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EXECUTIVE SUMMARY 

This deliverable summarises the results obtained in task 6.2.2 impact of fuel type and quality as 
part of WP6.2 Impact of low emission technologies and after-treatment systems for railway 
applications, all contributing to the work being carried out in the Sub-Project (SP) 06 Emerging 
Technologies. The main objectives of this task and deliverable are as follows: 

• To study the different types of fuel used in railway applications and how they affect 
different parameters related to the performance and operation of the engines; 

• To assess the potential benefits of using alternative fuel quality grades and type, including 
alternative fuels. 

In addition, fuels in the research domain have also been assessed, indicating their potential 
suitability for railway application.  

As described on the CleanER-D technical annex, the work has focused on reviewing the current 
status of fuel types being used for rail application as well as the assessment of the different types 
of alternatives, particularly in the research domain (for all transport modes). This has led to a 
simple but effective matrix of selected alternative fuels and their characteristics and the impact of 
a number of key parameters. 

All relevant fuels which are alternative to diesel or biodiesel are illustrated. For each category, 
details about emission reductions, engine modifications and fuel consumption are given wherever 
possible. 

The research has shown that biodiesel and vegetable oils are mainly justified as an admixture 
fuel for railway application and do not constitute a viable alternative for fossil fuels. Their limited 
availability and engine modification requirements are the main reasons for their limited suitability. 

At the opposite end of the scale, fuels produced using the Fischer-Tropsch (FT) process have 
great potential for railway application. Their performance and availability make them suitable and 
attractive options. Their impact on after-treatment systems has the potential to be minimised. Of 
these types of fuel, BtL and ligno-cellulosic are the most promising fuel alternatives to diesel for 
railway application.  

DME (Di-Methyl Ester) is also a fuel with a high potential to meet future emission requirements 
offering reduced costs associated with exhaust after-treatments when compared with diesel fuel. 

HVO (Hydro-treated Vegetable Oils) have comparable properties to FT-fuels and similar 
considerations apply. Emulsion-based fuels and micro-algae have not produced enough evidence 
to allow a fair judgement of their suitability although micro-algae in particular have a high potential 
in the long term.  

Biodiesel blends up to 20% are technically feasible although increasing fuel consumption by 10% 
compared to current diesel. Their sustainability as a true alternative in the long term is 
questionable.  

Finally, emphasise the fact that the vast majority of the alternative fuels studied show a clear 
trend of NOX emissions increase. Since this aspect is expected to be further regulated in future 
legislation their applicability could be jeopardised. Nevertheless, although current knowledge 
shows a trend of NOx increase when using biofuels, on-going developments in engine technology 
could neutralise these effects. 
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1. INTRODUCTION 

This deliverable summarises the results obtained in task 6.2.2 impact of fuel type and quality as 
part of WP6.2 Impact of low emission technologies and after-treatment systems for railway 
applications, all contributing to the work being carried out in the Sub-Project (SP) 06 Emerging 
Technologies. The main objectives of this task and deliverable are as follows: 

• To study the different types of fuel used in railway applications and how they affect 
different parameters related to the performance and operation of the engines; 

• To assess the potential benefits of using alternative fuel quality grades and type, including 
alternative fuels. 

In addition, fuels in the research domain have also been assessed, indicating their potential 
suitability for railway application.  

As described in the CleanER-D technical annex, the work has focused on reviewing the current 
status of fuel types being used for rail application as well as the assessment of the different types 
of alternatives, particularly in the research domain (for all transport modes). This has led to a 
simple but effective matrix of selected alternative fuels and their characteristics and impact of a 
number of key parameters. 

This deliverable is an input to the work of task 6.2.5 Investigation of vehicle related topics such as 
optimum management and utilisation of dissipated heat from engine, packaging, control, 
durability, maintenance, WP6.3 Technology innovation for future measures beyond IIIB on diesel 
railway applications as well as SP5 and SP8. 

2. CHARACTERISTICS OF FUEL FOR DIESEL ENGINES 

2.1 DEFINITIONS 

Diesel fuel is a petroleum product obtained through distillation of crude oil, typically having a 
distillation range between kerosene and light-lubricating oil. Its chemical formula ranges from 
C10H20 to C15H28. In railway applications, the type of fuel used is known as gasoil (as referred to in 
the EU regulatory domain), a middle petroleum product generally with a higher density and 
lubricant properties than common diesel used for road vehicles [Norris and Ntziachristos, 2009]. 

To assess the quality of a fuel a number of parameters are commonly used. The following table 
(table 1) describes the most relevant ones: 
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Parameter Description 

Cetane number and index A measure of ignitability. The higher the cetane number and index are, the 
more complete is the combustion, resulting in a cleaner exhaust. Therefore, no 
upper limit is imposed. 

Density It refers to the energy contained in the fuel. It has to be high enough to 
guarantee a powerful combustion but it does not have to exceed the limit 
above which it compromises the air-fuel ratio (the denser a fluid is, the more 
mass it occupies per unit of volume). 

Viscosity In an engine, fuel is sprayed into compressed air and atomised into small 
drops near the nozzle exit. The viscosity of the fuel affects the atomisation 
quality, size of fuel drop, penetration and wear of fuel pump elements and 
injectors. Since viscosity increases with decreasing temperature, cold 
environments can suffer from additional problems. 

Aromatic hydrocarbons Compounds containing one or more “benzene-like” ring structures. Aromatic 
hydrocarbons tend to have high density, poor self-ignition qualities, producing 
more soot in burning. As a consequence, it is important to keep them below 
certain critical limits. 

Flash point Indirectly related to engine performance. Flash point is a reference parameter 
for legal requirements and safety precautions involved in fuel handling and 
storage and therefore specified to meet fire regulations. 

Sulphur content This parameter needs to be kept low in order to obtain a low wear and a 
smaller content of particulate in the exhaust. It has a direct impact on 
emissions. 

Fatty acid methyl ester 
(FAME) 

Molecules used especially for the production of biodiesel. 

Table 1. Description of commonly used fuel properti es and reference parameters 

2.2 STANDARDS AND SPECIFICATIONS RELATED TO DIESEL FUEL  

The most relevant standard applicable to diesel fuel is the EN 590 Automotive fuels-Diesel-
requirements and test methods [EN, 2004]. This document is the reference for diesel fuel used 
not only in automotive applications but also for railway application. It is regularly updated to reflect 
changes in specifications, usually as a result of new European legislation e.g. mandatory 
reductions affecting sulphur content. 

The latest version of the norm is the EN 590:2009+A1 of February 2010 [EN, 2010]. The most 
significant changes introduced in this version are the following: 

• Increase of the maximum percentage of FAME1 from 5% to 7%; 

• Introduction of regulations and standards for biodiesel in EN 14214 [EN, 2008]; 

• Reduction of the maximum level of sulphur content to 10ppm2 and 8% (m/m)3 for 
hydrocarbons  

Annex I gives an overview of the generally applicable requirements and test methods included in 
the standard. 

                                                
1 Fatty Acid Methyl Ester (FAME) 
2 parts per million (ppm) 
3 The term % m/m represents mass fraction 
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Regarding emissions, relevant European Directives include 2004/26/EC and 2010/26/EC. 
European Directive 2004/26/EC sets emission standards specifically for non-road mobile 
machinery (NRMM), including railway applications [EC, 2004]. The Directive defines two 
increasingly tighter sets of emission levels: Stage IIIA and Stage IIIB. These two stages refer to 
the characteristics of the engine and the power generated by it. Directive 2010/26/EU introduces 
further technical details on testing and approvals. 

The chemical process of fuel combustion in the engine generates a number of pollutant products 
i.e. carbon dioxide (CO2), particulates (PT), hydrocarbons (HC), nitrogen oxides (NOx), carbon 
monoxide (CO), oxides of sulphur (SOx) and heavy metals mainly due to the presence of sulphur.  

The Directive imposes a maximum level for the release of CO, HC, HC+NOx, NOx and PT 
according to the engine category. Table 2 summarises these levels as well as information 
regarding the dates after which the standards must be met by all newly approved models (type 
approval dates-TAD) and by new engines placed on the market (market placement dates-MPD). 

Category1 Net Power 
(kW) 

Date (TAD & MPD) CO 
(g/kWh) 

HC 
(g/kWh) 

HC+ NOx 

(g/kWh) 

NOx 

(g/kWh) 

PT 
(g/kWh) 

Stage IIIA 

RC A 130<P 30.06.2005 & 01.2006 3.5 - 4.0 - 0.2 

RL A 130 ≤ P ≤ 560 31.12.2005 & 01.2007 3.5 - 4.0 - 0.2 

RH A P>560 31.12.2007 & 01.2009 3.5 0.5* - 6.0* 0.2 

* HC = 0.4 g/kWh and NOx = 7.4 g/kWh for engines of P > 2000 kW and D > 5 litres/cylinder 

Stage IIIB  

RC B 130<P 31.12.2010 & 01.2012 3.5 0.19 - 2.0 0.025 

R B 130<P 31.12.2010 & 01.2012 3.5 - 4.0 - 0.025 

1RC=Rail Car | R_RL_RH=locomotive 

Table 2. Summary of emission requirements for Stage  IIIA and IIIB  

In order to meet stage IIIB, exhaust after-treatment systems such as filters are necessary to 
achieve the required reduction of particulate matters. The use of these after-treatment systems 
also involves the use of low sulphur fuels.  

Directive 2009/30/EC is the most recent European regulation on this matter. This Directive has 
imposed a sulphur limit 1000 mg/kg from 1st January 2008, and of 10 mg/kg from 1st January 
2011 [EC, 2009]. However, in order to give time to manufacturers to comply with the new 
regulations, from 1st January 2011 Member States have been allowed to use gasoil with a content 
of sulphur up to 20 mg/kg (at the point of final distribution to end users). Similarly for railway 
applications and until 31st December 2011 it was possible to place on the market gasoil 
containing up to 1,000 mg/kg sulphur providing it was guaranteed that the correct functioning of 
emissions control systems was not compromised.  

To summarise, the Directive imposes the use of cleaner diesel for railway application in line with 
the type of measures approved for automotive, which has been using Sulphur Free Diesel (SFD)4 
since 2009.  This is considered as an incentive towards the utilisation of greener fuels and 
technologies. 

                                                
4 SFD: Sulphur Free Diesel at sulphur concentration smaller than 10 ppm 
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2.3 BIOFUELS AND EU REGULATION. 

European standards and Directives regarding the quality of the fuel and the level of emissions of 
CO, HC, HC+ NOx, NOx, PT and sulphur have been illustrated in the previous section. 

The European Commission has also taken action against the production of CO2, one of the major 
contributors to the greenhouse effect. Directive 2003/30/EC [EC, 2003], introduces the promotion 
of the use of biofuels and other renewable fuels for the transport sector.  

This Directive defines biofuel and biomass as follows: 

• Biofuel : liquid or gaseous fuel for transport produced from biomass; 

• Biomass : the biodegradable fraction of products, waste and residues from agriculture 
(including vegetal and animal substances), forestry and related industries, as well as the 
biodegradable fraction of industrial and municipal waste; 

Directive 2009/30/EC explicitly refers to the need to decrease the life cycle greenhouse gas 
emissions per unit of energy from fuel and energy supplied by up to 10% by 31st December 2020. 
The following table (table 3) summarises the breakdown in which this target must be achieved.  

Objective Target 

Reduction of life cycle 
greenhouse gas emissions 
per unit of energy from fuel 
and energy supplied 

10% by 31.12.2020 of which 2% by 31.12.2014 and       
4% by 31.12.2017 

2% by the transport sector 

4% through emission credits 
purchased as dictated by the 
Kyoto Protocol 

Table 3. Greenhouse gas reduction target breakdown [EU, 2009] 

Based on this target breakdown the railway sector is affected by its contribution to the 2% quota 
with other non-road mobile machinery, marine fleets and road transports. 

Summarising, there are a number of reasons encouraging the introduction of biofuels, namely: 

• The reduction of greenhouse gases (GHG) emissions in order to comply with EU 
regulations; 

• The use of biodegradable resources; 

• The need to take precautionary measures against the peak oil scenario; 

• The need to increase economic autonomy and sustainability. 

 

In this particular context, sustainability refers to social, environmental and economic issues, as 
illustrated in the following diagram (Fig. 1). 
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Fig. 1. Social, environmental and economic aspects of biofuel production [EC, 2008] 

Biofuels are commonly classified into first, second and third generation. However there is not 
rigorous scientific definition for these. For instance, second generation fuels could be considered 
as incremental improvements on existing fuels e.g. the use of non-food feedstock for biodiesel, as 
well as more advanced conversion processes. An example of the latter is Jatropha biodiesel oil. 
This fuel is obtained from a non-food source via trans-esterification and could be classified either 
as first or second generation depending on the definition adopted. Given the lack of universal 
criteria, in the remainder of this deliverable no such distinction will be made. Instead, the 
definition suggested by the International Energy Agency (IEA) in the document Technology 
Roadmap: biofuels for transport [IEA, 2011] will be adopted (table 4). 

Biofuel Definition 

Conventional biofuel technologies  Well-established processes which are already producing biofuels 
on a commercial scale, including sugar (and starch) based 
ethanol, oil crop based biodiesel, pure vegetable oil and biogas 

Advanced biofuel technologies  Processes still in the research and development stage or pilot 
and demonstration phase, including hydro-treated vegetable oil 
and biofuels originated from lingo-cellulosic biomass 

Table 4. Biofuels classification [IEA, 2011] 

The performance of advanced biofuel technology is not always superior to that of conventional 
biofuels as it is strongly dependent both on the feedstock and the process used. 

2.4 BIODIESEL 

When considering alternatives to diesel, the most relevant and exploited biofuel to date is 
biodiesel, understood as a methyl-ester produced from vegetable or animal oil of diesel quality 
(including fat) [EU, 2003]. 
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In practice, biodiesel is a type of organic compound originated by an acid and an alcohol, which 
does not necessarily have to be methanol. However, biodiesel formed from methyl alcohol is the 
most commonly produced all over the world. Biodiesel can be used pure or in blends with 
traditional diesel and it is represented by the letter B followed by the percentage of biodiesel, e.g. 
B100 stands for pure biodiesel [RSSB, 2006]. 

In Europe the characteristics of Fatty Acid Methyl Esters (FAME) are regulated by EN 14214 (see 
Annex II for details).  

Regarding the biological compound, oil can be extracted from edible plants and non-edible plants. 

2.4.1 Biodiesel from edible plants 
Rapeseed in northern Europe and sunflower in southern Europe are the most common sources of 
biodiesel from edible plants. This is based on their availability e.g. more than half of the global 
production of biodiesel from rape oil comes from Germany. However, the choice of vegetable oil 
includes many other plants such as palm, soya and peanut for instance. Although their by-
products can be used as animal feed, these are all examples of edible vegetable oils that can be 
used straight as food source or be processed into biodiesel, thus their usage as fuel is in conflict 
with the need to provide food (“food-fuel” conflict).  

To solve this issue, biodiesel produced from animal feedstock or waste cooking oil has been 
investigated. However this approach requires additional cleaning processes in order to remove 
the presence of undesired components [RSSB, 2006]. 

2.4.2 Biodiesel from non-edible plants 
An alternative to the previous is to use non-edible plants such as Jatropha (Physic Nut), native of 
Central America and widely available in Brazil, Philippines, India and Africa.  Its seeds are highly 
toxic and contain an average of 34.4% of oil. The plant is resistant to drought and pests and can 
grow in very inhospitable lands. However these advantages are balanced by the fact that 
Jatropha is an aggressive tree and its proliferation might alter the local plant environment [Huang 
et al, 2010]. Another toxic crop example is Pongamia Pinnata, especially available in China and 
India where it grows in very arid zones.  

A solution both in terms of environmental preservation and economical sustainability could be 
achieved if each country could rely on its own native plants. For instance, Pistacia chinensis 
(Chinese Pistache) has been recently suggested as a valid alternative to produce biodiesel in 
China [Huang et al, 2010]. Other authors [Aliyu et al, 2010] have explored the potential of Croton 
Megalocarpus (Musine) for biodiesel production. The plant, normally used for timber and building 
poles, presents the very favourable characteristic of growing on marginal lands where no human 
intervention for agricultural purposes is required. It also regenerates agriculturally degraded 
lands. 

2.4.3 Biodiesel from algae 
Algae have been recently identified as a suitable candidate for biodiesel production. Algae range 
from small, single-celled organisms to multi-cellular organisms, some of which have fairly 
complex and differentiated forms. They are usually found in damp places or bodies of water. In 
the same way as plants, they require three components to grow: sunlight, carbon-dioxide and 
water. Among all algae, microalgae exhibit a high content of lipids and fatty acids as membrane 
components, storage products, metabolites and sources of energy. These features make 
microalgae the most attractive type of algae for biodiesel production. 
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Although still not commercially available, the production of biodiesel from microalgae offers 
significant advantages when compared with other biological compounds, namely: 

• it is a potentially greener feedstock; 

• it offers a higher biomass production; 

• it does not enter into the food-fuel conflict; 

• it grows faster. 

The usual production process of biodiesel from algae involves the following steps:  

Algae are kept in water with nutrients and carbon dioxide (known as photo-bio-reactors). When 
ready, algae are harvested and undergo a process of separation of water, which is subsequently 
recycled. Oil is then extracted and treated to eliminate impurities starting a trans-esterification 
process which leads to biodiesel production. The following diagram fig. 2) provides a schematic 
overview of the process. 

 

Fig. 2. Schematic overview of biodiesel production from algae 

However, the production of biodiesel from algae has two major challenges to overcome: the 
technology to extract oil from algae and the large scale production. Algae have a very high 
content of water requiring a significant amount of energy to be able to separate the water using 
boiling processes in order to obtain the plant oil. This energy need currently outweighs the 
product of combustion of the biofuel. Research is underway to develop more efficient processes 
of extracting the oil and converting it to fuel.  

The biological aspects related to the harvesting process are also challenging. For instance: 

• Exposure to direct sunlight can cause algae to die; 

• Temperature variations are not well tolerated; 

• Overcrowding may inhibit algae growth.  

Chemicals released from algae into the water to fight against disease and predators are under 
investigation to control the nature of growth ponds and prevent the algae from dying [Lassing et 
al, 2008].  

While there is no current evidence of significant trials of algae biodiesel on internal combustion 
engines for the automotive category, the aviation sector has already started exploring its use. For 
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instance, the world’s first flight entirely based on algae biofuel took place in June 2010 during the 
Berlin Air Show and was conducted by the European company EADS on a Diamond Aircraft 
DA42 New Generation powered by two Austro Engine AE300 engines. Besides being a greener 
choice with respect to traditional aviation fuels, the flight used in excess of 2 litres less fuel per 
hour in comparison to the traditional kerosene-based jet fuel and only minimum modifications 
were required for the engines [EADS, 2010]. 

2.4.4 Biodiesel fuel properties and performance 
According to the literature, the physical and chemical properties of biodiesel available slightly 
differ from one to another according to their production methods. Specifically these properties 
vary depending on: 

• The degree of oil refinement (previous pre-treatment step); 

• The trans-esterification process (conversion); 

• The quality of phases purification step.  

Other parameters such as cetane number, oxidation stability, iodine value and cold filter plugging 
point depend on the oil nature [Ramos et al, 2009]. Although there is not universally valid set of 
values, table 5 gives an indication of the main properties of different biodiesel oils.  

 Ester 
content (%) 

Kinematic Viscosity 
at 40° C (mm 2/s) 

Flash point 
(°C) 

Cetane number 

Palm 97.7 4.5 176 61 

Olive 99.0 4.5 178 57 

Peanut 99.5 4.6 176 53 

Rape 99.5 4.4 170 55 

Soya bean 96.9 4.2 171 49 

Sunflower 97.2 4.2 177 50 

Grape 97.8 4.1 175 48 

Almond 99.7 4.2 172 57 

Corn 99.8 4.4 170 53 

Chinese Pistache n/a 4.40 n/a 46 

Jatropha n/a 4.33 n/a 48 

Croton Megalocarpus n/a 34.48-30.37 n/a 40 (before esterification) 

Chlorella vulgaris n/a n/a 98 52 

Table 5. Overview of biodiesel properties produced from a range of vegetable oils [Huang 
et al, 2010; Ramos et al, 2009; Aliyu, 2008; Vijaya raghavan and Hemanathan, 2009] 

 

A number of considerations regarding emissions reduction and impact on the engine can be 
made, with the exception of algae biodiesel, which is still at a fundamental research and 
demonstration stage and appears to be a fuel of superior quality with respect to crop-based 
biodiesel. In general, the use of biodiesel leads to a reduction of the emissions of HC and CO but 
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also to an increase of NOx. For instance, Hofmann et al [2009] carried out a comparison of 
different biodiesel-blends using a vehicle engine originally designed for common diesel fuel and 
operated with biodiesel after adapting it by changing the sealing materials. The study performed 
emissions measurement within the test cycle ISO 8178 C1 on a range of biodiesel blends from 
5% vol (B5) to 100% (B100). The following (fig. 3) figure shows these results: 
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Fig. 3. Range of measurements of biodiesel blends e missions using C1 test ISO8178 
[Hofmann et al, 2009] 

This figure (fig.3) shows how HC, CO and particle emissions drop with increasing blends of 
biodiesel. This is due to the higher oxygen content in biodiesel and quicker heat release. This 
result at higher temperatures in the combustion chamber favours soot oxidation but also 
produces an increase in the NOx emissions. 

2.5 ALTERNATIVE FUELS  

A considerable amount of research has been recently carried out in the bio-energy sector to find 
suitable alternatives to diesel fuel. The essential characteristics of these alternative fuels include: 

• To come from renewable sources; 

• To be available within a relatively short distance from the point of consumption; 

• To produce the minimum level possible of harmful emissions; 

The European Biofuels Technology Platform (EBP) was established in 2006 to respond and to 
contribute to this need for the development of cost-competitive world class biofuel technologies 
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as well as to promote the market penetration of sustainable biofuels in the European Union 
[EBTP, 2011]. 

In this section 2.5, all relevant fuels which are an alternative to diesel or biodiesel are illustrated. 
For each category, details about emission reductions, engine modifications and fuel consumption 
are given wherever possible. 

2.5.1 Pure vegetable oil 
The simplest alternative to biofuels is to use pure vegetable oil as diesel engine fuel. Pure 
vegetable oil is oil produced from oil plants through pressing, extraction or comparable 
procedures, crude or refined but chemically unmodified, when compatible with the type of engine 
involved and the corresponding emission requirements [EC, 2003]. This differs from biodiesel, a 
methyl-ester product.  

A number of studies have proved that vegetable oils are a possible and valid alternative to diesel 
fuel. Besides the considerable potential reduction in CO2 emissions, vegetable oil is not classified 
as hazardous in any hazard class and is ground and ground water neutral. However, the major 
drawback is its high viscosity, responsible for a number of negative effects such as reduced 
atomisation of spray during injection. This requires modification of the engines and/or additional 
treatment to reduce the viscosity. Necessary engine modifications include: 

• Combustion chamber modification; 

• Intervention into engine management (injection pressure, injection moment); 

• Pre-heating of the fuel due to the significant dependence of kinematic viscosity over 
temperature in order to reach a desirable atomisation level. 

Concerning emissions, the trend for pure vegetable oils reflects the results from biodiesel. 
Hydrocarbons and CO emissions are reduced due to the higher oxygen content in the alternative 
fuel compared to diesel fuel. The combustion temperature is higher than with standard diesel 
improving particle oxidation and reducing their emission. However, there is a significant increase 
in NOX emissions.  

Fuel blending is also a valid method. The result of a study [Wang et al, 2006] conducted on a 
Lister Petter TS2 diesel engine using a range of blending percentages, were promising in terms 
of emissions: 

• Nitrogen oxides were lower than that of pure diesel;  

• Carbon monoxide was lower in the case of full engine load but higher otherwise; 

• Hydrocarbon results were inconsistent, developing lower emissions in all cases with the 
exception of 50% blend. 

Compared to diesel fuel, vegetable oil has a higher density and a lower specific calorific value. 
These two properties tend to balance each other out giving a volumetric consumption similar to 
the operation with diesel fuel. 

2.5.2 Bioethanol and biobutanol 
Bioethanol is understood as ethanol5 produced from biomass and/or the biodegradable fraction of 
waste, to be used as biofuel [EC, 2003]. . Bioethanol is traditionally made from fermentation of 
                                                
5 Ethanol= C2H5OH 
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plant-based feedstock containing sugar. Fermentation may involve microorganisms with a 6-
carbon sugar structure such as glucose, which are found in sugarcane, sugar beet and various 
fruits, as well as long chains of glucose molecules in the case of starch, typical of cereal grains, 
potatoes and cassava [Badger, 2002]. 

Bioethanol is mainly used as a partial substitute of petrol in spark ignition engines as it has a low 
density and viscosity and consequently low cetane number.  

However, Fatty Acid Ethyl Esters (FAEE) can be produced out of ethanol and used to make 
biodiesel in a similar way to FAME. This is particularly suitable for areas where natural sources of 
ethanol are present and abundant, e.g. in Brazil, the world’s biggest ethanol producer. In addition, 
when palm kernel oil and sunflower oil are used to produce alkyl esters via a lipase-catalysed 
reaction, ethanol produces a higher yield with respect to methanol [Hidebrand et al, 2009]. This 
suggests there is a potential for this fluid to be used in diesel engines, so far not exploited on a 
large/commercial scale due to its physical properties. 

This was one of the reasons for the use of ignition improvers on bioethanol trials in Swedish 
buses in 1999. Since then, a significant number of trials have been conducted around the globe. 
A relevant example is the EC part-funded project (2006-2010, contract no. 19854) BioEthanol for 
Sustainable Transport (BEST6). With a budget exceeding €17m this project aimed to demonstrate 
an extensive substitution of petrol and diesel to bioethanol. Service trials of 160 buses with a 
modified diesel engine and 2 with flexi fuel otto-engines, as well as cars, were conducted in Italy, 
Spain, Sweden, China and Brazil [BEST, 2010].  

 

Fig. 4. Bioethanol for sustainable transport-BEST 

The outcomes of the project provided a comprehensive set of conclusions and recommendations. 
These included the confirmation that bioethanol is a feasible alternative to diesel. However its use 
requires a more frequent maintenance regime for the vehicle. It also requires higher energy 
consumption per volume, due to energy content per litre 70% lower than fossil fuels. Both factors 

                                                
6 http://www.best-europe.org/  
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lead to an increase in costs. The lack of suitable regulations is also seen as a barrier to the 
exploitation of this fuel.  

The microbial conversion of biomass materials through fermentation involves edible products and 
as such it represents a threat to the human food chain. This is not an issue with the use of 
lignocellulosic7 materials. Cellulosic feedstock also contains glucose molecules which can be 
used to obtain biomethanol. However their structural configuration makes the conversion more 
challenging and potentially too expensive [Badger, 2002]. 

In cellulosic ethanol, the fuel is derived from the stems and stalks of plants rather than only using 
the sugars and starches from corns, as with corn ethanol. This type of biofuel is gradually gaining 
popularity because of the use of feedstock such as wood chips and grass which is cost effective 
and very abundant. During the conversion into ethanol, less fossil fuel is required having a 
greater impact on reducing greenhouse gas emissions than the usual corn ethanol.  

In addition, the land use requirements for producing the same amount of fuel from grass-type 
plants compared with corn is far less and therefore more favourable. This is due to the ability to 
use the entire plant for the production of cellulose ethanol, instead of just the grain in the case of 
corn ethanol [Huang et al, 2009]. 

The by-product of butanol8 is similar to bioethanol. Compared with bioethanol, butanol offers a 
number of advantages such as higher energy content and lower volatility. It is also less 
susceptible to separation in the presence of water, making transport and storage facilities 
smoother. One of the main drawbacks of butanol however is its high costs. 

An experimental study of a diesel engine fuelled with ethanol-diesel blends9 was performed by 
Huang et al. [2009] on a S195 diesel engine. Results showed that blends of 10-30% of ethanol 
with diesel were not stable and all separated. The problem was overcome with the inclusion of 
5% n-butanol as additive. In terms of emissions, HC and CO were both lower than those of diesel 
in the case of full load of the engine but otherwise higher with smoke showing a significant 
decrease. It was not possible to establish a trend for NOX emissions. 

2.5.3 Biogas 
The prefix ‘bio’ indicates that the fuel gas is produced from biomass and/or from the 
biodegradable fraction of waste. Biogas is a mixture of gases and it is formed by anaerobic 
digestion of organic wastes. The composition varies according to the feedstock and the digestion 
method. The main constituents are methane (CH4), usually in a range of 50-70%, and 25-50% 
CO2. Other components are 1-5% H2, N2, plus other impurities, particularly hydrogen sulphide 
(H2S) [Bari, 1996]. 

The effects of the use of biogas on dual-diesel engines have been studied [Sahoo et al, 2009]. In 
these engines, also known as gas diesel engines, the mixture of the gas fuel with air takes place 
in the intake manifold or through injection straight into the cylinder. The mixture is then 
compressed and ignited through the injection of a small amount of diesel fuel. The diesel pilot 
liquid auto ignites followed by flame propagation. The dual-fuel engine is a suitable compromise 

                                                
7 Materials containing lignin in their chemical composition 
8 Butanol= C4H9OH 
9 Although not specified in the paper, it is understood that the ethanol compound came from biomass (source: private conversation 
with one of the authors) 
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between compression ignition-engine used to burn diesel and the spark ignition engine which 
runs on petrol.  

When burnt, biogas produces insignificant SOX emissions and extremely low NOX emissions. It 
also uses CH4, a main contributor to the greenhouse gas (GHG) effect. In addition, the use of 
biogas addresses the issues on environmental waste. However, it also has its drawbacks. For 
instance, biogas contains contaminant gases which can be corrosive to gas engines. Large scale 
production of biogas is challenging. A variation of biogas is known as biomethane which is a 
biogas undergoing a CO2 and water vapour purification process in order to increase the methane 
percentage from 50-80% to 95-98%.  

2.5.4 Diesel from synthetic natural gas (SNG) via F ischer-Tropsch (FT) 
process 
Synthetic natural gas is a gas containing H2 and CO as its main combustible components and is 
generally used for the synthesis of chemicals and fuels at elevated pressures. This type of gas is 
generated via partial oxidation of hydrocarbons. A Fischer-Tropsch (FT) catalytic process is then 
applied consisting of a set of chemical reactions to pass from a synthetic gas into liquid 
hydrocarbons.  

Depending on the source of the synthetic gas, the process to obtain the final synthetic diesel can 
be coal-to-liquid (CtL), gas-to-liquid (GtL) or biomass-to-liquid (BtL) [RSSB, 2006]. The most 
environmental friendly option, BtL involving cellulosic material, is the most intensively studied. 

Although these solutions are not fully available on the market, the world’s first commercial BtL 
plant has been constructed in Germany by CHOREN and it is currently under test, with promising 
results [EBTP, 2011b]. The main advantages of BtL in relation to other biofuels include engine 
modification is not required, it is suitable for use with particulate filters and in any blending ratio, 
and it has a cetane number over 70, leading to a significant improvement in the ignition and 
combustion properties with respect to fossil fuel diesel. Innovative XtL10 technology processes 
developed claim that fuels may be produced almost completely free from aromas and sulphur. 
This is very relevant as currently it is believed that the aromas form tiny germs after combustion 
which allows soot development and agglomeration. 

The disadvantages and problematic aspects of FT diesel are mainly related to the gasification 
process from biomass [Refuel, 2011a]. While the high temperature gasification technology for 
coal is already advanced, in the case of biomass it requires a number of modifications. For 
instance, lower temperatures requiring modification of the systems. The breaking down of the bio-
feedstock to small particles requires too much energy which makes it very costly and currently not 
viable. In addition, pre-treatments such as pyrolysis might be necessary against the clustering of 
the biomass particles which would cause obstruction.   

XtL fuels may be used as clean fuels or as an admixture to other fuels, which does not require 
engine conversion. A particle emission reduction of more than 20% may be shown without 
increasing the NOx emission [Puls, 2006]. An admixture of 20% within the limits established in EN 
590 is feasible resulting in a 50% pollutant reduction [FNR, 2006]. 

A study on particle emissions using BtL11 on a passenger mid-range car produced the following 
results (fig. 5) [Heinrich, 2006]. 

                                                
10 XtL is a term collectively referring to all types of synthetic gas (CtL, BtL, GtL) 
11 BtL used in the study has as brand-name SunFuel® 
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Fig. 5. Emissions comparison between diesel fuel an d BtL [Heinrich, 2006] 

These results show that whilst a considerable reduction in the emissions of HC and CO is 
achieved, CO2 emissions behave neutrally. The trend for NOx shows a significant dependence on 
the temperature, and although it shows a 10% increase to 20o C, it shows a decrease in a similar 
percentage at 7o C. In addition, the increase in fuel consumption is conditioned by the density 
difference of BtL and diesel fuel. 

2.5.5 Biomethanol and Di-Methyl Ether (DME) 
Methanol is produced from bio synthetic gas using a thermochemical process similar to the 
Fisher-Tropsch process for BtL. The main difference between these two processes is that the 
methanol synthesis takes place in a liquid phase producing a higher methanol yield. Also, a 
slightly different H2/CO ratio for the source synthetic gas is required compared to Fischer-Tropsch 
synthesis. 

Biomethanol is most suitable for application as a petrol substitute in spark ignition engines due to 
its high octane number. Similar to the case of bioethanol, it has a number of problematic issues 
related to the following: 

• Lower vapour pressure; 

• Lower volumetric energy density (about half of that of petrol); 

• Incompatibility with engine material.  

Additional safety issues are related to its toxicity and hazardous nature as it produces an invisible 
flame when burning, unlike ethanol [refuel, 2011a]. Given its low cetane number, it was initially 
used in spark ignition engines. However, due to its low emissions it has been recently considered 
for use in suitable modified diesel engines as well as in fuel cells. 

Di-methyl-ether (DME) is a gas at ambient condition but can be used in the right conditions. 
These include an applied pressure higher than 5 bar and a temperature below 25o C. DME can 
be obtained from methanol by catalytic dehydration or directly from bio syngas. Its main 
advantage is to produce very low particulate emissions due to its high oxygen content and 
absence of carbon-carbon bonds. One of the main drawbacks of this technology is the need of a 
specialist injection fuel system which comprises a pressurised fuel tank [RSSB, 2006; 
Arcoumanisa, 2008] 
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A number of projects have recently been devoted to the promotion of DME [EBTP, 2011c]. For 
instance, production of DME from biomass and utilisation of fuel for transport and industrial use 
(BioDME, grant agreement no. 218923) co-funded by the European 7th framework programme 
(FP7) and The Swedish Energy Agency. The project aims at the production of DME from black 
liquor demonstrated using a fleet of 14 Volvo trucks. The pilot plant was inaugurated in 2010 with 
a daily capacity of about 4 tons (1,600 gallons) using forest residues as feedstock. The estimated 
cost of the plant is around SEK 150 million (EUR 14 million, USD 20 million). The following graph 
(fig.6) shows the emissions levels of DME compared to other fuels: 

 
Fig. 6. Comparison of DME with other fuels with res pect to GHG emissions and energy 

consumption [bioDME, 2012] 

In January 2011, the EU approved a grant for the industrial scale demonstration and production 
of BioDME and Biomethanol via the Swedish Energy Agency. The plant will have the capacity to 
supply well over 2000 heavy trucks with fuel. It is estimated that half of all Swedish heavy road 
transport could be fuelled by BioDME and biomethanol with the potential of reducing Swedish 
fossil carbon dioxide emissions by 10%. DME is considered to have a high potential for 
application in the transport sector, which is reflected in the scope of this project. For instance, the 
DME/Ethanol from black liquor requires less land use that other alternative fuels to achieve better 
yield, which makes it very effective. In addition, the biomass used does not have a direct 
contribution to the food conflict experienced with other types of fuel. 
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Fig. 7. Yields by land use 12 of various biofuels [bioDME, 2012] 

Due to its high cetane number DME is well-suited for the application in diesel engines 
[Lämmermann, 2008]. However, its use requires modifications on the injection and storing 
systems. This is due to its low boiling point of -25°C (see Table 6) and the low viscosity which 
makes DME suited as a diesel substitute but not as an admixture fuel. 

 Energy content 
(MJ/kg) 

Density (kg/m³) Cetane 
number 

C/H/O 
(mass %) 

Boil Point 
(°C) 

Diesel -Fuel  43.09 800-845 50-55 86/14/0 180-360 

F-T-Fuel  44 760-790 55-75 85/15/0 180-360 

RME 37.48 880 50 78/13/9 380 

DME 28.43 668 60 52/13/35 -25 

Table 6. Properties of various fuels compared to DM E [Stan, 2005] 

DME is stored under ambient conditions (20°C) in th e pressure tank at 5 bar similar to LPG (liquid 
gas-fuel for spark ignition engines). However, 0.5bar pressure is considered sufficient [Stan, 
2005]. Alternative cooling of the fuel is considered a less favourable option. In general terms, for 
the injection system to work properly no vapour lock must develop meaning only injection 
systems which keep the fuel permanently under pressure should be used.  

The usual injection pressure of up to 2000 bar for diesel injection systems could be decreased to 
250bar for DME due to its better evaporation properties, reducing also the injection system cost 
[Schindler et al, 2006]. However, an adaptation of the nozzle flow is necessary.  

Taking into account the low density and low calorific value of DME when compared with diesel, a 
fuel volume twice as much must be stocked up for the same efficiency and reach of the vehicle. 
The bad lubrication properties of DME due to low viscosity can be compensated by introducing 
additives.  

Due to the single bonds structure of DME and its high oxygen content, DME combustion is fast 
and almost soot-free. This gives high potential for emissions reduction using exhaust gas 
recirculation: NOx emissions of 2-4 g/kWh without catalytic converter can be achieved [Schindler, 
2006]. 

                                                
12 Range in km achieved by the fuel per hectare (1 ha= 10,000m2) of land used to obtain it.  
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2.5.6 Hydro-treated vegetable oils (HVO) 
Hydro-treating of vegetable oils or animal fats is an alternative process to esterification for 
producing bio-based diesel fuels.  

For instance, NExBTL is a fuel similar to BtL produced from hydrogenated biomass, which is 
commonly known as HVO (hydro treated vegetable oil) [Honkanen et al 2009]. HVO do not have 
the detrimental effects of ester-type biodiesel fuels, such as increased NOx emission, deposit 
formation, storage stability problems, more rapid ageing of engine oil or poor cold properties. 
HVOs are straight chain paraffinic hydrocarbons that are free of aromatics, oxygen and sulphur 
and have high cetane numbers [Aatola et al,2008]. 

NExBTL, both in pure state and blended has been tested on buses in Helsinki. The results 
showed that, on average, a decrease in emissions was observed with increasingly higher blends. 
A 10% blend showed lower emissions than the average (see fig. 8) [Honkanen et al 2009]. 

As with synthetically produced fuels NExBTL density is lower than diesel’s, which is the main 
reason for the recorded increase in fuel consumption. 

 

Fig. 8. Fleet test emissions measurements results [ Honkanen et al 2009] 

2.5.7 Bio-hydrogen 
Biohydrogen can be obtained following a process similar to the production of bio synthetic natural 
gas (bio-SNG), either from biogas or through gasification of biomass. In the case of production 
from biogas, bio-hydrogen is obtained directly by anaerobic digestion. The process to obtain bio-
hydrogen from gasification of biomass involves incrementing the percentage of hydrogen in the 
yield (usually water gas shift) followed by the removal of CO2. 
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Another promising technology still in the research domain is the so called dark and photo 
fermentation. The source material for this process is wet biomass following an approach similar to 
the anaerobic digestion with the advantage that it does not produce methane but only hydrogen 
and other organic acids which in turn can be converted into hydrogen via photo fermentation.   

Biohydrogen might require compression or liquefaction as it can be used as automotive fuel or in 
fuel cells (i.e. for electrical vehicles), the latter still not available on a commercial scale [refuel, 
2011b]. 

2.5.8 Hydrothermal upgrading (HTU) 
Hydro Thermal Upgrading (HTU) can be produced from residual organic feed with high water 
contents such as beet pulp, sludge or bagasse, in contrast to BtL that uses dry residues. It 
involves the production of the so called biocrude, a heavy organic liquid made up of 
hydrocarbons. The process requires a temperature of 300 - 350° C and high pressure. This is 
followed by a catalytic hydro-de-oxygenation (HDO), a refinery technology applied to obtain a 
liquid biofuel which does not require any engine or infrastructure modifications.  

HTU technology is mainly researched in The Netherlands, where the only HTU pilot plant is 
located. The main challenges arise from the complex properties of the chemical reactions and the 
high pressure needed. There is potential for reduction of greenhouse gas emissions up to 65-
90%, and the quality of the fuel is believed to be equal or even better than diesel.  However, it is 
too soon to estimate the costs and feasibility of the technology [refuel, 2011c]. 
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2.6 REDUCTION OF GREENHOUSE GAS EMISSIONS 

One of the most significant characteristics that make alternative fuels attractive and suitable for 
replacement of diesel fuel is their capacity to reduce greenhouse gas (GHG) emissions. The 
following graph (fig.9) provides a summary of the performance and emissions saving potential of 
the biofuels described in section 2.5. 
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Fig. 9. Summary overview of emission reduction pote ntial for different biofuels compared 
with current fossil fuels [refuel, 2008] 

 

This graph (fig 9) provides a large range of values for each type of biofuel due to uncertainties 
related to the production processes adopted and the way feedstock is produced, including the 
amount of fertilisers used.  

An assessment based exclusively on the emissions reduction data shown, indicates that 
cellulosic ethanol and BtL are the most promising choices. These two types of biodiesel offer 
potential reductions greater than 100%. However, both are at demonstration phase and no 
commercial viability has been proven yet. Similarly, other technologies such as those based on 
microalgae are still at research stage and therefore estimates are more difficult and unwise to 
make.  
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3. RAIL APPLICATIONS 

3.1 ENGINE AND IN-SERVICE TRIALS  

A number of trials have been conducted to assess the potential use of alternative fuels for railway 
application. The vast majority of these trials are related to biofuels with the exception of a biogas 
demonstrator in Sweden. The outcome of these trials generally indicates that low blends of 
biodiesel are technically feasible for railway application. This section summarises some of these 
trials. 

3.1.1 Biodiesel trials 
The examples given in this section are by no means exhaustive and are intended to illustrate the 
efforts being made by different railways in assessing the potential and implications of using 
biodiesel as a full or partial substitute for diesel. 

India  

During the first half of 2004 Indian Railways conducted a series of test bed and field trials of a 
range of biodiesel blends.  

The test bed trails involved B5/B10/B20/B50/B100 biodiesel blends using a 16 cylinder engine 
(Alco). The outcome showed emissions and fuel economy improvements. Similar results were 
obtained on the in-service trials which used the same range of blends except B100 [RSSB, 2006]. 
Following these trials, Indian Railways has been running a B5 blend on both locomotive and DMU 
services.  

In addition, trains running between Mumbai and Delhi are currently fuelled with a blend of 15-20% 
of Jatropha biodiesel oil [Kirakosyan and Kaufman, 2009].  

USA 

The US National Renewable Energy Laboratory (NREL) conducted in 2000 a number of static 
tests of B20 biodiesel on a locomotive fitted with a 16-cylinder diesel engine13. The outcome 
showed that in these conditions, this blend would lead to a small reduction on CO emissions, a 
marginal decrease in HC and PT emissions and a 4-6% increase in NOX [RSSB, 2006]. 

The Tri-County Commuter Rail Authority (TRI-RAIL) in Florida ran in 2001 a three months B100 
in-service test trial on a 3,200BHP locomotive without reporting any particular problem. The 
higher costs involved at the time prompted the end of the trial [Government of India, 2003]. 
However, in 2008 it announced a strategy to commit to a transition to B99 operation for its 
services. 

Other examples in the US include Disneyland. In 2007 and in order to comply with US 
regulations, the company needed to update the locomotives circling the perimeter of the Florida 
resort. A number of trials took place using B98 soybean-based biodiesel. Despite these coming to 
an end due to storage issues, the company has now overcome these and is successfully running 
75% of its fleet using recycled cooking oil from its own premises [National Biodiesel Board, 2011]. 

 

 

                                                
13 EMD 16-645-E 
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Germany  

A number of trials and tests have taken place in Germany in the past decade. An example is the 
migration from conventional diesel to rapeseed oil that PE Arriva (formerly known as Prignitzer 
Trains) implemented in the early 2000s. This was due to stringent regulation in place for diesel 
operation which drove costs up. Rapeseed oil was seen as a more economical alternative. The 
company run commuter services14 in North-East Germany using pure rapeseed oil. The engines 
had to be converted and problems were initially experienced with low temperature operation with 
the rapeseed oil solidifying, high viscosity, low temperature and variability of quality between 
different batches. The latter problem has caused the company to set up its own laboratory to 
check fuel quality, and also investigate alternatives such as soya or palm oil [RSSB, 2006].In 
2004 the company moved to biodiesel operation [Allianz pro Schiene, 2010]. 

France  

Similarly, a number of trials have taken place in France in recent years. For instance in 2006, 
French National Railways (SNCF) launched a 46-month programme (“zero petroleum” project) 
aimed at exploring the use of alternative fuels in rail applications. The programme had an 
operational and a research approach.  On one side it investigated the operational implication of 
using B30 (rapeseed biodiesel oil) fuel. A more long term approach was followed by investigating 
(research domain only) the potential use of B100. Trials using regional express trains (TER) as 
well as shunting locomotives were conducted15 [Pahl, 2009].  

United Kingdom  

The Rail Safety & Standards Board (RSSB) published a research brief on the investigation into 
the use of bio-diesel fuel on Britain’s railways [RSSB, 2006]. The study involved three stages:  

1. a desktop review to illustrate the sustainability of the biofuel production and the effects of 
its utilisation on railway engines;  

2. test-bed evaluation of a selection of typical engines 

3. in-service trials. 

The following engines were used in the test bed trials: 

• Cummins NTA855R3 DMU (ex-Class 159); 

• Cummins QSK19 DMU (ex-Class 221); 

• Perkins 2006TW-H DMU (ex-Class 165); 

• MTU 6R183 DMU (as used in Class 168/170/171); 

• EMD 12N710-G38 freight locomotive (Class 67) 

The in-service trials were conducted by four different train operators:  

• South West Trains (SWT) and Virgin Cross-Country (VCC) using B20 in all engines of a 3-
car and 4-car formations respectively; 

• First Great Western (FGW) using the biodiesel blend only in the central carriages of a 4-
car convoy, with the end carriages being fuelled with conventional diesel; 

                                                
14 VT650 Regioshuttle and VT643 Talent DMUs (using MTU 6R183 engines) 

15 No evidence has been found on the progress of this programme.  
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• EWS (currently known as DB Schenker) using B100 on their freight locomotives. 

The results of the study can be summarised as follows: 

• The use of biodiesel blends in railway engines is acceptable with a concentration up to 
20% of biodiesel (20% blend of biofuel mixed with 80% ULSD16) without requiring 
significant engine modifications; 

• The use of B20 involves an increase of the fuel consumption up to 10%, depending on the 
engine type and the level of engine tuning achieved; 

• Overall, there is a trend of increase level of NOX emissions and decrease of total 
hydrocarbon (THC). Regarding the quantitative emission of CO and CO2 conclusions are 
more difficult since there was a degree of inconsistency between measurements although 
the trend was that these emissions were lower than those of normal diesel. 

In addition to the RSSB study, Virgin Trains successfully ran trials in 2007 using B20 (20% 
biodiesel and 80% ULSD). The results showed that CO2 were cut by 12% without affecting 
performance. However, in 2010 the company announced that they would not extend the use of 
biofuels to all its diesel fleet until these were commercially available from “sustainable and social 
responsible sources” [Virgin, 2010]. 

Latin America  

The production and utilisation of biodiesel is highly promoted also by the South American 
countries. Examples include the operations of Latin America Logistica (ALL) which since 2003 
has been running B20 on a 15,000 kilometres rail network between Argentina and Southern 
Brazil [Pahl, 2008]. 

                                                
16 ULSD=Ultra low sulphur diesel at sulphur concentration below 50 ppm 
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3.1.2 Biogas trials 
Sweden  

In 2005 a prototype train was developed to convert a train to run exclusively on biogas. A single 
railcar was modified to run on two converted bus biogas engines from Volvo Bussar AB. The 
Amanda prototype had an output of 210 kW, a range of 600km and a maximum speed of 130 
km/h. it operated on the 75km route between the Swedish cities of Linkoping (south of 
Stockholm) and Vastervik (Eastern Baltic).  

 

Fig. 10. Amada prototype ( source: CleanTech Solutions) 

Data on emissions (see table 7) show a significant improvement with respect to traditional diesel 
engines, although the operational costs were estimated to be 20% higher [Skinner et al, 2007]. 

 biogas engines diesel engines Percentage change 

CO 0.01 g/kWh 0.6 g/kWh -98% 

NOX 2 g/kWh 6.15 g/kWh -67% 

NHMC hydrocarbons 0.1 g/kWh 0.35 g/kWh -71% 

Particles 0.01 g/kWh 0.16 g/kWh -94% 

Complying with EURO 5 EURO 1 ----- 

Table 7. Emissions comparison between diesel and bi ogas engines on Amanda prototype 
[Skinner et al, 2007] 
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4. SIMULATIONS 

This section describes the investigations related to neat FAME fuels (RME, PME, SME)17 and 
their diesel blends with respect to pollutant emissions (NOX and soot) and specific fuel 
consumption. Four operational points from the European Stationary Cycle (ESC) have been 
considered: A25, B50, B75 and C100. Simulations have been carried out as part of this research 
using the KIVA code with detailed chemical kinetics approach. 

4.1 FUELS AND CHEMICAL MODEL  

The FAME fuels are mainly considered as the volumetric mixtures of five methyl esters as listed 
in Table 8 [Fisher et al 2000; Kinoshita, 2004]. However, the detailed combustion processes of 
such ester mixtures involve more than 1000 species participating in around 10000 chemical 
reactions. Thus, for simplicity, thermo-physical properties of PME and RME have been selected 
according to the dominant constituent in the mixture, i.e. methyl palmitate (PME) and methyl 
oleate (RME). Since methyl linoleate has a very similar structure and C/H/O ratio as methyl 
oleate, the properties of SME have been considered to be similar to those of methyl oleate and its 
master: RME. 

Esters Formulas PME (%) SME (%) RME (%) 

Methyl palmitate C17H34O2 44.1 6-10 4.3 

Methyl stearate C19H38O2 2.4 2-5 1.4 

Methyl oleate C19H36O2 43.3 20-30 59.9 

Methyl linoleate C19H34O2 9.2 50-60 21.2 

Methyl linolenate C17H32O2 1.0 5-11 13.2 

Table 8. Average composition (%) of PME, SME and RM E fuels 

Blends containing 7% RME (RME7) and 30% RME (RME30) in diesel have also been 
investigated. Since the heating value of the FAME fuels is approximately 13% lower than that of 
pure diesel, the energy contents of RME7 and RME30 are considered to be 99.1% and 96.1% of 
pure diesel. 

The combustion mechanism for the long chain methyl esters is based on a cracking concept, i.e. 
the decomposition of long-chain molecules, such as C19H36O2, into short chain molecules, e.g. 
methyl decanoate (C11H22O2), methy butanoate (C5H10O2) and C3H4 via a few global reactions. 
C11H22O2 is then cracked into n-heptane (C7H16) and allene (C4H6O2) [Golovitchev and Yang 
2009]. 

4.2 ENGINE OPERATING POINTS 

The engine operating points investigated have been taken from the ESC. Figure 11 illustrates the 
operating points used in the ESC. These points are represented by green circles, while red circles 

                                                
17 FAME: Fatty Acid Methyl Ester | RME: Rapeseed Methyl Ester | PME: Palm oil Methyl Ester | SME: Soybean Methyl Ester 
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show the investigated points: A25, B50, B75 and C100. Table 9 gives an overview of the engine 
operating conditions. 

The ESC point Speed [rpm] EGR [%]  SOI [CAD ATDC] 18 Injection Pressure [bar] 

A25 1200 30 -1.5 2000 

B50 1500 30 -5 2000 

B75 1500 25 -6 1800 

C100 1800 22 -8 1500 

Table 9. Engine operating conditions 

 

Fig. 11. Engine operating points for the ESC 

                                                
18 SOI Start of Ignition | CAD Crank Angle Degree | ATDC After Top Dead Centre 
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4.3 SIMULATION RESULTS  

The results from the numerical simulations performed include a comparison of soot and NOX 
emissions from neat FAME fuels and diesel, discussion on the brake specific fuel consumption 
(BSFC) of these fuels, and investigation of diesel blends with RME (up to 30%). 

Since the FAME fuels contain oxygen and are also free of aromatics (mainly precursors to soot 
particles), biodiesels generally produce significantly lower soot emissions compared to diesel. 
The CFD19 simulation results (Figure 12) show how the soot concentration in the piston bowl 
reduced by the RME fuel. The red areas in the figure denote high soot formation, while the blue 
areas indicate low soot formation. The results clearly show that RME fuel yields lower soot 
concentration than that for diesel. 

 

Fig. 12. Simulation results of the soot concentrati on in the piston bowl for diesel and 
RME100. 

Comparing the three FAME fuels considered (RME, SME, PME) the results show that the PME 
fuel produced the lowest soot emissions due to its relatively low content of di- and tri- unsaturated 
fatty acids. This is due to the compounds containing double bonds tending to form the triple 
bonded compound acetylene, a contributor to soot formation, as they decompose [Gaïl, 2008]. 
Figure 13, shows the soot emissions of neat FAME fuels are significantly lower than those of 
diesel. 

                                                
19 CFD Computational Fluid Dynamics 
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Fig. 13. Soot emissions for all load cases. 

However, NOx emissions from FAME fuels are higher than those of diesel fuel as illustrated in 
Figure 14. At the B50 operating point, all of the FAME fuels produced higher NOx emissions (12-
18%) than those of diesel. At the B75 operating point, PME generated the lowest NOx emissions 
with respect to other fuels. At the C100 point, the NOx emissions of RME and PME were 9% and 
5% higher than those of diesel respectively. 

 

Fig. 14. NO X emissions for all load cases. 

Figure 15 shows dynamic φ-T parametric maps of the instantaneous O2 concentration for diesel 
and RME. The background of the different maps was obtained by taking in-cylinder pressure at 
actual crank angle positions calculating the O2 concentration at equivalence ratios between 0 and 
9 and at temperatures ranging 1000 and 3000 K. The coloured clusters changing from red to blue 
represent the fuel and/or combustion product mass in the computational cell. These show that the 
O2 concentration of the mixture at high temperatures is higher for RME than diesel. This relatively 
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high oxygen content results in RME having higher flame temperatures promoting more NO 
formation than diesel. 

 

Fig. 15. φφφφ-T emission maps showing instantaneous O 2 concentration for diesel and RME 
fuels at different crank angle positions. 

Diesel blends containing 7% and 30% RME (by volume) also indicate the potential of reducing 
soot emissions compared to pure diesel. Figure 16 shows the increase of RME volume in the 
blends reduces the soot emissions significantly due to the increased amount of oxygen. 
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Fig. 16. Soot emissions of RME blends for all of th e load cases. 

However, using blends of diesel with up to 20% FAME fuels can maintain low soot emissions 
without significant increase in NOX. Figure 17 represents the NOX emissions of RME showing that 
RME7 and RME30 blends produce NOX emissions that are generally lower than diesel. 

 

Fig. 17. NO X emissions of RME blends for all load cases. 

The brake specific fuel consumption (BSFC) for the FAME and diesel fuels is given in Figure 18. 
Fuel consumption for all FAME fuels was found to be 12-18% higher than diesel. This is partially 
due to the heating values of the FAME fuels being 13% lower than diesel. 
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Fig. 18. BSFC at all load cases for the FAME fuels and diesel. 
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5. IMPACT ASSESSMENT 

5.1 FUEL IMPACT MATRIX  

Taking into account the outcomes presented in previous sections of this deliverable, an impact 
assessment has been carried out. This assessment considers emission levels, in-engine 
performance, availability and costs of alternative fuels. These are assessed to provide indications 
identifying suitable candidates to replace (partially of fully) diesel fuel. 

A matrix (fig.19) has been developed summarising these characteristics and comparing them with 
those of current diesel fuel. The matrix uses a traffic lights approach assessing the score of 
candidate fuels against the criteria. The green to red spectrum covers a range of scores from 
clear advantages (green) to drawbacks (red).  
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Instrument: Large-scale Integrated Project 

Thematic priority: Sustainable Surface Transport 

 

Criteria emissions in-engine performance availability cost 

Type of fuel GHG cetane number impact on 
engine 

fuel consumption commercial status land use production cost 

Conventional 
technologies 

Oil-crop based biodiesel small decrease high Higher similar available very high higher 

Straight vegetable oil small decrease low very high similar Available very high higher 

Sugar-starch ethanol decrease slightly lower Higher higher Available very high similar 

Biogas decrease n/a very high very high Available low similar 

Advanced 
technologies 

HVO decrease higher n/a higher early stages very high n/a 

Lignocellulosic ethanol significant decrease slightly lower High similar non-available 
(demonstration phase) 

higher very high 

Bio-synthetic gas (BtL) significant decrease higher Low higher non-available 
(demonstration phase) 

higher very high 

Micro-algae significant decrease similar low low non-available 
(research domain) 

Low n/a 

Di-Methyl ester (DME) significant decrease higher higher higher non-available 
(demonstration phase) 

higher very high 

Diesel high high low average Available low low 

Fig. 19. Matrix comparing the characteristics of bi ofuels with fossil fuel diesel 

 



 

 
EC Contract No. FP7 - 234338 

 

 

Instrument: Large-scale Integrated Project 

Thematic priority: Sustainable Surface Transport 

This matrix has only a qualitative meaning. This is due to the difficulty in assessing different types 
of fuel. For instance, when trying to assess the quality of a fuel, its performance is strongly 
dependent on the production method and feedstock used, which varies considerably even within 
the same type of fuel (e.g. biodiesel). NOX emissions are highly influenced by combustion 
temperature and therefore strongly dependent on the production process. The matrix does not 
consider different blends of biodiesel and type of after-treatment used, although these are 
investigated in section 5.2. 

The matrix provides a final assessment based on the information provided in sections 2.4, 2.5 
and 2.6 of this D6.2.1 report.  Each component of the criteria included in the matrix (columns) has 
been discussed in detail.  

The assessment represented by this matrix allows some general conclusions to be drawn: 

Conventional technologies have the advantage of being commercially available and having the 
feedback of its use in the automotive sector. From these technologies, biogas20 seems the most 
suitable candidate. It provides a reduction on GHG emissions, while having a relatively low cost 
and small impact on land use. However, its main disadvantage lies on the significant engine 
modifications currently required to allow its use. This is particularly relevant for railway 
applications where the volume of engines is reasonably low compared with road applications, 
driving the costs up.  

From the advanced technologies candidates, lingo-cellulosic biofuels (BtL in particular) appear to 
be a valuable alternative once the production processes have been further refined making them 
more cost-effective and improving the fuel efficiency currently shown. Micro algae is a promising 
biofuel but still in the research domain making its true potential assessment complicated. 

5.2 IMPACT ON AFTER-TREATMENT SYSTEMS 

In order to meet the emission requirements of stage IIIB, in-engine modifications alone are no 
longer sufficient and the introduction of exhaust after-treatment systems is necessary. In general 
terms, large engines in excess of 560kW output found in locomotives use a combination of diesel 
particle filters (DPFs) and exhaust gas recirculation (EGR). Smaller engines used in diesel-
multiple units (DMUs) needing to meet lower levels of NOX emissions use selective catalytic 
reduction (SCR).  

The experience from the automotive sector indicated that the use of biofuels leads to a potential 
higher ash deposit shortening the life of filters. This situation can be more accentuated in rail 
application due to the complexity of the systems used. In addition, biofuels also lead to an 
increase in NOx emissions which results in increased EGR rates, translated into higher heat loads 
for the cooling modules.  

SCR technology is exposed to wear caused by ageing induced by an increase in catalytic 
converter sediments. This issue is normally overcome by designing larger SCR systems which 
have an obvious impact on rail vehicle integration. 

The performance of after-treatment systems is dependent on the type of fuel used. This is 
particularly relevant when assessing the impact of alternative fuels, especially biodiesel which is 
the most widely explored alternative to date. Biodiesel is currently used mainly as admixture fuel 
for diesel according to the standard EN 590. Biodiesel can potentially be also used as full 
substitute for diesel (B100) although this would also affect other components such as particle 
filters and catalytic converters.  

                                                
20 Understood as a mixture of gases formed by anaerobic digestion of organic wastes. The main constituents are methane (CH4), 
usually in a range of 50-70%, and 25-50% CO2.(for more details, see section 2.5.3) 
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The allowed limits of ash content for biodiesel are double when comparing the EN590 diesel fuel 
standard and the EN14214 biodiesel fuel standard [Gärtner et al, 2009]. As ash and soot are 
trapped in the particle filters a chemical or thermal degradation is not possible, leading to 
accumulation of these particles. When using a fuel according to EN590 ash is built up as a 
function of the running time and fuel quality. However, more is expected when using biodiesel. As 
a consequence of the ash deposits, the filter lifetime is reduced leading to  

• an increase in the thermal load of the EGA components; 

• increased fuel consumption due to back pressure rise; 

• required share for generation of exothermal reactions 

More importantly, ash deposits in the filter compromise the sensors analysis of the loading by 
pressure loss over the filter. Recommendations regarding suitable limits for ash concentration are 
generally not available as it very much depends on the structure and design of every single filter. 
Increased ash compatibility has been developed in commercially available filters. Possible 
solutions include for instance the removal of ash by filter cleaning. Manufacturers provide specific 
recommendations for this. Usually it involves dismantling the filter. However, given the increasing 
complexity of these systems, only a complete replacement is feasible. During ash cleaning the 
filter is purged with air and/or liquid in the opposite direction of its working direction.  The 
efficiency and sustainability of this solution, particularly its efficiency and influence on the function 
of a coated filter, has not been fully explored and understood. 

The use of B100 biofuel according to EN14214 is a feasible possibility. However, if the quality of 
the biofuel does not meet all the requirements in the standard regarding alkali metal, 
phosphorous, sulphur and calcium contents, serious engine damage can occur. Specifically, 
insufficient quality in the biofuel can lead to issues such as nozzle cooking and catalytic converter 
destruction [Lämmermann, 2008]. The following picture (fig.20) shows two used catalytic 
converters one using diesel fuel and another using a non-fully compliant biodiesel. 

 

Fig. 20. Damage to catalytic converters using non-f ully compliant biodiesel [Lämmermann, 
2008] 

In addition, EGA components without a natural ash storage capability are exposed to issues due 
to an increased proportion of elements building up ashes.  

Nevertheless, the use of fully compliant biodiesel is considered a safe option regarding impact on 
the after-treatment systems, providing the manufacturer’s recommendations are followed. 
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Fuel quality fluctuation has also an impact of after-treatment systems. An example of this is given 
by a project funded by the German federal research institution for agriculture (FAL). This project 
compared the exhaust gas emissions of diesel and biodiesel used in an Iveco F4A direct injection 
engine at the European stationary cycle (ESC) for 1000h [Munack et al, 2006]. Phosphor 
composition was added to the biodiesel to meet the EN 14214 maximum content for phosphor. 
An SCR after-treatment system was used for NOX reduction. The results confirmed previous 
research [Puls, 2006] regarding the development of raw emissions using biodiesel when 
compared with diesel operation compliant with EN590. The measured emissions downstream 
from the after-treatment showed a similar trend. The project results also indicated that the 3.5 
g/kWh limit for NOX emissions included in EURO IV and beyond for road applications as well as in 
Stage IIIB for NRMM application could not be met using biodiesel fully compliant with EN 14214.  

Regarding vegetable oil fuels further deterioration in terms of EGA-compatibility is found when 
compared with biodiesel. Particularly the phosphorous content creates an increased risk of 
poisoning in the catalytic converter. The high proportion of elements building up ash content is a 
critical issue.  

Biofuels produced using advanced technologies such as SNG via FT and DME produce lower 
soot. The absence of sulphur reduces the formation of particle mass during combustion and the 
consequent damage to the after-treatment system.  

Diesel-water emulsions significantly reduce GHG emissions within the limits of stage IIIB. The use 
of this type of fuel allows reducing the after-treatment requirements which has an obvious positive 
cost impact. However, a number of uncertainties are still present regarding EGA. In addition, the 
engine modifications required is considered too high making this fuel alternative non-viable for the 
time being.  
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6. CONCLUSIONS 

This deliverable has given a comprehensive overview of the different fuel alternatives to diesel 
currently existing, ranging from solutions in the research domain to fuels that are already 
commercial available. Technology and knowledge transfer from the automotive sector has been 
considered and explored as well as the impact of these fuels on a number of parameters 
including emissions, consumption and after-treatment system.  

Biodiesel and vegetable oils are mainly justified as an admixture fuel for railway application and 
do not constitute a viable alternative for fossil fuels. Their limited availability and engine 
modification requirements are the main reasons for their limited suitability. In addition, the 
emissions reduction achieved by using these fuels is not significant. In the case of pure vegetable 
oils, the additional costs associated with dual refuelling systems and the limited durability due to 
oxidation resistance also limit its suitability.  

Fuels produced using the Fischer-Tropsch (FT) process have great potential for railway 
application. These fuels such as BtL and GtL can be produced synthetically from a number of 
resources. As their development matures, their impact on after-treatment systems has the 
potential to be minimised. They are also well-suited for an intermediate step using them as 
admixture fuel e.g. Premium-Diesel V-Power® fuel commercialised by Shell. The availability and 
production costs for such synthetic fuels are currently open issues. In the medium and long term, 
further developments, especially regarding BtL which is considered the most suitable option, 
could be interesting for the rail sector. Similar arguments can be made for ligno-cellulosic 
biofuels. BtL and ligno-cellulosic are both the most promising fuel alternatives to diesel for railway 
application.  

Similar to FT fuels, DME is a fuel with a high potential to meet future emission requirements 
offering reduced costs associated with exhaust after-treatments when compared with diesel fuel. 
Its high cetane number also contributes to its suitability as a potential diesel substitute. Availability 
and cost are current drawbacks although it is expected that these would improve significantly in 
the future. However, the need of a specially adapted injection technology is a major drawback. To 
achieve the same conditions of a diesel-fuelled vehicle, a tank twice the size would be necessary. 

HVO have comparable properties to FT-fuels and similar considerations apply.  

Water-diesel emulsions require considerable investment for engine modifications and vehicle 
integration. Whether the higher costs can be balanced by the reduced requirements and therefore 
investment in after-treament systems is still unclear and cannot be currently assessed in detail.  

Algae-based fuels are still in the research domain. However, the interest and investement from 
the aviation sector in this type of fuel will drive their development and potential application for rail 
in the future. 

Test results suggest that lower blends of biodiesel (up to 20%) are technically suitable for use in 
exisiting rail engines. This, although might reduce emissions slightly, does not provide a suitable 
long term alternative to diesel traction as known today. Fuel consumption increases in the 10% 
region when using such blends.  

Finally, it should be stressed the vast majority of the alternative fuels studied show a trend of NOX 
emissions increase. Since this aspect is expected to be further regulated in future legislation their 
applicability could be jeopardised. Nevertheless emerging technologies in the automotive sector 
such as closed-loop combustion control (CLCC) can neutralise the lower performance of 
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biodiesels in terms of torque for instance. In addition, research has shown that soot and NOX 
emissions are influenced by air-fuel ratio (A/Fst) and the lower heating value (LHV)21 both of which 
are lower in biodiesels when compared with current diesel fuel. This translates in higher volume 
of oxygen available for the formation of NOx at higher temperature [Beatrice et al, 2012]. 
Nevertheless, for state-of-the-art engines the key factor influencing control of NOx  emissions is 
the interaction between a low LHV biodiesel and the engine electronic control unit (ECU). The 
higher fuel injection request compensating for a low LHV fuel burning indicates to the engine ECU 
that the torque is higher than it is in reality, triggering the control parameters to set a lower EGR 
rate, higher injection pressure and early start-of-injection (SOI) values [Soltic et al, 2009; Beatrice 
et al, 2010 & 2011]. Furthermore, since the EGR level plays the main role in NOx emission 
control, also the adoption of high EGR rates using future advanced circuits (supercooling 
HPEGR/LPEGR)22 could significantly affect NOx emission sensitivity to fuel quality when high 
EGR rates are reached. 

Therefore, although current knowledge shows a trend of NOx increase when using biofuels, 
developments in engine technology could neutralise these effects. 

 

                                                
21 With the exception of HVO and BtL fuels 
22 HPEGR: High Pressure EGR | LPEGR: Low Pressure EGR 
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