 
recycling).  This section includes information about methanol production and environmental 

http://en.wikipedia.org/wiki/Transport
http://en.wikipedia.org/wiki/Fuel
http://en.wiktionary.org/wiki/cradle
http://en.wiktionary.org/wiki/grave
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performance as well as well-to-propeller comparison of methanol and other possible future 
marine fuels. 

7.7.1 Goal and scope of the study 
An overview of the studied system is shown in Figure 12. The studied system includes 
acquisition of raw materials, production and transportation, bunkering, storage and finally 
combustion of fuels for the transportation of 1 tonne cargo 1 kilometre in a ro-ro vessel.  

  

Figure 12 Overview of the studied system applicable for all fuels 

The flows of emissions and the resource use for each process in the life cycle are sorted into 
different impact categories depending on their environmental impact. The recommended 
characterisation factors from the ICLD work have been used (IES 2012). The impact category 
ozone depletion and ionizing radiation are not included as none of the environmental flows 
included contribute to these categories. The recommended characterisation factors for human 
toxicity only include characterisation factors for formaldehyde and are therefore not included 
as well.  

The impact categories included are:  

(i) Total primary energy use  
The total primary energy use in MJ is calculated from the different used energy 
sources. Lower heating values are used for recalculation of mass into energy. 

(ii) Global warming  
IPPCs global warming potential for a 100 year time perspective expressed as CO2 
equivalents is used (IPCC 2007).  

(iii)Particulate matter 
Characterisation factors at midpoint expressed as PM2.5 equivalents for emissions to 
air are used. 

(iv) Photo-oxidant formation 
Characterisation into photochemical ozone creation potentials (POCPs) for high NOX 
and low NOX background concentrations which is expressed relative to ethylene is 
used. 
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(v) Acidification 
Characterisation into generic acidification equivalents relative to sulphur dioxide is 
used. 

(vi) Terrestrial eutrophication  
Characterisation into generic eutrophication equivalents for emissions to air expressed 
relative to phosphate is used. 

(vii) Marine eutrophication  
Characterisation into generic eutrophication equivalents for emissions to air expressed 
relative to phosphate is used.  
 

The following primary pollutants are considered: carbon dioxide (CO2), carbon monoxide 
(CO), nitrogen oxides (NOX), nitrous oxide (N2O), sulphur dioxide (SO2), methane (CH4), 
ammonia (NH3), formaldehyde (CH2), particulate matter (PM10) and non-methane volatile 
organic compounds (NMVOC). The characterisation factors for the elemental flows are 
included in Table 4. 
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Table 2  Characterisation factors for the included impact categories (IES 2012). 

Impact 
categories 

Primary 
energy use 

Climate 
change    

Particulate 
matters 

Photo-
chemical 
ozone 
formation 

Acid-
ification  

Terrestrial 
eutro-
phication  

Marine 
eutro-
phication 

Unit MJ/tonne 
km 

tonnes 
CO2-eq. 
/tonne 
km 

tonne PM2.5- 
eq. /tonne 
km 

tonne C2H4- 
eq. /tonne 
km 

mole H+- 
eq. 
/tonne 
km 

mole N- 
eq. /tonne 
km 

tonne N- 
eq. /tonne 
km 

Natural gas 1 0 0 0 0 0 0 
Crude oil 1 0 0 0 0 0 0 
Brown coal 1 0 0 0 0 0 0 
Hard coal 1 0 0 0 0 0 0 
Uranium 1 0 0 0 0 0 0 
Hydro 
power 

1 0 0 0 0 0 0 

Biomass 1 0 0 0 0 0 0 
Other 
renewables 

1 0 0 0 0 0 0 

CO2 0 1 0 0 0 0 0 
Biogenic 
CO2 

0 0 0 0 0 0 0 

CH4 0 25 0 0.0101 0 0 0 
N2O 0 298 0 0 0 0 0 
NOXa 

0 0 0.007 1 740 4260 0 
SO2 0 0 0.061 0.0811 1310 0 0.092 
NH3 0 0 0.067 0 3020 13470 0 
PM10 0 0 0.228 0 0 0 0.389 
NMVOC 0 0 0 1 0 0 0 
CO 0 0 0 0.0456 0 0 0 
CH2O 0 0 0 0.877 0 0 0 
aNOX are NO and NO2 calculated as NO2.  

 

7.7.2 Data used 
The data is based on previous studies regarding the life cycle assessment of marine fuels 
performed at Shipping and Marine Technology, Chalmers University of Technology 
(Bengtsson et al. 2011a, 2012b; Bengtsson et al. 2012c) and on-going work (Kuvalekar et al. 
2013). However some aspects are important to mention here in order for the reader to 
understand the results. The exhaust emissions from methanol and DME are very uncertain 
and based on experience from Wärtsilä and results for exhaust emissions in heavy duty diesel 
engines. They are presented in Table 9 below. 
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Table 3 Modelled exhaust emissions from combustion of LNG, methanol and dimethyl ether. 

 LNG Methanol DME 
Carbon 
dioxide 

Based on carbon content 
minus hydrocarbon 

emissions 

Based on carbon content 
minus hydrocarbon 

emissions 

Based on carbon content 
minus hydrocarbon 

emissions 
Methane 
emissions 

3 % wt. 0 0 

Nitrogen 
oxides 

Tier III Tier IIIa Tier IIIa 

Sulphur 
dioxide 

~0 ~0 ~0 

Particulate 
emissions 

0.004 g/MJ Same as LNG Same as LNG 

aMay need to use water technology or exhaust gas recirculation to comply.  

The fuel consumption of the ro-ro vessel powered by different energy carriers is presented in 
Table 6. Original calculations of the fuel consumption for LNG is presented in Bengtsson et 
al. (2011b). Here it is assumed that methanol and DME will reduce the cargo capacity to the 
same extent as LNG. 

Table 4 Characteristics of the Ro-ro vessel dependent by energy carrier. 

 Ro–ro vessel 
fuelled by diesel 
fuels 

Ro–ro vessel 
fuelled by methane  

Ro–ro vessel 
fuelled by 
methanol 

Ro–ro vessel 
fuelled by DME 

Total engine 
capacity (kW)  

14 680  14 680  14 680  14 680  

Engine type  Medium-speed 
four-stroke diesel 
engine  

Dual-fuel engine 
(1% MGO as pilot 
fuel)  

Dual-fuel engine 
(1% MGO as pilot 
fuel) 

Medium-speed 
four-stroke diesel 
engine 

Engine load (%)  85  85  85  85  
Cargo capacity (t)  75 000  72 000 72 000 72 000 
Load factor (%)  88  88  88  88  
Average amount of 
loaded cargo (t)  

6600  6336  6336  6336  

Speed (knots)  18  18  18  18  
Vessel efficiency 
(kWh work/t km)  

0.0568  0.0591  0.0591  0.0591  

 

7.7.3 Results 
Well-to-propeller results for seven possible shipping fuels are presented in Figure 1-2. The 
dashed line in Figure 1-2 represents the impact with use of heavy fuel oil (HFO) with 1% 
sulphur. The bars indicate if the impact from a particular fuel is lower (below the dashed line) 
or higher (above the dashed line) than for HFO. All fuels decrease the potential 
environmental impact compared to HFO for almost all impact categories. However, HFO 
have the lowest use of primary energy. Dual fuel engines are used for LNG propulsion and 
the methane slip is assumed to be 3 wt.%. This is higher than assumed in previous assessment 
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(Bengtsson et al. 2011a; Bengtsson et al. 2012a; Bengtsson et al. 2012c), but still lower than 
measurements from existing ships operating in Norway (Nielsen and Stenersen 2010). 
Nielsen and Stenersen (2010) suggest an emission factor of 80 kg CH4 per tonne LNG for 
dual fuel engines. This would increase the climate impact for ships using LNG propulsion to 
higher than all other alternatives included in this study. Figure 13 show that all five fuels of 
fossil origin, HFO, MGO, LNG, methanol and DME, have very similar global warming 
potential. However LNG, methanol and DME have significantly lower contribution to the 
impact categories particulate matters, photochemical ozone formation, terrestrial 
eutrophication and marine eutrophication.  

 

Figure 13  Summary of all investigated impact categories 

There is a possibility to use crude methanol with about 10% water content as a shipping fuel.  
A rough assessment of how this could affect the life cycle environmental performance of 
methanol is presented in Figure 14 and Figure 15. It is assumed that the methanol production 
can be as much as 10% more efficient without removing the water from the raw methanol. It 
also assumed that the lower heating value of methanol decreases with 10% due to 10vol-% 
water and it will thus require more energy to transport the raw methanol. A 10% increased 
efficiency in the methanol production process results here in 9% decreased primary energy 
use and 9% decreased emissions of greenhouse gases in whole life cycle. The increased 
energy use during distribution has no impact here as only short distribution distances are 
assumed. Further assessments need to be done to evaluate how long distance that crude 
methanol can be distributed without increasing the environmental impact compared to high 
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quality methanol. If it is possible to save as much energy as 10% in the methanol production 
is rather uncertain and needs to be further evaluated. 

 

Figure 14  Life cycle primary energy use for different possible future shipping fuels. 

 

Figure 15 Life cycle emissions of greenhouse gases for different possible future shipping fuels. 

 

7.8 Possible engine concepts for methanol – general 
 

Methanol is a typical Otto fuel with high octane number and low cetane number. However, 
using the diesel concept with additional ignition gives several advantages in the engine 
concept. 

 

7.8.1 On-line conversion of methanol to DME (OBATE process) 
(Boundary condition in this study is to bunker methanol – not DME) 
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Haldor Topsoe  A/S (HTAS) in Denmark has developed an on-line converter to transform 
methanol on-line to DME. However, the DME achieved by this process, named OBATE (On 
Board Alcohol to Ether), is not pure DME, but a mixture of DME, water and methanol (45% 
DME, 45% Water and 10% Methanol). 

Pure DME is an excellent diesel fuel with acceptable heat value (29 MJ/kg) and superior 
cetane number (above 60), the MeOH-OBATE is not adapted for the diesel process with a 
heat value similar to methanol (19.6 MJ/kg) and a cetane number as low as HFO (approx. 
20). 

If we consider a retrofit solution for older medium speed engines with compression ratios in 
the range 12-13 to 1 the low cetane fuel will for sure have a negative impact on the ignition 
delay period of the combustion. 

The low viscosity of the fuel will also be a challenge. Normal minimum viscosity for 
Wärtsilä medium and slow-speed engines is 2.0 cSt. The viscosity of the OBATE DME is 0.4 
cSt@40C. 

The very low viscosity, low heat value and high compressibility of the OBATE DME in 
combination with the fact that DME has to be pressurized to 5 bar to be a liquid will lead to a 
complete re-design of the fuel injection system as well as fuel preparation system.  

In other words; if we can find a way to use pure methanol, it will be more beneficial for the 
application in total. 
 

7.8.2 Use of methanol in Dual Fuel engines 
As mentioned earlier methanol is an excellent Otto fuel suitable for premixed combustion. 

By replacing the main gas valves on a DF-engine with methanol injectors you convert a gas 
engine to a methanol engine. You could as well leave the gas valves and add methanol 
injectors close to the gas valves to achieve a multi-fuel solution. 

The compressed methanol-air mixture will be ignited by the pilot diesel fuel after 
compression. 

Since methanol has a high heat of vaporisation possible modifications of ignition energy / 
preheating of combustion air might have to be carried out as well as comprehensive redesign 
of the fuel supply system and fuel injector. 

The octane number is somewhat lower than for methane (RON 108 vs. 120) which means we 
can expect similar limitations as when running on natural gas when it comes to knocking 
behaviour at higher load and load transients.  The compression ratio has to be chosen for 
methanol as fuel - which means that it will not be optimum for use of diesel fuel due to too 
low compression ratio and to keep the output when retrofitting the same philosophy for 
increasing the bore will lead to very expensive retrofit solutions (compare DF-LNG retrofit 
solutions). 
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Expected NOx emissions will be in the range of a DF engine running on gas. 

Concerns are high concentrations of formaldehyde and possible corrosion. CFD simulations 
carried out by Chalmers (Valeri Golovitchev, Ingemar Denbratt) indicate a risk of high 
formaldehyde emissions when using premixed methanol combustion.  Since the methanol- air 
mixture will expose air inlet piping and cylinder liner surface during the intake/combustion 
phases corrosion might occur (depending on the material used). Oil decomposition will be 
accelerated by the methanol mixture in the blow-by gases entering the crank case. 

By using the Methanol-Diesel concept, described below, these drawbacks can be avoided. 

 

7.8.3 Use of methanol in Methanol-Diesel engines  
It is possible to use methanol in a diesel process with ignition support. By adapting the 
existing Wärtsilä GD concept (ignition of methanol injected with high pressure after 
compression with pilot diesel fuel) a cost effective solution will be achieved. 

This solution will eliminate the drawbacks of the very low cetane number (high octane 
number) of methanol. By using the diesel process the limitations due to knocking (load 
limitation / load transients) will no longer be valid. Since the methanol is injected close to top 
dead centre the air inlet piping or cylinder liner will not be exposed to the methanol in the 
same way as when using the DF concept with premixed combustion. The blow-by gases will 
not contain any methanol mixture, which could accelerate decomposition of the lubricating 
oil in the crank case. 

Modifications of the engine design will be limited to the fuel injection system. The MD 
concept will not require increased bore to keep the engine output. This will give a cheaper 
conversion cost compared to the DF engine concept. Due to the design of the injector it will 
also be possible to use HFO as pilot fuel, if preferred. 

Parameters for fine tuning (to reduce pilot fuel amount) will be methanol injection pressure, 
charge air temperature and possible compression ratio. Increasing injection pressure to 
achieve smaller droplets might be the most efficient solution for reducing NOx - but 
methanol pumps for increased pressure are expensive. 
 

The MD engine gives the advantage that engine back-up fuel (diesel/HFO) efficiency will be 
superior to the DF solution since the compression ratio can be maintained as optimised for 
diesel combustion. 
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Initial engine tests on a Wärtsilä Vaasa 4L32LNGD, using the MD concept, at VTT during 
spring 2012 show excellent results as follows: 

 NOx acceptable ( Low Tier II values) 
 CO acceptable ( < 1 g/kWh)  
 THC acceptable ( < 1 g/kWh) and no “methane slip” 
 Very low PM  (FSN ~ 0,1 with HFO as pilot) 
 Formaldehyde emissions low 10-15 ppm (below TA-luft limit) 
 Engine Efficiency in line with diesel  
 No Formic acid detected in exhaust gases 

 

7.8.4 Use of methanol in Glow-plug assisted Diesel engines  
By replacing the pilot fuel with a glow plug the diesel process can still be used for methanol. 

Actually, methanol seems to have special characteristics suitable for surface ignition. 

While methanol requires higher air-fuel mixture temperatures to self-ignite (auto ignition), 
the presence of a hot surface has been shown to trigger pre-ignition of methanol to a greater 
extent than for other fuels. This is likely due in part to the dissociation of methanol at higher 
temperatures to carbon monoxide and hydrogen, with the latter breaking down into various 
radicals trigging pre-ignition.  

This makes the concept very interesting for a single fuel concept using methanol. The 
absence of a diffusion pilot flame - as in the case with the MD concept – might lead to NOx 
emissions below Tier III despite compression ignition.  

Multi-fuel properties are encouraged – we believe that this single fuel concept is not what the 
market is looking for, at least not as a starting point for a new marine fuel  

 

7.8.5 Fumigation – diesel combustion concept 
By adding methanol in the air inlet piping, in front of the inlet valves, a part of the diesel fuel 
could be replaced by methanol. The modifications of the engine will be limited - only adding 
a methanol injector in the inlet pipe for each cylinder. However, engine control has to be 
added / updated. Possible drawbacks with this engine concept could be faster decomposition 
of engine oil and higher risk for corrosion on engine parts due to the methanol exposure.  

 

7.8.6 High pressure DI – Otto combustion concept 
By using the Methanol-Diesel concept and injecting the methanol at high pressure into the 
cylinder at an early stage of compression and igniting it with a pilot premixed flame front 
combustion could be achieved with the same set-up of hardware as in the above mentioned 
Methanol-Diesel concept.  

One advantage could be lower NOx emissions – but most probably other emissions such as 
CO, THC and formaldehyde will increase compared to the MD concept. By using premixed 
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combustion the knocking limitation will also be introduced as a possible limiting factor for 
output and sudden load increase. An additional drawback could be limited time to achieve 
good air-fuel mixing before combustion accelerating emissions of unburned methanol. 

 

7.8.7 Methanol/LFO/HFO mixture - diesel combustion concept 
Mixing methanol with LFO/HFO before feeding the injection system could be a low cost 
solution. However, properties such as influence of cetane number, min. viscosity (fuel 
injection system), min. heat values and corrosion behaviour could limit the use of such a 
concept. 

A complete new design of the fuel injection system will be needed if using high amounts of 
methanol due to low heat value and low lubricity. Negative effect on cetane number and 
thereby ignition behaviour is expected. 

 

7.8.8 Methanol with ignition improvers – diesel combustion concept 
By increasing the compression ratio and adding ignition improvers to the methanol a single 
fuel solution could be achieved. Scania is using this concept for their ethanol diesel engine. 
Compression ratio 27 to 1 and 5% ignition improvers (expensive) make this solution work. 
Due to high compression ratio needed we believe that only limited output will be achieved 
(not to exceed maximum combustion peak pressure). 

 

7.9 Comparison analysis of alternative SECA solutions 
 

Money talks!  Even if an environmental solution will be superior from a total environmental 
point of view most customers will chose the solution with the lowest cost to fulfil the 
emission legislation. 

In this exercise we ignore the fact that all solutions do not fit all vessels. LNG and possible 
MD solutions are not, and will not be, developed for all engine types and scrubbers do not fit 
all vessels. 

The solutions compared in the analysis are: 

 Running on low sulphur fuels 
 LNG conversion 
 Use of scrubbers running on HFO 
 Methanol conversion 
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From such an analysis we can conclude that: 

- With existing fuel prices the scrubber solutions will be the most beneficial alternative 
- With reduced gap in price between MeOH and HFO the MeOH conversion alternative 

will be more interesting 
- LNG can be an interesting alternative if the price of LNG becomes much lower than 

the price of HFO. 
 

Main conclusion: As the fuel price is the dominant cost, the fuel price will be the trigger 
regarding which solution will be chosen. 

 

7.10 Fuel cost estimation - methanol 

7.10.1 Fuel cost - methanol 
Methanol is today not a commercial fuel in shipping. However, the market and infrastructure 
for methanol are developed and methanol is available on the spot markets in North America, 
North Europe and Asia. 

Pricing information for methanol is official and can be achieved as “contracted prices” or 
“spot prices”.  When carrying out a business case the recommendation by Methanex is to use 
the spot prices – not the contracted prices. The reason for this is that customers will get a 
discount on contracted values. In 2010 the “average” discount was 15%, which means that 
market prices with a discount in most cases will be lower than the spot prices. The discount 
rate depends on logistics and volume for the purchased methanol. Big customers can expect 
higher discounts than smaller ones. 

However, since no experience of methanol as marine fuel exists we also take into account 
that a sudden increase in demand might affect methanol pricing. The total production of 
methanol year 2010 was 49 million tonnes. The corresponding HFO amount (based on energy 
content) is 25 million tonnes. This value should be compared to the total amount of bunkering 
marine HFO, which is 230 million tonnes, or the estimated total demand of fuel in North 
Europe SECA 2015, which is 20 million tonnes.  
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Figure 16  Spot prices in R-dam: IF380 (high S), MGO and MeOH   Aug. 2007 – Dec. 2012 

Source: JJ&A Jim Jordan & Associates / Bunkerworld 

According to information from Methanex a sudden increase in methanol demand will be 
taken care of by existing facilities, since the operational capacity today  is only utilized to 60-
65%. Nevertheless, the additional part will be more expensive to produce and will affect the 
global prices on the spot markets. 

 

The picture below explains the price structure of methanol. 
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Figure 17 Price structure methanol. 

 Source: Methanex Investor presentation Nov. 2011.   
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“Expensive” methanol produced from coal in China sets the global price of methanol on the 
spot markets, which means that methanol produced from natural gas will be produced with 
good profit. 

 

 
 
Methanol spot prices remain under pressure due to tight supply.  

Unexpected demand is emerging in Europe. The broader market remains strong despite the 
recession, which is unfortunately still in place in Southern Europe including Italy, Spain, 
Portugal, and Greece. 

Some reasons for the higher spot values: 

• Changed politics for biodiesel – antidumping investigation started, imports have to 
consider retroactive duty invoices. Thus increases in local biodiesel production, 
requiring 100–200,000 tons of methanol per annum in the EU. 

• The move to MTBE production from ETBE production attracted by market 
economics. 

• Additional methanol demand estimated between 300–500,000 tons per annum. 
• Talks with majors of other derivatives really do not inspire us to believe in any 

business slump. 

 

 

 

Figure 18 Spot prices of methanol during the latest 6 months. 

Source:  Jim Jordan & Associates Global Methanol report Dec. 21  

Notice the increase in price for US and Rotterdam. 
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Recent market fundamentals: 

• Spot increased over the last two months by almost €25/ton in ROT and is €20/ton 
higher than the period when the EU quarterly contract price was agreed at €370/ton. 

• Low inventories in Rotterdam; discharged volume leaves the tank immediately, no 
real buffer stock available. 

• No clarity about the start of new production capacity in 2013. 
• Despite favourable spot prices in the EU, no additional methanol is attracted, because 

the typical supply sources need to meet their obligations as contracted with other 
global destinations. 

• The sanctions against Iran have forced those molecules to other regions 
• Exports out of Russia remain reduced 

 
Regardless of supplier selection in the future there is a need for local storage terminals or 
some kind of bunker facilities on or offshore. Usage of facilities will add cost to the fuel until 
it‘s delivered onboard the consumer ship. Below are some examples of facilities that will add 
cost.  
 
The table below describes the identified infrastructural facilities which are required to create 
a sustainable supply chain of methanol for the Stena Line operations in Gothenburg in some 
way or another. The table is based on information obtained from Stena Bunker and Stena Oil. 
Lower infrastructural add-on cost when methanol is bought from the spot market in 
Rotterdam and transported by a smaller chemical tanker to Gothenburg harbor and stored in 
an owned storage facility. Higher add-on cost when methanol is bought at a production plant 
overseas and stored in a larger hired storage facility. Bunker add-on costs are the same 
independent of place of purchase.  
 
 
 
 
Facility  Capacity  Cost  Add on cost  
Chemical tanker  10 - 50 000 dwt  8 – 15 000 USD/d  4 - 25 USD/ mt  
Storage  10 - 40 000 cbm  45 SEK/cbm/ 

month  
15 – 25 USD/mt  

Bunker Barge  1 – 3 000 dwt  5000 USD/d  18 – 20 USD/ mt  
Total                                      37- 70 USD/mt  
   
 

Add-on cost for HFO purchased in Gothenburg harbour will only be the bunker barge fee of 
18 – 20 USD/ mt. 

One idea which came up was to create a marine bunker quality of methanol (compare HFO 
vs. MGO), thus creating a market for crude methanol. By excluding the final distillation in 
methanol production the end product will be crude methanol including 10% (mass) water and 



Thomas Stenhede                                  WP2                                           2013-03-14 Page 53 
 

some ethanol (10-50 ppm). Crude methanol will be approximately 10% less energy 
demanding to produce compared to chemical methanol. 

An additional benefit besides the lower cost and lower carbon footprint will be the 
disconnection from the chemical trade methanol. Some initial engine tests on crude methanol 
have been carried out at VTT with good results. 

 

7.10.2 Fuel cost estimation – HFO, MGO 
Current prices can be taken from the spot markets. An add-on cost of 20-25 €/ton can be used 
in the calculation of price to customer. A suitable source for information 
is www.bunkerworld.com. 

 

7.11 Conclusions and recommendations 
 

From the evaluation we can see: 

In most cases will LNG conversions be too expensive.  
 
A switch to MGO will handle the coming SECA regulation without any expensive 
investment cost. However, the more expensive fuel will, in most cases, after a few thousands 
of running hoers justify the investment of a scrubber solution or a methanol conversion. 
 
The battle between scrubbers and methanol conversions will be settled by the availability of 
methanol conversions and the price of HFO versus methanol. 
Of course will factors as running distance between bunkering, available space for scrubber 
equipment, ship stability etc. as well influence the choice of method to meet the SECA 
regulation. 
 
  

http://www.bunkerworld.com/
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8 Conclusions for future marine fuels  
 

The work in WP2 also included workshops and discussions of criteria for future marine fuels. 
This work resulted in a conference paper presented at the IAME 2012 conference in Taipei 
(Bengtsson et al. 2012a).  

Going back to Figure 2, “Interrelation diagram for new fuels containing various aspects in 
screening for new fuels”, the conclusion is that methanol could be a most interesting and 
viable fuel for future shipping because: 

• Generation: Methanol is today produced in large quantities from natural gas in a 
syngas process which are more than enough for shipping activities within the 
Northern Europe SECA. Biomass-based methanol can become an interesting option in 
the near future. 

• Combustion: It has been demonstrated within the EffShip project that large four 
stroke diesel engine can be converted to operate on methanol.  

• Environment-climate: Within Effship it has been demonstrated that short term goals 
pertaining to low-sulphur operations can be met using methanol. From medium and 
long term perspectives methanol can become a major fuel as a fossil free alternative 
for shipping.  

• Safety: Methanol is already today a worldwide chemical commodity with a good 
safety record and rules and regulations at hand.  For classification of methanol as a 
marine fuel the work has already started with the Spireth project. 

• Availability-pricing: The availability has been carefully scrutinized as well as pricing 
and as a result the world’s biggest methanol supplier, Methanex, has joined the 
Spireth project. A calculation has been made to evaluate the opportunity price of 
bunker methanol giving a price well below the existing HFO price.   

• Toxicity: The human toxicity of methanol by inhalation is in the range of gasoline and 
antidotes for methanol poisoning exist.  

• Logistic: Being a liquid methanol is superior to all gaseous fuels with respect to 
transport, storage, loading and unloading, and handling on board the vessels.  

Based on the above the members of Effship have concluded that methanol has potential 
primarily for conversion of existing vessel and that further projects such as Spireth can lead 
to a wide use of methanol as a marine fuel for the future. 

___ 

 



Thomas Stenhede                                  WP2                                           2013-03-14 Page 55 
 

 

References 
Belton, V. and T. J. Stewart (2003). Multiple criteria decision analysis - an integrated approach. 

Boston, Kluwer Academic. 
Bengtsson, S., K. Andersson, J. Ellis, L. Haraldsson, B. Ramne and P. Stefenson (2012a). Criteria for 

future marine fuels. The IAME 2012 conference, 6-8 September. Taipei, Taiwan. 
Bengtsson, S., K. Andersson and E. Fridell (2011a). "A comparative life cycle assessment of marine 

fuels; liquefied natural gas and three other fossil fuels." Proceedings of the Institution of 
Mechanical Engineers, Part M: Journal of Engineering for the Maritime 
Environment 225(M2): 97-110. 

Bengtsson, S., K. Andersson and E. Fridell (2011b). Life cycle assessment of marine fuels - A 
comparative study of four fossil fuels for marine propulsion, Chalmers University of 
Technology, Göteborg. 

Bengtsson, S., K. Andersson and E. Fridell (2012b). Life Cycle Assessment of fuels for short sea 
shipping. 2012 International Research Conference on Short Sea Shipping, Lisbon. 

Bengtsson, S., E. Fridell and K. Andersson (2012c). "Environmental assessment of two pathways 
towards the use of biofuels in shipping." Energy Policy 44(0): 451-463. 

Brandberg, Å., M. Ekelund, A. Johansson and A. Roth (1992). The Life of Fuels - Motor Fuels from 
Source to End Use. TFB-rapport 1992:8. Stockholm, Ecotraffic AB. 

Deutschmann, O., H. Knözinger, K. Kochloefl and T. Turek (2000). Heterogeneous Catalysis and 
Solid Catalysts, 1. Fundamentals. Ullmann's Encyclopedia of Industrial Chemistry, Wiley-
VCH Verlag GmbH & Co. KGaA. 

Edwards, R., J.-F. Larivé and J.-C. Beziat (2011a). Well-to-wheels Analysis of Future Automotive 
Fuels and Powertrains in the European Context WELL-to-WHEELS Report Version 3c. 
Luxembourg, JEC - Joint Research Centre-EUCAR-CONCAWE collaboration. 

Edwards, R., J.-F. Larivé and J.-C. Beziat (2011b). Well-to-wheels Analysis of Future Automotive 
Fuels and Powertrains in the European Context WTT APPENDIX 1 - Description of 
individual processes and detailed input data. Luxembourg, JEC - Joint Research Centre-
EUCAR-CONCAWE collaboration. 

Edwards, R., J.-F. Larivé and J.-C. Beziat (2011c). Well-to-wheels Analysis of Future Automotive 
Fuels and Powertrains in the European Context WTT APPENDIX 2 - Description and 
detailed energy and GHG balance of individual pathways. Luxembourg, JEC - Joint Research 
Centre-EUCAR-CONCAWE collaboration. 

Fiedler, E., G. Grossmann, D. B. Kersebohm, G. Weiss and C. Witte (2000). Methanol. Ullmann's 
Encyclopedia of Industrial Chemistry, Wiley-VCH Verlag GmbH & Co. KGaA. 

Furnander, Å. (1996). Life Cycle Assessment of Dimethyl Ether as a Motor Fuel Gothenburg, 
Chalmers Univerity of Technology. 

Hellsmark, H. (2010). Unfolding the formative phase of gasified biomass in the European Union: The 
role of system builders in realising the potential of second-generation transportation fuels 
from biomass. Dissertation/Thesis, Chalmers University of Technology. 

Höhlein, B., W. Seuser, B. Höhlein, T. Grube, P. Biedermann, J. Mergel, H. Dohle, J. R. Rostrup-
Nielsen, I. Dybkjær, J. B. Hansen, H. Bielawa, B. Höhlein, D. Stolten, G. Erdmann, L. 
Schlecht, G. Isenberg and M. Pokojski (2006). Methanol as an Energy Carrier. Schriften des 
Forschungszentrums Jülich Reihe Energietechnik / Energy Technology. P. Biedermann, T. 
Grube and B. Höhlein. Jülich Forschungszentrum Jülich GmbH. 55. 

IES (2012). Characterisation factors of the ILCD Recommended Life Cycle Impact Assessment 
methods -Database and Supporting Information. Luxembourg, European Commission, Joint 
Research Centre, Institute for Environment and Sustainability. 

IPCC (2007). Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to 
the Fourth Assessment. Report of the Intergovernmental Panel on Climate Change. S. 
Solomon, M. M. D. Qin, Z. Chenet al: 996 pp. 



Thomas Stenhede                                  WP2                                           2013-03-14 Page 56 
 

James, O. O., A. M. Mesubi, T. C. Ako and S. Maity (2010). "Increasing carbon utilization in Fischer-
Tropsch synthesis using H2-deficient or CO2-rich syngas feeds." Fuel Processing Technology 
91(2): 136-144. 

Kuvalekar, S., S. Bengtsson and K. Andersson (2013). Life cycle assessment of fuels for shipping - 
The case of methanol and dimethyl ether form natural gas and biomass as potential future 
shipping fuels, in progress, Shipping and Marine Technology, Chalmers University of 
Technology  

Methanex (2012). 2011 Responsible Care and Social Responsibility Report. 
Methanex (2013). E-mail conversation concering the energy use for raw methanol distillation with 

Ben Iosefa at Methanex Corporation the 13th of Januari 2013. 
Naik, S. P., T. Ryu, V. Bui, J. D. Miller, N. B. Drinnan and W. Zmierczak (2011). "Synthesis of DME 

from CO2/H2 gas mixture." Chemical Engineering Journal 167(1): 362-368. 
Nielsen, J. B. and D. Stenersen (2010). Emission factors for CH4, NOX, particulates and black carbon 

for domestic shipping in Norway, revision 1. Klima og forurensningsdirektoratet, Marintek. 
Olah, G. A., A. Goeppert and G. K. S. Prakash (2009). Beyond oil and gas: the methanol economy. 

Weinheim, Wiley-VCH. 
Pontzen, F., W. Liebner, V. Gronemann, M. Rothaemel and B. Ahlers (2011). "CO2-based methanol 

and DME – Efficient technologies for industrial scale production." Catalysis Today 171(1): 
242-250. 

Strömman, A. H., C. Stolli and E. G. Hertwich (2006). "Hybrid Life-Cycle Assessment of Natural 
Gas Based Fuel Chains for Transportation." Environmental Science and Technology 
40(2006): 2797-2804. 

U.S. Life-Cycle Inventory Database (2012). Methanol, at plant. 
https://www.lcacommons.gov/nrel/search, National Renewable Energy Laboratory. 

van Steen, E. and M. Claeys (2008). "Fischer-Tropsch Catalysts for the Biomass-to-Liquid (BTL)-
Process." Chemical Engineering & Technology 31(5): 655-666. 

Zhang, J., S. Liang and X. Feng (2010). "A novel multi-effect methanol distillation 
process." Chemical Engineering and Processing: Process Intensification 49(10): 1031-1037. 

 

 

http://www.lcacommons.gov/nrel/search


 

Thomas Stenhede                                  WP2                                           2013-03-14 Page 57 
 

Appendix A:  Methanol characteristics 
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Appendix B: Material incompatibility  
 

Avoid storage with incompatible materials. Anhydrous methanol is non-corrosive to most 
metals at ambient temperatures, except lead and magnesium. However coatings of copper 
(or copper alloys), zinc (including galvanized steel) or aluminium are unsuitable for 
storage as they are attacked slowly. Storage tanks of welded construction are normally 
satisfactory. They should be designed and built in conformance with good engineering 
practice for the material being used. Mild steel is the recommended construction material. 
Tanks built with copper alloys (including coatings of copper), zinc (including galvanized 
steel), aluminium or plastics are not suitable. 

 

Some more extensive information can be found at Cole Parmer´s home page 
(www.coleparner.com ) or Cat Pumps home page ( www.catpumps.com ), where you can 
find a chemical compatibility guide. 

 

 

 

  

http://www.coleparner.com/
http://www.catpumps.com/
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Appendix C:  Storage of methanol 
 

One important consideration is flammability range. Because the upper flammability limit 
of methanol is 36 percent by volume (vol. %) compared to that of gasoline which is 6-7 
vol.%, methanol vapour can ignite and burn inside tank vapour space. 

Corrosion is another consideration. Methanol is a conductive polar solvent; gasoline is a 
non-conductive, non-polar solvent. Galvanic and dissimilar metal corrosion in methanol 
service may be high if incompatible materials are placed in electrical contact with one 
another. Cathode protection, and regulator inspection of methanol storage tanks and trim 
hardware is vitally important to avoid corrosion failure. 

Principal considerations of tank storage of methanol are location, liquid and vapour 
containment, electrical grounding, cathode protection, and protection from stray currents, 
in-tank vapour control, vapour space fire suppression, and management of inhalation, 
ingestion, and dermal contact. 

Methanol tanks can be constructed of either carbon steel or 300 series austenitic stainless 
steel. Carbon steel has the advantage of lower capital cost, but the disadvantage of higher 
life cycle cost due to increased maintenance and costs associated with corrosion protection. 
Because methanol is a polar solvent, galvanic corrosion is more prevalent with methanol 
than with other commonly-used engine fuels. 

Nevertheless, because of the relatively high conductivity of liquid methanol, corrosion 
induced failures of carbon steel tanks has been reported. Efforts to coat interior tank 
surfaces with epoxy resin have been met with limited success. 

Recent reports indicate progress is being made in developing more suitable electrically 
conductive spray-on tank liner coatings. 

In shipping the coming IMO IGF code will set the border conditions for fuels with low 
flash point, such as LNG. Since the flashpoint of methanol is 11°C most probably 
methanol will be included in the IGF code. 

As today regulations will lead to tanks with double walls above sea level and single wall 
tanks below sea level. Double wall piping will be applied below deck (same as for LNG). 

Avoid storage with incompatible materials – see appendix B. 
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Appendix D: Engine performance with methanol 
 

 
Figure 19  Methanol diesel engine 

 
Figure 20 Efficiency at high loads 

 

Figure 21 Smoke at high loads 
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Figure 22 NOx at high loads 

 

 

Figure 23 CO at high loads 
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9 Appendix E: Criteria for Future Marine Fuels 



THE IAME 2012 CONFERENCE, 6 – 8 SEPTEMBER, 2012, TAIPEI, TAIWAN 1 

Paper Code: GS-011 

CRITERIA FOR FUTURE MARINE FUELS 

 

BENGTSSON Sa1, ANDERSSON Kb, ELLIS Jc, HARALDSSON Ld, RAMNE Be AND 
STEFENSON Pf 

a Department of Shipping and Marine Technology, Chalmers University of Technology, 
Gothenburg, Sweden. Email: selma.bengtsson@chalmers.se 
b Department of Shipping and Marine Technology, Chalmers University of Technology, 
Gothenburg, Sweden. Email: karin.andersson@chalmers.se  
c SSPA Sweden AB, Gothenburg, Sweden. Email: joanne.ellis@sspa.se  
d Wärtsilä Sweden AB, Gothenburg, Sweden. Email: lennart.haraldsson@wartsila.com  
f ScandiNAOS AB, Gothenburg, Sweden. Email: bengt@ramne.com  
f Stena teknik, Gothenburg, Sweden. Email: per.stefenson@stena.com  
 

ABSTRACT 
Over the past few years interest in alternative fuels for shipping has increased immensely. 
Alternative fuels, such as liquefied natural gas (LNG) and methanol, are today being 
considered for marine transportation, with LNG already being used on a small number of 
ships. These fuels have different performance and characteristics, for example regarding 
environmental impact, operation, and infrastructure requirements, which have to be taken 
into consideration when using them for marine propulsion. In addition, different criteria are 
important for different stakeholder groups. The aim is here to identify and describe 
important criteria for future marine fuels and the initial steps of multi-criteria decision 
analysis (MCDA) are used to structure the problem. A set of criteria including technical, 
economic, environmental and other aspects are presented. As an illustration, LNG and 
methanol are compared against the criteria. The comparison showed that if only the 
environmental criteria are considered, LNG is the preferable fuel. Methanol is 
commercially available and a liquid and thus easier to handle than LNG. Hence, when also 
assessing technical, economic, and logistical aspects, positive as well as negative aspects 
of both fuels are highlighted and have to be valued in the decision process.  
 
Key Words: Marine fuels, Multi-Criteria Decision Analysis, LNG, methanol 
 
 
1. INTRODUCTION 
 
For the last 50 years, heavy fuel oil has been the dominant fuel for ship propulsion. 
Changing conditions and concerns about air emissions (Corbett and Fischbeck, 1997, 
Buhaug et al., 2009), price, availability (Kjärstad and Johnsson, 2009, Tsoskounoglou et 
al., 2008) and legislation (IMO, 2006) have made heavy fuel oil less attractive and there is 
a growing interest to find alternatives which will be available in the near and the long term 
perspective. The increased awareness of the environmental impact of shipping, regarding 
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air pollution and greenhouse gas (GHG) emissions, has led to stricter regulations from the 
International Maritime Organization in particular for some sensitive areas, Emission 
Control Areas (ECA). The sulphur content in marine fuels and the emissions of NOX and 
indirectly GHGs are regulated; in the future, emissions of particulate matter are expected to 
be regulated as well. It could be critical for the survival of shipowners operating in recently 
established ECAs, including the North Sea and the Baltic Sea and around the North 
American coast, to find economically acceptable and environmentally friendly fuels. For 
sulphur oxide (SOX) ECAs, the maximum allowable sulphur content in fuels will be 
reduced to 0.1% in 2015, which puts significant pressure on shipowners to quickly find 
alternatives. 

The fuel in the near term should preferably be compatible for use with available 
technologies and with only small modifications of the existing fuel supply chain, ships and 
engines. However, it is also important that it can be sustainable in the long term from 
economic, environmental, and social perspectives.  

Liquefied natural gas (LNG) is regarded by many in the shipping industry as the 
fuel of the future as it complies with the strictest environmental regulations in force, has 
lower emissions of particles and greenhouse gases (GHGs) and can probably be purchased 
at a reasonable price (Banawan et al., 2010). The discussion has, however, been very 
limited and alternatives to LNG have not been assessed extensively. Methanol is a liquid 
energy carrier and an interesting alternative to LNG. However, methanol has mainly been 
discussed for road transportation so far. This article describes the process of defining 
criteria for future marine fuels and a case study evaluating two possible future marine fuels 
performance against the criteria: LNG and methanol. 

 
 

2. MULTI CRITERIA DECISION ANALYSIS 
 
To support decision making in this context, multi-criteria decision analysis (MCDA) can 
be used as a tool. The use of MCDA in the environmental field has grown significantly 
during the last decade and it has, for example, been used to address problems related to 
energy and waste management (Huang et al., 2011, Wang et al., 2009).  

MCDA consists of a number of well-defined steps (Figure 1). The first is problem 
identification and in this case the problem is fuel selection. Then the problem is structured 
by defining alternatives and criteria. Alternatives consist of ways to solve the problem, in 
this case finding combinations of fuels, engines and abatement technologies. Criteria are a 
set of properties that describe the performance of the alternatives. Later steps in a typical 
MCDA are model building and model application. In model building the alternatives are 
scored against criteria. Before reaching a decision, a weighting of criteria may also be 
performed (Linkov and Moberg, 2012). However, this is not included in the present study. 

  

 
Figure 1. Steps in MCDA based on Belton and Stewart (2003) and Linkov and Moberg 

(2012) 
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The problem and the alternative fuel options were discussed and identified in a 
series of meetings within the EffShip project, in a group consisting of different 
stakeholders including engine manufacturers, shipping companies, naval architects, 
consultants and researchers. After specifying the alternatives, the next step was to define 
the criteria for scoring the alternatives. This work was initialised with a post it session, 
following the basic steps described in Belton and Stewart (2003), where the participants 
were asked to write down criteria for future marine fuels. These were then put on the board 
and divided into groups. The results from the post it session were organised and put into 
digital format and then discussed by the group once again. There was some confusion of 
the meaning of some of the criteria which were further specified. As a final step before 
deciding criteria, a literature search for important aspect of fuel choice was done and a few 
more categories were added. The final list of criteria was then discussed a final time within 
the group. The next step was to gather information about LNG and methanol for all the 
criteria discussed.  

 
 

3. POSSIBLE MARINE ENERGY CARRIERS 
 
LNG and methanol are two fuels that exist on the market and are considered potential 
future marine fuels within the EffShip project, but in principle everything with heat content 
could be used as fuel. A list of possible future fuels for marine propulsion compiled within 
the EffShip project is shown in Figure 2; each of these fuels will be described briefly 
below.  
 

 
Figure 2. Possible future marine fuels 

  
 
 
 
 

Diesel fuels and 
oils 

•Heavy fuel oil (HFO) 
•Low sulphur HFO (<1% sulphur) 
•Low sulphur distillate diesel fuels (<1000 ppm S) 
•Vegetable oils 
•Biodiesel 
•Gas-to-liquid (GTL)/synthetic diesel (Fischer-Tropsch) 

Gases 

•Liquefied natural gas (LNG) 
•Liquefied biogas (LBG) 
•Dimethyl ether (DME) 
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3.1 Diesel and oils 
 
The diesel engine and thereby fuels of diesel quality have been dominant in the shipping 
industry during the last 50 years (Corbett, 2004). Heavy fuels or residual oil such as 
intermediate fuel oil are the fuels most used in shipping today. Heavy fuel oil is one of the 
heaviest fractions from the refinery and has high viscosity and often high sulphur content. 
The other main type of fuel available is the higher quality distillate fuels such as marine 
gas oil (Buhaug et al., 2009). Marine gas oil has low sulphur content, possibly below 0.1 
wt.% sulphur, but is more expensive.  

Vegetable oils, such as jatropha oil, rapeseed oil and animal fat, can be used 
directly in diesel engines. Jiménez Espadafor et al. (2009) have analysed the physical and 
chemical properties of various bio oils as alternatives to heavy fuel oil and concluded that 
the current technical methods for storage and distribution of heavy fuel oil in large ships 
are compatible. 

 Instead of using the vegetable oil directly it can be refined into biodiesel. Biodiesel 
has been tested for marine propulsion by Maersk and the US navy (Gallagher, 2010, 
Bruckner-Menchelli, 2011). It is also possible to produce a diesel quality fuel from various 
feedstock using the Fischer-Tropsch process. If natural gas is used the fuel is usually called 
gas-to-liquid and if biomass is used the fuel is called biomass-to-liquid.  

 
 

3.2 Gases 
 
Natural gas is already established as a fuel for domestic and commercial heating and large 
scale electricity generation. Compressed natural gas is used in short range distribution, but 
to make long distance distribution cost effective, it has to be liquefied. The experience of 
LNG as a fuel in shipping is limited to LNG carriers, which use the boil-off gas as fuel in 
steam turbines, and more than 20 ferries and supply vessels in operation in Norway. It is 
also possible to use liquefied biogas (LBG), which is produced from biomass, instead of 
LNG. 

Dimethyl ether (DME) and liquefied petroleum gas (LPG) have similar 
characteristics with respect to handling and storage (Verbeek and Weide, 1997). The 
engine manufacturer MAN is promoting a two-stroke marine engine that runs on LPG and 
can be adapted to DME propulsion (MAN Diesel & Turbo, 2011). There has also been 
much attention on DME as a future road fuel (Arcoumanis et al., 2008, Salsing, 2011).  

Hydrogen is not much discussed as a future marine fuel. The use of liquid hydrogen 
in internal combustion engines in a long-haul feeder container ship  has, however, been 
evaluated by Veldhuis et al. (2007). Hydrogen is not thought to be possible to implement 
within the next ten years in large scale, but use of hydrogen in fuel cells for auxiliary 
power is possible.  

 
 

3.3 Alcohols 
 
Traditionally, methanol is a chemical base material that is mainly produced from natural 
gas today. Examples of chemicals using methanol in their production are formaldehyde, 
methyl tert-butyl ether and acetic acid (Höhlein et al., 2006). However, methanol has many 
desirable combustion and emission characteristics which make it a good fuel for premixed 
combustion in Otto engines. The only result found when searching for methanol fuelled 
marine engines was a study by  Nakamurahk et al. (1992). Methanol can, however, also be 
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used in a diesel process, where a glow plug or pilot fuel is used as ignition source. Olah et 
al. (2009) suggested the use of methanol as a marine fuel in fuel cells and methanol fuel 
cells have been tested for auxiliary power on the car carrier Undine. Ethanol is another 
possible alcohol; today it is used mainly as a car fuel to replace petrol (Goldemberg, 2007). 
Ethanol may be produced from agricultural feedstocks, for example from sugarcane in 
Brazil. 
 
 
3.4 Solid fuels 
 
It is also possible to use solid fuels; coal has been used earlier as a ship fuel in steam 
turbines (Corbett, 2004). Coal was also recommended as the future marine fuel in 1980 in 
a report by the Maritime Transportation Research Board (Committee on Alternative Fuel 
for Maritime Use, 1980). Nuclear reactor propulsion has been used for a large number of 
military vessels, e.g. submarines, and also some civilian vessels, e.g. icebreakers to aircraft 
carriers, for more than 50 years (World Nuclear Association, 2012). The nuclear merchant 
ships built have been difficult to operate in an economical way, although higher fuel prices 
may change this. Before the Fukushima accident there were far reaching discussions about 
new building of nuclear merchant ships.  However, for use of nuclear reactors in merchant 
shipping as well as for research, there is a concern from the International Atomic Energy 
Agency (IAEA) for security issues (IAEA, 2010), and an introduction may be slow due to 
these constraints as well as due to public opinion in port states.  
 
 
4. BOUNDARY CONDITIONS IN SELECTION 
 
In this article a number of criteria for marine fuels are evaluated with respect to different 
stakeholder opinions. Some criteria have minimum levels that must be satisfied and these 
act as boundary conditions in the selection of new fuels. In a review of MCDAs used for 
evaluating energy supply system by Wang et al. (2009) four main types of criteria were 
identified: technical, economic, environmental and social. These aspects are also 
considered here, but social criteria are grouped under other criteria and two more 
categories are included: logistical criteria and safety and safe handling criteria (Figure 3). 
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Figure 3. Schematic representation of the criteria for future marine energy carriers 

 
 
4.1 Technical Criteria 
 
The technical system in the fuel chain includes the system on board the ships which deals 
with the fuel, e.g. engines, storage tanks, pumps, pipes, exhaust funnel, etc., the bunkering 
ships and the fuel storage terminal. All these systems need to be technically feasible, thus 
the boundary condition is that it must be possible to construct and operate such systems. 
The focus here is on the propulsion system and auxiliary systems on board. The main 
criteria are considered fuel properties (both standardised and non-standardised), propulsion 
system and fuel pre-treatment requirements (Figure 5). Safety and logistical aspects are 
included under other criteria. 

The properties of thirteen fuels were investigated by Astbury (2008) and all except 
for hydrogen were shown to have properties similar to those of existing fuels. The cetane 
number is an indication of the ignition quality of diesel fuel. It is a measure of the fuels’ 
ignition delay between the start of injection and start of combustion of the fuel. Octane 
number is a measure of the liability of the fuel to detonate during the combustion process 
in internal combustion engines running on the Otto cycle. Examples of fuel properties that 
are not standardised are energy density, auto-ignition temperature and boiling point. The 
boiling point relates to the volatility of the fuel; low boiling points means that the fuel will 
readily evaporate. Energy density is a measure of energy content per volume of fuel. This 
gives an indication of the storage demand on-board for different fuels. The energy density 
is a limiting factor that is particularly important for ocean transportation, as vessels travel 
long distances between bunkering. The estimated fuel consumption per day for different 
energy carriers is shown in Figure 4. This serves as an indication of the importance of 
energy density for shipping fuels. 
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Figure 4. Space requirement for different fuels at the Large Car and Truck Carrier m/v 
Faust at 19 knots, adapted from Wallenius Marine AB (2011) 

The focus within the Effship project has been on fuels that can be used in 
reciprocating internal combustion engines, as this is the dominant propulsion technology 
today. However, it has been considered positive if these fuels can be used in different 
propulsion systems in the future. Possible alternative propulsion systems for shipping are 
fuel cells (e.g. Marc (2005) and McConnell (2010)) and gas and steam turbines (e.g. 
Haglind (2008)). The extent of fuel pre-treatment that is required will affect the overall 
energy efficiency and the system complexity.  
 

 

Figure 5. Technical Criteria 
 
4.2 Economic Criteria 
 
The fuel choice in the marine industry has to a large degree been historically driven by 
economics. In the 1940s, when a large scale fuel shift from coal to oil was made, marine 
engines were developed to be able to operate on the cheap residual fractions from crude oil 
refining: heavy fuel oil (Corbett, 2004). The fuel cost is only one of the costs that need to 
be considered when evaluating alternative fuels - the others are investment and operational 
cost. 
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Fuel cost is a considerable expense in shipping, as an example “the bunker market 
is extremely price sensitive with ships often basing decisions on where to bunker on the 
relative price of fuel available in respective ports” (Notteboom and Vernimmen, 2009). 
The price of crude oil based fuels is expected to increase as the demand is increasing at the 
same time as the future supply is uncertain and the price level between different fuel 
qualities will probably increase according to Eriksson (2011).  

Investment cost includes all costs related to purchase of ship and technological 
installations (e.g. retrofitting of engines, storage tanks and installation of emission 
abatement equipment). High investment cost acts as a barrier to new investments even if 
the payback time is short. The operational cost here excludes fuel cost, which is analysed 
separately. The operational and maintenance cost can be divided in two parts: operational 
cost including crew costs, insurance and overhead cost and maintenance cost, for example 
service and repair of engines and cost of spare parts. The criteria is summarised in Figure 
6. 

 
 

 

Figure 6. Economic Criteria 
 
4.3 Environmental Criteria 
 
Air emissions from shipping have received much attention in recent years and the focus 
has been on SOX emissions, NOX, PM and GHG emissions. It is a requirement that the 
fuel alternatives fulfil the present environmental regulations (emissions of NOX and SOX).  
It is also probable that the environmental regulations will become even stricter in the future 
and the fuel alternatives need therefore to be able to meet tougher upcoming environmental 
requirements to avoid the necessity for a secondary fuel change in the near future. 

It is also important that the environmental life cycle performance of fuel alternatives 
is acceptable. Here two aspects are considered: primary energy use and global warming 
potential. A third category is consequences of fuel leakage, for example caused by 
accidents.  

Parts of the environmental criteria are easy to compare between fuel alternatives 
since they can be quantified, but the consequences of fuel spills and accidents cannot be 
easily quantified, as they depend on the receiving environment. The criteria is summarised 
in Figure 7. 
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Figure 7. Environmental Criteria 
 
4.4 Other criteria 
 
Other criteria include logistics, safety, security, public opinion, ethics, and political and 
strategy aspects (Figure 8). Logistical criteria include market, flexibility of production and 
infrastructure requirements. It is important that the energy carrier is available on a market 
and that there are enough raw materials to produce the desired volumes. If the energy 
carrier can be produced from a number of different raw materials this will increase the 
flexibility.  

Safety criteria include the risk of explosion and fire and the health hazards for 
people handling the fuel. Flammability limits give the concentrations in air over which a 
fuel is flammable. Fuels with wide limits have large potential volume of flammable 
atmosphere and the time to dilute the fuel below the lower flammability limit may be 
substantial (Astbury, 2008). If a fuel is soluble in water it can be diluted to be non-
flammable at ambient temperature and thereby no longer present a fire or explosion risk. 
Water solubility is not of interest for gases as they disperse quickly (Astbury, 2008).   A 
specific safety concern regarding gases is the potential for them to replace air in confined 
spaces if leaked, and to act as an asphyxiant if not detected. Health hazards of fuels include 
acute and chronic toxicity from exposure, and whether they are potentially carcinogenic. 

Public opinion is the attitudes expressed by the general public. One example of a 
political and strategy aspect could be if new jobs are created by producing the fuel locally. 
Ethical considerations include whether the production and use of the fuel causes hardships 
for other populations. For example producing ethanol from corn or other food crops could 
potentially cause higher food prices for citizens of poorer nations (Mueller et al., 2011).  

 
 

 

Figure 8. Other Criteria  
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5. COMPARISON OF LNG AND METHANOL AS MARINE ENERGY 

CARRIERS 
 
To exemplify how the set of criteria can be used, two fuels from the overview of possible 
fuels for marine transportation were selected for a more detailed comparison: LNG and 
methanol. LNG was selected as it is already used in some parts of the world and complies 
with the strictest environmental regulations in force. Methanol is an interesting alternative 
to LNG, it is a liquid and it is commercially available. The comparison primarily focuses 
on the use of natural gas as raw material for LNG and methanol.  
 
 
5.1 Technical criteria 
 
Several different engine concepts are possible for both LNG and methanol making the 
fuels rather flexible from a technological perspective (Table 1). The energy efficiency and 
exhaust emissions are dependent on which type of concept used. One difference between 
LNG and methanol is that engine technology for LNG propulsion is well developed and 
available on the market (Gullberg and Gahnström, 2011), but methanol has not been tested 
at all for marine propulsion.  

Two different engine concepts for methanol have been evaluated in the EffShip 
project, the premixed dual fuel concept and the methanol-diesel concept. In the dual fuel 
concept the gas valve on a dual fuel gas engine is replaced or the engine is complemented 
with a methanol injector. Premixed methanol and air is ignited with a small pilot fuel diesel 
spray close to top dead centre. Some modifications of ignition energy/preheating of the 
combustion air might have to be carried out, as the heat of vaporisation is higher for 
methanol and the output will be limited by knocking. In the methanol-diesel concept, the 
methanol is injected at high pressure close to top dead centre and is ignited with a small 
amount of pilot diesel. This is similar to the gas-diesel concept (see Doug (2010)), but will 
require modification of the fuel injection system. Furthermore, problems with knocking are 
avoided by using the diesel principle. There is also a possibility to use methanol with a 
glow plug as ignition assist; this concept has been tested for heavy-duty engines as 
described by Richards (1990).  

The energy density is higher for LNG than for methanol, but LNG needs to be 
stored in cryogenic tanks (Gullberg and Gahnström, 2011). The cargo capacity was shown 
to be reduced with 4% in LNG retrofit of a feeder container vessel, whereas another retrofit 
of an ocean going tanker vessel did not result in any reduced cargo capacity (Gullberg and 
Gahnström, 2011). The actual space requirement for LNG and methanol will vary from 
vessel to vessel and is difficult to estimate. 
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Table 1. Comparison of the performance of LNG and methanol against technical criteria  

a Liquid at 25○C, bLower heating value of 19.9 MJ/kg (Liang et al., 2011) and density of 787 kg/m3 (at 101.3 
kPa ,25○C) (Fiedler et al., 2000), cThe value is for liquid methane, lower heating value of 50 MJ/kg and 
density of 436.2 kg/m¨3 (at -170○C) (Nyns, 2000), dAstbury (2008), eFiedler et al. (2000), fAlson (1981), 
gGullberg and Gahnström (2011). hEyidogan et al. (2010), iKavalov et al. (2009) 
 
 
5.2 Economic criteria2 
 
The comparison of economic criteria is shown in Table 2. One difference in economic 
criteria is the difference in capital investment for the propulsion system. The propulsion 
system investment cost is slightly higher for LNG than for methanol for newbuildings; the 
difference is even greater for retrofits. The retrofit costs shown in Table 2 span from single 
retrofit installations of small engines (6 cylinders) to multiple engine installations of larger 
engines (20 cylinders); the costs depend on the engine type, number of cylinders and 
engines and the installation. The installation cost represents the major part of the retrofit 
cost. 

The price of LNG is strongly influenced by transportation costs as this accounts for 
a large share of the overall costs (Moniz et al., 2010). LNG prices have historically been 
higher in the Pacific than in the Atlantic Basin, averaging about 3 Euro/GJ and 4 Euro/GJ 
respectively over the past 10 years (EIA, 2003). The average price during 2010 in Japan 
was 8 Euro/GJ (BP, 2011). Gullberg and Gahnström (2011) have stated that LNG is 
expected to have a competitive price development in comparison to conventional fuels, but 
is connected to a high initial investment cost. 

From 1975 to 2008 the average wholesale price for methanol has fluctuated 
between 4 and 15 Euro/GJ. High methanol prices were experienced in 1994-1995 due to a 
drive for methanol derivatives and more recently as a result of high natural gas prices 
(Olah et al., 2009).  The price dynamics of the regional methanol market were investigated 
by Masih et al. (2010). They concluded that methanol prices were driven by natural gas 
                                                 
2In order to make price comparisons all values have been transformed into Euro (1US dollar is assumed to 
represent 0.75 Euro). Energy conversion has been based on lower heating values. 

Technical Criteria  LNG Methanol 
  Fuel properties Research octane 

number  
    106d 

 Motor octane number   110-135i 88d 

  Viscosity (mPa s)   -  0.5a 

  Energy density (MJ/m3)  21810c  15700b 

 Stoichimetric air/fuel ratio, 
[Wt/Wt] 

16.4g 6.4f 

 Boiling point [oC]  -162d 64d 

 Corrosive   No Formic acid is formed during 
combustion. Corrosive naturef 

Propulsion system 
flexibility 

Reciprocating internal 
combustion engine 
concepts 

Single gas, gas diesel, 
dual-fuel 

Methanol diesel, dual-fuel, 
glow plug assisted diesel 

 Other possible propulsion 
technologies  

Gas and steam turbines, 
fuel cells 

Fuel cells, steam turbines 

 Possible to use existing 
engines with modifications 

Yes Yes 

 Type of lubricants required E.g.  BN5-7/SAE40 for 
dual fuel engines 

E.g. BN20/SAE40 

Pre-treatment 
requirements 

   Regasification and 
filtering 

Filtering 
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prices in Europe and the United States but not in Asia. In Asia the opposite relationship 
was established where methanol prices drove the natural gas price. The investment cost for 
syngas generation unit accounts generally for more than half of the total investment cost 
for methanol plants with natural gas as feedstock and as much as 70-80% for methanol 
plants with coal as feedstock  (Olah et al., 2009). One estimate made within the EffShip 
project found methanol and LNG prices to be of the same order of magnitude for ship 
bunker fuel in Gothenburg (Figure 9). 

 
Table 2. Comparison of the performance of LNG and methanol against economic criteria 

Economic criteria LNG Methanol 
Investment 
cost 

New-
buildings 

Engines  Small engine (e.g. 
W20DF) around  
600Euro/kW,  medium 
size engine (e.g. W34DF) 
around 500 Euro/kW and 
large engine (e.g. W50DF) 
around 400 Euro/kWc 

~500 Euro/kW c 

    Auxiliary 
systems  

~500 Euro/kWc ~200 Euro/kWc 

  Retrofit Engines, 
auxiliary 
systems and 
installation 

600 – 2500 €/kW c 300 – 1500 €/kW c 

  After treatment equipment  Not required Selective catalytic reduction 
(SCR) may be needed to comply 
with Tier III for some engine 
concepts (100-150 Euro/kW). 
Oxidation catalyst for 
formaldehyde may be required, 
but no marine legislation exists 
today (20-30 Euro/kW).  

Operational 
cost  

Operating expense 
engines  
  

8.40-9.90 Euro/MWh  
(W20DF), 
3.90-4.40 Euro/MWh  
(W50DF)c,f 

4.80-7.40 Euro/MWh  (W20), 
3.25-3.50 Euro/MWh  (W46)e,f 

 Operating expense after 
treatment equipment  

 5 Euro/MWh (SCR, if necessary) 

 Increased manning  Probably not  Probably not 
 Type of training necessary 

for crew 
Typical additional training will be safety training for fuels with 
low flash point (both LNG and methanol) as well as 
engine/auxiliary equipment specific training. 

Fuel Fuel price (Euro/GJ)  7g 16a 

 Distribution cost 
(Euro/GJ) 

~0.8b   

  Fuel production cost 
(Euro/GJ)  

 ~1.5b
  <4d 

 Raw material price Depend on raw material, same if natural gas is used for both 
fuels. (Henry hub average 2010: 3 Euro/GJ) 
  

a European spot price 9th March 2012 (Jim Jordan & Associates, 2012),  plus 37 US Dollar/tonne add-on cost 
for transportation to customer, bMoniz et al. (2010) , cBased on experiences from Wärtsilä, d Olah et al. 
(2009), eBased on the assumption that the operational expense of methanol will be similar to that for marine 
gas oil, fThe range represents expense that varies with the number of cylinders, gFinancial Times data 28th of 
March for natural gas in Zebrugge, not including transportation to final customer. 
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Figure 9. Estimation of the cost of LNG and methanol produced from natural gas along the 
supply chain (26/01/2012).  

 
 
5.3 Environmental criteria 
 
The result for the environmental criteria is presented in Table 3. The exhaust emissions 
depend on both the fuel and the type of engine (or propulsion technology). The emissions 
of NOX, SOX and PM are expected to be significantly reduced with both LNG and 
methanol as compared to conventional fuel. However, increased emissions of methane 
from LNG and increased emissions of formaldehyde from methanol are expected for all 
engine concepts. The life cycle primary energy use and global warming potential is lower 
for LNG than for methanol. 

 Ship accidents such as collisions, groundings, and foundering will continue to 
result in spills of fuel and cargo, as they have in the past for heavy fuel oil. Environmental 
consequences of spills depend on factors such as spill volume, nature of the fuel spilled, 
and sensitivity of the receiving environment and biota that are exposed. Compared to 
heavy fuel oil and residual oil, the environmental consequences of spills of LNG and 
methanol are expected to be lower.  LNG is a liquefied gas and unconfined spills on to 
water will spread and boil at a very high rate (Luketa-Hanlin, 2006) and thus not remain on 
the water surface for long. Localized short-term effects on the water surface may result 
from cooling due to the cryogenic liquid.  
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Table 3. Comparison of the performance of LNG and methanol against environmental 
criteria 

Environmental criteria LNG Methanol 
Exhaust 
emissions 

NOX (regulation 
compliance) 

Tier II - Gas-diesel (four-
strokec and two-stroked) 
Tier III – Premixed dual-fuel 
, single gas engines (Spark 
ignited)c 

Tier II - methanol-diesel (four-
stroke)c 

Tier III – Premixed dual-fuel 
(four-stroke), glow plug assisted 
diesel conceptc 

 
  Sulphur content 

(g/MJ fuel) 
 ~0e  ~0e 

 Total hydrocarbons 
(vol. % of fuel) 

0.5-1 (gas-diesel, four 
stroke)c 

2-5 (premixed dual-fuel, 
four stroke) c 

0.5-1 (methanol-diesel, four-
stroke) c 
2-5 (pre-mixed dual-fuel, four-
stroke) c 

  Particulate matter 
(g PM10/kWh) Expected to be much lower than with HFO 

  Other emissions Emissions of methane 
represents the majority of 
the total hydrocarbon 
emissions, some 
formaldehyde emissions 

High emissions of formaldehyde 
expected (around 10 vol.% of 
total hydrocarbons) with 
premixed dual-fuel concept 

Life cycle 
environmental 
performance 

Global warming 
potential (g CO2-
eq./tonne km) 

 38-40a  43-48b 

  Primary energy use 
(MJ primary 
energy/tonne km) 

0.57-0.61a   0.75-0.77b 

Consequences of 
spills and 
accidents 

Consequences for 
receiving water 
environment 

Will quickly vaporize into 
gas and will not remain in 
the water column.  

Will have localized affects due 
to toxicity. Methanol does not 
bioaccumulate and is readily 
biodegradable in aquatic 
environmentsh.  

 Consequences for 
land/air 

If the LNG is ignited there 
will be localized damage 
from fire. 

 

aBased on Bengtsson et al. (2011), bThe lowest estimates is based on data for methanol production from JEC 
(2008) and the highest estimates are based on data for methanol production from Strömman et al. (2006), 
cBased on experiences from Wärtsilä, dBäckström (2010), eIf pilot fuel is used this might increase SOX 
emissions, fAstbury (2008), gFiedler et al. (2000), hIMO (2011). 
 

The main physical behaviour of methanol spilled to water is described as 
“dissolves/evaporates”, according to the European Behaviour Classification system for 
chemicals (reported in IMO (2011)). The hazard profile for methanol developed according 
to the process established by the UN group of experts on scientific aspects of marine 
environmental protection (GESAMP) states that methanol does not bioaccumulate and is 
readily biodegradable in the aquatic environment (IMO, 2011).  It is toxic at higher 
concentrations, so there would be local affects before dilution occurs.  
 
 
5.4 Other criteria 
 
The comparison of other criteria is shown in Table 4. Both LNG and methanol can be 
produced from a number of different raw materials; today natural gas is the main raw 
material for both. However, both methane and methanol could be produced by synthesis of 
H2 and CO2 in a Carbon Capture and Recycling process. In 2008 42×106 tonnes of 
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methanol were produced, being the second largest product produced from synthesis gas 
(Fiedler et al., 2000) and the trade movements of LNG was around 300 billion cubic 
metres (BP, 2011).  

In the event of a spillage of LNG, there will be a relatively large flammable 
atmosphere produced very quickly, which presents a risk of fire. There is also the 
possibility of a rapid phase transition explosion occurring in the event of gross spillage of 
LNG on water (Astbury, 2008). LNG may also be an asphyxiant in enclosed spaces if it 
reaches concentrations where it replaces enough air to result in a deficiency of oxygen. 
This is considered to be less of a concern than potential fire (Hightower et al., 2004).  
Because LNG is a cryogenic liquid, it may also result in cryogenic burns if in contact with 
humans, or cause damage to ship structures due to embrittlement and/or fracture of metals 
and materials (Hightower et al., 2004) 
 

Table 4. Comparison of the performance of LNG and methanol against other criteria 
Other criteria LNG Methanol 
Logistical  Flexible 

production 
The main component in LNG, 
methane, can be produced from a 
number of sources (coal, natural 
gas and biomass).  

Mainly produced from natural gas 
(~75%), but can be produced from 
coal and biomass as well.  

  Market The market has mainly evolved 
around the Atlantic and Pacific 
basins, dominated by long term 
contractsa  

Mainly produced at remote locations 
as a way to utilise gas reserves, large 
price fluctuations occur since a close 
relationship between supply and 
demand does not existb  

  Infrastructure Need for local distribution 
infrastructurec  

Can utilise the liquid infrastructure for 
oil  

Safety  Risk of 
explosion or 
fire 

Theoretical possibility of a rapid 
phase transition explosion 
occurring in the event of gross 
spillage of LNG on water, 
possibility of rollover in large 
storage tanksd  

Burns with a nearly invisible flame, 
but is less flammable than petrol.e The 
risk of handling methanol in fuel tank 
in an electric car  has been considered 
equal to that of conventional fuelg 

 Flammable 
limits (v/v, %) 

 5-15 d    6-36 d  

 Auto-ignition 
temperature 
(○C) 

537 d  385 d 

 Flash point (○C) -187c 11 d  
  Toxicity  Not toxic, but can act as an 

asphyxiant  by replacing oxygen in 
enclosed spaces f. 

Toxic to humans, the lethal dosage of 
methanol is between 30 and 10 ml per 
kilogram body weightb 

 Water solubility  Nod Yesd 
Ethics  Depend on raw material 
Public opinion No investigations found, but in 

general gas is questioned from 
safety point of view. Opinion varies 
between groups in society and 
culturesh  

High CO2-footprint of methanol 
produced from natural gas and coal 
could create a negative public opinion 

Political  and strategy 
aspects 

Depend on raw material.  Large available future gas resources in Qatar, Iran,  
Kazakhstan, Turkmenistan, Uzbekistan and Iraqi 

aEIA (2003), bFiedler et al. (2000), c Gullberg and Gahnström (2011), dAstbury (2008), eEPA (2002), f 
Hightower et al. (2004), g Bultel et al. (2007), hSovacool (2011), iCopin (2008). 
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6. DISCUSSION AND CONCLUSIONS 
 
The use of MCDA in a research project shows that the process of identifying criteria has 
widened the scope of the project and new criteria have been added. This study includes the 
initial steps in MCDA. However, in order to use the set of criteria for a final decision of 
which fuel to select, and not only as a way to structure information, a weighting of the 
criteria according to priorities set by the stakeholders is essential. This is an area for future 
research. Even if the set of criteria needs to be further developed to allow structured 
decision making in the industry, it is obvious that the process of decision making is 
improved by considering MCDA. 

The study has also involved a learning process for all involved that has improved 
the quality of work and the case study, comparing LNG and methanol, highlights the 
importance of considering a holistic set of criteria. If only the environmental criteria are 
reflected, the best fuel is shown to be LNG, but when technical, economic, and logistical 
aspects are considered, the picture becomes more complex; positive as well as negative 
aspects of both fuels are highlighted. Although the discussion on new fuels so far has been 
very much focused on LNG, it is shown here that methanol is a comparable fuel in many 
aspects and easier to handle as it is a liquid. From a well-to-propeller perspective, the 
primary energy use is lower for LNG than for methanol, but the difference in global 
warming potential is less significant due to the leakage of methane from LNG engines. 
Still, methanol and LNG are today expected to be available for purchase at a similar price 
while the investment cost for an LNG ship is expected to be higher than for a methanol 
ship. 
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