
 
 

The Department of Physics, Chemistry and Biology 

 
Master’s thesis 

 

An Assessment of Biofuels and Synthetic Fuels as 

Substitutions of Conventional Diesel and Jet Fuels 
 

Rickard Jansson 

February 13, 2008 
LITH-IFM-EX-08/1912-SE 

 

 
 

The Department of Physics, Chemistry and Biology 

Linköpings Universitet 

SE-581 83 Linköping, Sweden 

  



 
 

  



 
 

Master’s thesis 

LITH-IFM-EX-08/1912-SE 

 

 

An Assessment of Biofuels and Synthetic Fuels as 

Substitutions of Conventional Diesel and Jet Fuels 
 

 

Rickard Jansson 

 

 

 

 

 

 

 
Supervisors: Per-Åke Skoog 
  Bodycote Materials Testing 
  Linköping 

  Peter Andersson 
  Bodycote Materials Testing 
  Linköping 

Examiner:  Carl-Fredrik Mandenius 
  IFM 
  Linköping University 

 
 

Linköping, February 13, 2008 
  



 
 

  



 
 

Abstract 
Today, a majority of the world’s energy need is supplied through sources that are finite and, at 
the current usage rates, will be consumed shortly. The high energy demand and pollution 
problems caused by the widespread use of fossil fuels make it increasingly necessary to 
develop renewable energy sources of limitless duration with smaller environmental impact 
than the traditional energy sources. 

Three fuels – rapeseed methyl ester (RME), Fischer-Tropsch (FT) diesel and FT jet fuel – 
derived from biomass, coal or gas were evaluated in this project. The fuel properties evaluated 
are in most cases listed in standards, often with recommendations, developed for biodiesel, 
petroleum diesel and jet fuel. 

Biodiesel is monoalkyl esters, e.g. RME, produced by transesterification of triglycerides in 
vegetable oil and an alcohol to esters and glycerin. This produce a fuel that is suitable as a 
direct substitution for petroleum diesel. Biodiesel may be used in pure form or in a blend with 
petrodiesel. Oxidative degradation and weak low temperature performance of biodiesel are 
properties of concern when substituting petrodiesel with biodiesel, as was shown in this 
project. The experiments show that oxidative stability can be improved with a synthetic 
antioxidant, e.g. butylated hydroxytoluene (BHT). 

The FT process converts syngas (a mixture of hydrogen and carbon monoxide) to a range 
of hydrocarbons. Syngas can be generated from a variety of carbon sources, e.g. coal, natural 
gas and biomass. The high-temperature (300-350 °C) FT process with iron-based catalysts is 
used for the production of gasoline and linear low molecular mass olefins (alkenes). The low-
temperature (200-240 °C) FT process with either iron or cobalt catalysts is used for the 
production of high molecular mass linear waxes. By applying various downstream processes, 
fuels suitable for substitution of petrodiesel and conventional jet fuel can be obtained. The FT 
fuels have lower densities than the conventional fuels. However, conclusions from this project 
are that most of the properties of FT fuels are better, or equal, than conventional petroleum 
fuels. 
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Abbreviations 

AFQRJOS Aviation Fuel Quality Requirements for Jointly Operated Systems; a guideline that 
provides a common basis for commercial aviation turbine fuel quality in Jointly 
Operated Systems. 

ASTM  American Society for Testing and Materials; an organization that develops technical 
standards for materials, products, systems and services.  

BHT Butylated Hydroxytoluene; a common antioxidant.  

CFPP Cold Filter Plugging Point; the highest temperature at which a liquid fuel fails to pass 
through a standardized filtration device.  

EN European Standards; Technical standards developed by European Committee 
for Standardization. 

EN ISO International standard. 

EP End Point; the maximum thermometer reading during distillation. 

FAME Fatty Acid Methyl Ester; main component of biodiesel. 

FFA Free Fatty Acid; unwanted component of biodiesel. 

FID Flame Ionization Detector; a type of gas detector used in gas chromatography.  

FT Fischer Tropsch; a catalyzed chemical reaction in which carbon monoxide and 
hydrogen are converted into liquid hydrocarbons of various forms.  

GC Gas Chromatography; a type of chromatography in which the mobile phase is a 
carrier gas and the stationary phase is a microscopic layer of liquid or polymer on an 
inert solid support, inside glass or metal tubing, called a column. 

IBP Initial Boiling Point; the temperature at which the fuel starts to evaporate during 
distillation. 

ICP-AES Inductively Coupled Plasma-Atomic Emission Spectrometry; a type of emission 
spectroscopy that uses inductively coupled plasma to produce excited atoms that emit 
electromagnetic radiation at a wavelength characteristic of a particular element. 

IPK Iso-Paraffinic Kerosene; branched alkanes (saturated hydrocarbons) that are main 
components of jet fuel.  

PAH Polycyclic Aromatic Hydrocarbon; carcinogenic organic molecules that consist of 
three or more rings containing carbon and hydrogen. 

RME Rapeseed Methyl Ester; biodiesel derived from Rapeseed oil.  

WGS Water Gas Shift; an inorganic chemical reaction in which water and carbon monoxide 
react to form carbon dioxide and hydrogen (water splitting).  
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Chapter 1 

Introduction 
 
World-wide energy consumption increased 17-fold in the last century (Demirbas, 2007b), 
while emissions from fossil-fuel combustion became the primary causes of atmospheric 
pollution leading to the greenhouse effect, acid rain, ozone depletion and climate change. 
(Agarval, 2007). Within the next 50 years, known petroleum reserves are believed to be 
depleted at the present rate of consumption (Sheehan, Cambreco, Duffield, Garboski, & 
Shapouri, 1998). Biofuels have become more attractive recently because of their 
environmental benefits and the fact that they are made from renewable resources (Ma & 
Hanna, 1999).  

The term biofuels generally refers to liquid and gaseous fuels for transportation that are 
predominantly produced from renewable biomass. Through modern conversion technologies 
biofuels can primarily be formed from crops generating starch, sugar or oil. Various modern 
biomass-based transportation fuels, for instance biodiesel, bioethanol, biohydrogen, biogas 
and fuels from the Fischer-Tropsch synthesis are already available on the market in several 
countries around the world (Demirbas, 2007b). The European Union is on the third rank of 
biofuel production worldwide, behind Brazil and the United States. Sugar beet, wheat and 
rapeseed are the major crops converted to commercial biofuels in Europe today. Within the 
European Union the ambition is that 5.75% of the energy used in transportation shall be 
biofuels by 2010 (Balat, 2007). 

1.1 Thesis objectives 
This thesis aims to evaluate three fuels – RME (rapeseed methyl ester), FT (Fischer-Tropsch) 
diesel and FT jet fuel – derived from biomass, coal or gas, which can replace all, or part of, 
petroleum based diesel and conventional jet fuel. The advantages with these fuels are that you 
can use them without, or with minor, modifications on the traditional vehicle engines. This 
study excludes environmental impact and healthy concerns regarding these fuels.  

1.2 Methods 
A literature study based on present studies serves as basis to explain current conversion 
technologies, progress and recent trends regarding the three fuels presented above. One 
important objective with this part of the work was to get a greater insight of the problems, 
particularly with chemical properties and physical properties, each fuel had to handle with. 
This was the foundation of the work done in the experimental part later in the project. 
Resources used in the literature study mostly come from research literature, and in some cases 
from reports by departments in the United States and the European Union.  

The experimental part of this project served to support findings in the research literature, 
but also try to improve properties of the fuels through additives to the fuel or making blends 
with a conventional fuel. In particular the oxidation stability of RME and RME-blends in 
diesel was investigated. Almost all of the properties considered in this project are regulated 
through EN (European Standard) or ASTM (American Society for Testing and Materials) 
standards intended for diesel, biodiesel and jet fuels. Experimental methods to decide these 
properties are also proposed by these standards and were applied when possible. During the 
experiments when RME was oxidized, changes of color of the samples were observed. These 
observations created an idea to find out at which wavelengths the samples absorb light using a 
UV/VIS spectrophotometer.   
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1.3 Thesis outline 
In the study following topics were investigated: 

 
� Conversion technologies used to produce each specific fuel (presented in Chapter 1.1). 
� Progress and recent trends for the mentioned fuels. 
� Laborative evaluation of chemical and physical properties of pure biofuels/synthetic 

fuels. 
� Laborative evaluation of chemical and physical properties of blends of biofuels and 

conventional fuel. 
� Utilization of additives to improve the properties of biofuels and in blends with 

conventional fuels. 
 
The first two items above are discussed in the theory part (see Chapter 2 - Theory) of the 
work. The later items were examined in the experimental part (see Chapter 3 – Experimental 
details – and Chapter 4 – Results and discussion) of the work. In chapter 5 – Conclusions – 
the conclusions made from Chapter 4 are presented. Chapter 6 – Recommendations and future 
work – presents on what future work could, or should, be focused regarding these fuels. 
Furthermore this chapter presents the recommendations derived from this project regarding 
handling of the fuels.  
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Chapter 2 

Theory 
 
Modern bioenergy chains have a neutral impact on the biogeochemical carbon cycle or on 
climate. Now and then the adjective sustainable is used regarding biofuels. Reijnders 
(Reijnders, 2006) defines sustainable use of biomass as: 

“A type of use that can be continued indefinitely without an increase in negative impact 
due to pollution while maintaining natural resources and beneficial functions of living 
nature relevant to mankind over millions of years, the common lifespan of a mammalian 
species.” 

Majority of the worlds energy needs are today supplied through sources that are finite and at 
current usage rates will be consumed shortly. The high energy demand and pollution 
problems caused due to the widespread use of fossil fuels make it increasingly necessary to 
develop the renewable energy sources of limitless duration and smaller environmental impact 
than the traditional one. (Meher, Vidya Sagar, & Naik, 2006) 

2.1 Biodiesel 
The inventor of the diesel engine, Rudolph Diesel, in fact tested vegetable oils in his 
compression ignition engine (Ma & Hanna, 1999). The engine was invented by him in the late 
19th century and Rudolph Diesel self said (Meher et al. 2006, Hoshino et al. 2007): 

“The use of vegetable oils for engine fuels may seem insignificant today. But such oils 
may in course of time be as important as petroleum and the coal tar products of the 
present time.” 

Because of increases in crude oil prices, limited resources of fossil fuels and environmental 
concerns there has been a renewed focus on vegetable oils and animal fats to make biodiesel 
fuels (Ma & Hanna, 1999). Biodiesel is technically competitive or offer technical advantages 
compared to conventional petroleum diesel fuel (Demirbas, 2007b).  

Biodiesel has become more attractive recently because of its environmental benefits and 
the fact that it is made from renewable resources (Ma & Hanna, 1999). The biodiesel is also 
biodegradable and nontoxic (Marchetti, Miguel, & Errazu, 2007). However, today biodiesel 
has over double the price of petroleum diesel. The high price of biodiesel is in large part due 
to the high price of the feedstock. A reduction in price is possible if the biodiesel is made 
from other feedstock than oil-bearing crops, e.g. used frying oils and animal fats. (Demirbas, 
2007b) 

2.1.1 Vegetable oils as fuels 
In 1898, at the World Exhibition in Paris, Rudolph Diesel demonstrated his engine running on 
peanut oil (Hoshino, Iwata, & Koseki, 2007). Since the advent of cheap petroleum, 
appropriate crude oil fractions were refined to serve as fuel and diesel fuels and diesel engines 
evolved together. In the 1930s and 1940s vegetable oils were used as fuels only in emergency 
situations (Ma & Hanna, 1999). 
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Figure 1. General structure of triglycerides. 

 
More than 350 oil-bearing crops are known, among which soybean, palm, sunflower, 
safflower, cottonseed, rapeseed and peanut oils are considered as potential alternative fuels 
for diesel engines (Demirbas, 2007b). Vegetable oils occupy a prominent position in the 
development of alternative fuels although; there have been a lot of problems associated with 
using it directly in diesel engines (Meher, Vidya Sagar, & Naik, 2006): 

� High viscosity leading to coking and trumpet formation on the injectors to such an 
extent that fuel atomization does not occur properly or even prevented as a result of 
plugged orifices. 

� Formation of deposits in engines due to incomplete combustion and incorrect 
vaporization characteristics.  

� Thickening or gelling of the lubricating oil as a result of contamination by vegetable 
oils. 

Many of the problems are associated with the large triglyceride molecules in the oils. In 
Figure 1, a general triglyceride is shown. It has a large, branched molecular structure leading 
to the high viscosity of vegetable oils (Demirbas, 2007b). The water-insoluble, hydrophobic 
substances are made up from one mole of glycerol and three moles of variable fatty acids. The 
fatty acids vary in carbon chain length and number of unsaturated bonds (Ma & Hanna, 1999). 
Table 1 shows the fatty acid-compositions and chemical properties of common vegetable oils. 
The convention to describe a fatty acid is through first declaring the chain length and then the 
number of unsaturated bonds, e.g. 18:1 means that the fatty acid chain length is 18 carbons 
with one unsaturated bond.  

Table 1. Chemical properties of vegetable oil (Ma & Hanna, 1999). 
Vegetable oil Fatty acid composition, % by weight Acid Peroxide 

16:0 18:0 20:0 22:0 24:0 18:1 22:1 18:2 18:3 valuea valueb 

Corn 11.67 1.85 0.24 0.00 0.00 25.16 0.00 60.60 0.48 0.11 18.4 

Cottonseed 28.33 0.89 0.00 0.00 0.00 13.27 0.00 57.51 0.00 0.07 64.8 

Cramble 2.07 0.70 2.09 0.80 1.12 18.86 58.51 9.00 6.85 0.36 26.5 

Peanut 11.38 2.39 1.32 2.52 1.23 48.28 0.00 31.95 0.93 0.20 82.7 

Rapeseed 3.49 0.85 0.00 0.00 0.00 64.40 0.00 22.30 8.23 1.14 30.2 

Soybean 11.75 3.15 0.00 0.00 0.00 23.26 0.00 55.53 6.31 0.20 44.5 

Sunflower 6.08 3.26 0.00 0.00 0.00 16.93 0.00 73.73 0.00 0.15 10.7 
a Acid values are milligrams of KOH necessary to neutralize the FFA in 1 g of oil sample. 
b Peroxide values are milliequivalents of peroxide per 1000 g of oil sample, which 
oxidize potassium iodide under conditions of the test. 



 

5 
 

C

C

C

H

H

H

H

H O

O

O

R1

R2

R3

O

O

O

O R1

O

R'

O R2

O

R'

O R3

O

R'

C

C

C

H

H

H

H

H OH

OH

OH

+ 3 R'OH

Catalyst

Glyceride Alcohol Esters Glycerol

+

 
Figure 2. Transesterification of triglycerides with alcohol (Marchetti, Miguel, & Errazu, 2007). 

2.1.2 Transesterification 
The plant oil usually contains triglycerides, free fatty acids (FFA), phospholipids, sterols, 
water, odorants and other impurities (Meher, Vidya Sagar, & Naik, 2006). This makes them 
unsuitable as a direct substitute to diesel fuel. Through slight chemical modifications of the oil 
these problems can be erased. The major step is the transesterification process, see figure 2. In 
the transesterification process, triglycerides react with an alcohol, generally methanol or 
ethanol, to produce esters and glycerol (Marchetti, Miguel, & Errazu, 2007). This process has 
been widely used to reduce the high viscosity of triglycerides. The viscosity values of 
vegetable oils are between 27.2 and 53.6mm2/s whereas those of vegetable oil methyl esters 
are between 3.59 and 4.63mm2/s (Demirbas, 2007b). The addition of a catalyst (regularly a 
strong acid or base) during the reaction is desirable to accelerate the conversion (Meher, 
Vidya Sagar, & Naik, 2006). Biodiesel is the monoalkyl esters resulting from the 
transesterification process.  

2.1.3 Process variables affecting the transesterification 
Several variables affect the transesterification process, among which reaction temperature, 
ratio of alcohol to vegetable oil, catalyst, amount of catalyst, and raw oils are considered to be 
the most important (Marchetti, Miguel, & Errazu, 2007).  

Four possible technologies are available to produce biodiesel, each decided by which type 
of catalyst is used during the transesterification process (Marchetti, Miguel, & Errazu, 2007): 

� Alkali catalyst; either sodium hydroxide (NaOH) or potassium hydroxide (KOH) 
should be used as a catalyst. The mechanism of a base catalyzed transesterification is 
showed in figure 3.  

� Acid catalyst; the most commonly used is sulfuric acid or sulfonic acid. The 
mechanism of an acid catalyzed transesterification is showed in figure 4. 

� Enzyme catalyst; it has been discovered that lipases can be used as catalyst for 
transesterification reactions. Lipases are also able to catalyze the transesterification of 
triglycerides effectively.   

� No catalyst; in recent studies it has been shown that supercritical alcohols1 can react 
with the triglycerides in the oil, without presence of a catalyst, to produce esters within 
a reasonable time. 

                                                 
1 A supercritical fluid is any substance at a temperature and pressure above its thermodynamic critical point. It 
has the unique ability to diffuse through solids like a gas, and dissolve materials like a liquid.  
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Figure 3. Mechanism of base catalyzed transesterification (Meher, Vidya Sagar, & Naik, 2006). 

In table 2, a comparison between the different technologies is available.  Today, the most 
frequently used catalyst in commercial scale is the alkali catalyst. This is because it is much 
faster than acid-catalyzed transesterification (Ma & Hanna, 1999), and the other two 
alternatives are more expensive (Marchetti, Miguel, & Errazu, 2007).  

Table 2. Summary of advantages and disadvantages of each technological possibility to produce 
biodiesel (Marchetti, Miguel, & Errazu, 2007). 
Variable Alkali 

catalysis 
Lipase 
catalysis 

Supercritical 
alcohol 

Acid  
catalysis 

Reaction temperature (˚C) 60-70 30-40 239-385 55-88 

Free fatty acid in raw materials Saponified 
products 

Methyl esters Esters Esters 

Water in raw materials Interference 
with reaction 

No influence - - 

Yield of methyl esters Normal Higher Good Normal 

Recovery of glycerol Difficult Easy - Difficult 

Purification of methyl esters Repeated 
washing 

None - Repeated 
washing 

Production cost of catalyst Cheap Relatively 
expensive 

Medium Cheap 
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Figure 4. Mechanism of acid catalyzed transesterification (Meher, Vidya Sagar, & Naik, 2006). 

 
Unfortunately, there are a couple of problems associated with the base catalyzed 
transesterification, i.e. FFA in oils and water in raw materials, unrelated to the other methods. 
FFA in oils react with the base catalyst added for the reaction, as a result of which, one part of 
the catalyst is neutralized and is therefore no longer available for transesterification (Ma & 
Hanna, 1999). If there is too much water in the raw materials there is also a risk of making 
some soap instead of the desired product during the alkali catalyzed reaction (Marchetti, 
Miguel, & Errazu, 2007).  

One of the most important variables affecting the yield of esters during transesterification 
is the molar ratio of alcohol to triglyceride (Meher, Vidya Sagar, & Naik, 2006). The stoichio-
metric ratio requires three moles of alcohol and one mole of triglyceride to yield three moles 
of fatty acid alkyl esters and one mole of glycerol, see figure 2. However, higher molar ratios 
result in greater ester conversion in a shorter term, e.g. a molar ratio of 6:1 of methanol to 
rapeseed oil during a base (1% NaOH or KOH) catalyzed reaction give the best conversion 
(Ma & Hanna, 1999). On the other hand, the higher molar ratio of alcohol to vegetable oil 
interferes with the separation of glycerin because there is an increase in solubility (Meher, 
Vidya Sagar, & Naik, 2006). When glycerin remains in the solution, it helps drive the 
equilibrium back to the left, lowering the yield of esters.  

Although chemical transesterification using an alkaline or an acidic catalyst gives high 
yields of esters in short reaction times (about an hour), these reactions have several 
drawbacks: they are energy intensive, recovery of glycerol is difficult, the catalysts has to be 
removed from the product, alkaline waste water require treatment, and FFA and water in raw 
materials interfere the alkaline reaction (Meher, Vidya Sagar, & Naik, 2006). Immobilized 
lipases have advantages over alkaline and acid catalysts: high conversion of FFA and 
glycerides to esters and glycerol, at the same time as they can be regenerated and reused, also 
separation of products will be easier, due to less impurities in the solution. However, 
biocatalysts are very expensive and the immobilized lipases will go down in activity over 
time, consequently a continuous exchange of catalyst will be required in the reactor 
(Marchetti, Miguel, & Errazu, 2007). The use of supercritical alcohols in absence of any 
catalyst is a new topic. Like lipase catalyzed transesterification, this method gives high 
conversion of FFA and glycerides to esters and glycerol. Nevertheless the use of supercritical 
alcohol is associated with high expenses, due to necessity of high pressure and temperature in 
the reactor (Demirbas, 2007b).   
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2.1.4 Analyzing biodiesel 
Biodiesel standards have been developed or are being developed in various countries and 
regions around the world. The most established standards today are (Knothe, 2006): 

� ASTM D 6751, American biodiesel standard, see table 3. 
� EN 14214, European biodiesel standard, see table 4. 

The biodiesel often contains not only the desired alkyl ester product but also unreacted 
starting material, residual alcohol and residual catalyst. Since transesterification is a stepwise 
process, intermediates from triglycerides can also be found in biodiesel, like the by-product, 
glycerin, formed during the transesterification process. Consequently, these aspects, 
associated to the production process, have been addressed in the biodiesel standards. For 
example, methods to analyze glycerin and phosphorus content have been developed for the 
American and European biodiesel standards. In EN 14214 there are also specifications for 
ester, glycerides, methanol, sodium/potassium and calcium/magnesium content, not yet 
present in ASTM D 6751. The contaminants can lead to severe operational problems when 
using biodiesel, such as engine deposits, filter clogging, or fuel deterioration (ASTM D 6751 - 
03, 2003).   

Some specifications in the biodiesel standards are carry-overs from petroleum diesel 
standards, see table 5. However, methods to analyze petrodiesel are not always suitable for 
biodiesel. Accordingly, different methods are utilized for biodiesel and petrodiesel when 
analyzing the same kind of parameters. The specified limits in the standards are also different 
to fit biodiesel more truthfully. Properties like flash point, kinematic viscosity, density, sulfur, 
sulfated ash, copper strip corrosion, distillation temperature, carbon residue, cetane number2, 
cloud point3 and acid number are commonly regulated in both biodiesel standards and 
petrodiesel standards. (Knothe, 2006) 

Table 3. American biodiesel standard, ASTM D 6751 (ASTM D 6751 - 03, 2003). 

  

                                                 
2 Cetane number is a measure of the ignition quality of the fuel and influences white smoke and combustion 
roughness (ASTM D 6751 - 03, 2003).  
3 The Cloud point of a nonionic surfactant or glycol solution is the temperature where the mixture starts to phase 
separate and two phases appear, thus becoming cloudy. 

Property Test method Limits Units 
Flash point (closed cup) D 93 130.0 min ˚C 
Water and sediment D 2709 0.050 max % volume 

Kinematic viscosity, 40˚C D 445 1.9-6.0 mm2/s 
Sulfated ash D 874 0.020 max % mass 
Sulfur D 5453 0.0015 max % mass 
Copper strip corrosion D 130 No. 3 max 
Cetane number D 613 47 min 
Cloud point D 2500 Report ˚C 
Carbon residue D 4530 0.050 max % mass 
Acid number D 664 0.80 max mg KOH/g 
Free glycerin D 6584 0.020 max % mass 
Total glycerin D 6584 0.240 max % mass 
Phosphorus content D 4951 0.001 max % mass 
Distillation temperature, 

atmospheric equivalent 
temperature, 90% recovered D 1160 360 max ˚C 
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Table 4. European biodiesel standard, EN 14214 (BS EN 14214:2003, 2004). 
Property Test method Limits Unit 
Ester content EN 14103 96.5 min % (mol/mol) 

Density; 15˚C EN ISO 3675, EN ISO 12185 860-900 kg/m3 

Viscosity; 40 EN ISO 3104, ISO 3105 3.5-5.0 mm2/s 
Flash point EN ISO 3679 120 min ˚C 
Sulfur content EN ISO 20846, EN ISO 20884 10.0 max mg/kg 
Carbon residue (% distillation residue) EN ISO 10370 0.30 max % (mol/mol) 
Cetane number EN ISO 5165 51 min 
Sulfated ash ISO 3987 0.02 max % (mol/mol) 
Water content EN ISO 12937 500 max mg/kg 
Total contamination EN 12662 24 max mg/kg 
Copper strip corrosion (3h, 50˚C) EN ISO 2160 Class 1 
Oxidative stability, 110˚C EN 14112 6.0 min h 
Acid value EN 14104 0.50 max mg KOH/kg 

Iodine value EN 14111 120 max g I2/100 g 
Linolenic acid content EN 14103 12.0 max % (mol/mol) 
Content of FAME with ≥4 double bonds 1 max % (mol/mol) 
Methanol content EN 14110 0.20 max % (mol/mol) 
Monoglyceride content EN 14105 0.80 max % (mol/mol) 
Diglyceride content EN 14105 0.20 max % (mol/mol) 
Triglyceride content EN 14105 0.20 max % (mol/mol) 
Free glycerin EN 14105, EN 14106 0.020 max % (mol/mol) 
Total glycerin EN 14105 0.25 max % (mol/mol) 
Group I metals (Na + K) EN 14108, EN 14109 5.0 max mg/kg 
Group II metals (Ca + Mg) prEN 14538 5.0 max mg/kg 
Phosphorus content EN 14107 10.0 max mg/kg 

Besides these aspects, there are also some other issues in the biodiesel standards, more 
directly connected to properties of biodiesel. For example, biodiesel can absorb a certain 
amount of water during storage (Knothe, 2006). Another example is the susceptibility, of 
linoleic and linolenic acid esters especially, to oxidation (McCormick & Westbrook, 2007). In 
EN 14214 oxidative stability and iodine value are properties linked to the propensity of 
content in biodiesel to oxidize.   

Test methods for estimating the storage stability of biodiesel are being developed. 
Performance criteria for accelerated stability tests that ensure satisfactory long-term storage of 
biodiesel have not been established (ASTM D 6751 - 03, 2003). The stability properties of 
biodiesel are not fully understood and appear to depend on the vegetable oil and animal fat 
sources, severity of processing, storage conditions (e.g. temperature, light, atmosphere, and 
presence of pro-oxidant metals) and whether additional production plant treatment, e.g. 
distillation, has been carried out or stability additives, e.g. synthetic antioxidants, are present 
(BIOSTAB, 2003). The acid value of biodiesel appears to exceed its specified maximum 
before other deleterious fuel property changes occur (ASTM D 6751 - 03, 2003). A 
conscientious program of measuring the acid value of biodiesel may be sufficient for 
monitoring biodiesel stability.   
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2.1.5 Blends of biodiesel with conventional diesel 
Biodiesel is the pure, or 100%, biodiesel fuel. It is referred to as B100. A biodiesel blend is 
pure biodiesel blended with petrodiesel. Biodiesel blends are referred to as Bxx, where xx 
indicates the amount of biodiesel in the blend (i.e. a B5 blend is 95% petrodiesel and 5% 
biodiesel). (Demirbas, 2007a) 

There is an increasing trend to use blends of biomass derived fuels in conventional 
petrofuels to increase the use of renewable fuels. As a result of technological advances, most 
vehicles currently in circulation in the EU are capable of using a low biofuels blend without 
any problem. Some countries are already using biofuels blends of 10% and higher (Balat, 
2007). In Swedish MK1 (environmental classification 1)  Diesel Standard4 (see table 5), the 
fatty acid methyl ester content is restricted to a 5% maximum, allowing a B5 blend in all 
diesel engines.  

The European Commission has set a target to have 5.75% biofuels in transportation by 
2010 (Balat, 2007). The targets for biofuels consumption stated in the initial Commission 
proposal for a Biofuels Directive is given in table 6. The purpose with the directive is to 
increase the blending with biofuels to achieve the commitment European countries made 
when signing the Kyoto protocol and the need to cut greenhouse gases emissions from the 
transport sector (The Swedish Petroleum Institute, 2006).   

2.1.6 Additives to biodiesel and biodiesel blends 
In order to improve the performance quality of biodiesel, the use of additives is allowed both 
in European biodiesel standard (BS EN 14214:2003, 2004) and American biodiesel standard 
(ASTM D 6751 - 03, 2003). Suitable fuel additives without known harmful side effects are 
recommended in the appropriate amount, to help to avoid deterioration of driveability and 
emissions control durability. Available fuel additives appear to improve the long term storage 
of biodiesel (ASTM D 6751 - 03, 2003). Most additives should be added as close to the 
production site as possible to obtain maximum benefits.  

Biocides or biostats destroy or inhibit the growth of fungi and bacteria which can grow at 
fuel-water interfaces to give high particulate concentrations in the fuel (ASTM D 6751 - 03, 
2003). Available biocides are soluble in the fuel phase or the water phase, or both.  

Hindered phenolic antioxidants e.g. butylated hydroxytoluene (BHT) in figure 5, can 
prevent oxidative degradation of biodiesel in storage simulations, and prevent degradation of 
biodiesel blends in storage tanks and fuel tanks. For biodiesel blends, antioxidants also 
prevented insolubles from forming in the fuel tank. (McCormick & Westbrook, 2007)  

 

 
OH

 
Figure 5. Butylated hydroxytoluene (BHT) 

 

 

                                                 
4 The Swedish MK1 Diesel was introduced in Sweden 1992, and then became Worlds most environmental 
friendly diesel as it still is. Since 2006 a blend of a maximum of 5% biodiesel (FAME) is allowed in Swedish 
MK1 Diesel. 
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Table 5. Swedish Diesel (MK1) Standard, SS 15 54 35 (SS 15 54 35:2006, 2006). 
Property Test method Limits Unit 
Ignition quality 

cetane index SS-EN ISO 4264 50.0 min 
cetane number SS-EN ISO 5165 51.0 min 

Density at 15˚C SS-EN ISO 3675 800-820 kg/m3 
SS-EN ISO 12185 

Aromatics (volume content) SS 155116 5 max % 
SS-EN 12916 

PAH (volume content) SS 115116 0.02 max % 
Sulphur (mass content) SS-EN ISO 20846 10.0 max mg/kg 

SS-EN ISO 20847 
SS-EN ISO 20884 

Flash point SS-EN ISO 2719 min 56.0 ˚C 
Carbon residue, Micro method SS-EN ISO 10370 max 0.30 % 

(mass content) 
Ash (mass content) SS-EN ISO 6245 max 0.010 % 
Water (mass content) SS-EN ISO 12937 max 200 mg/kg 
Particulate matter SS-EN 12662 max 24 mg/kg 
Copper strip corrosion SS-EN ISO 2160 Class 1 according to scale 

(3 h at 50˚C) 
Oxidation stability SS-EN ISO 12205 max 25 g/m3 

Lubricity, corrected wear scar 
SS-EN ISO 
12156-1 max 460 µm 

diameter (wsd 1,4) at 60˚C 
Viscosity at 40˚C SS-EN ISO 3104 1.40-4.00 mm2/s(cST) 
Distillation SS-EN ISO 3405 

Initial boiling point min 180 ˚C 
Temp at 95% recovery max 320 ˚C 

Cold filter plugging point SS-EN 116 
Summer quality max -10 ˚C 
Winter quality max -26 ˚C 

Cloud point SS-EN 23015 
Summer quality max 0 ˚C 
Winter quality max -16 ˚C 

Fatty acid methyl ester, FAME SS-EN 14078 max 5 % 
(volume content) 

 
 

Table 6. The targets for biofuels consumption stated in the initial 
Commission proposal for a Biofuels Directive (Balat, 2007).  

 
Year 

 
% 

Of which as a minimum in 
the form of blending, % 

2005 2 - 
2006 2.75 - 
2007 3.5 - 
2008 4.25 - 
2009 5 1 
2010 5.75 1.75 
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2.2 Fischer-Tropsch fuels 
The ideal diesel fuel, one having a high cetane number, would consist of linear alkanes. In 
practice, however, virtually all engine fuels are produced from crude oil which can contain 
large amounts of aromatics as well as unacceptable levels of organic sulfur and nitrogen 
compounds. If synthetic automotive fuels are to be produced then diesel fuel would be the 
preferred option, as the efficiency of a diesel-fueled engine is higher than that of a gasoline-
fueled engine. Furthermore, a diesel fuel on complete combustion would produce relatively 
less CO2 but more NO2 than gasoline. Currently the best option for producing a high cetane 
number diesel fuel virtually free of aromatics and of S and N compounds is a variation of the 
Fischer-Tropsch (FT) process coupled with applicable downstream work-up of the FT 
products. The FT process converts syngas (a mixture of hydrogen and carbon monoxide) to a 
range of hydrocarbons. (Dry, 2001)  

The industrial application of the FT process started in Germany and by 1938 there were 
nine plants in operation. Even though these plants ceased to operate after the Second World 
War, interest in the FT process remained because at that stage there was the persistent 
perception that the reserves of crude oil were very limited. However, the huge oil fields of the 
Middle East were discovered and consequently the predicted rise in the price of crude oil did 
not materialize and interest in the FT process disappeared. (Dry, 2002) 

The process to produce a liquefied fuel, e.g. diesel or aviation fuel, via the FT-process can 
be divided into three steps; (1) syngas generation, (2) syngas conversion, and (3) recovery and 
upgrading (Vosloo, 2001).   

2.2.1 Syngas generation 
Syngas, i.e. H2 and CO, can be generated from a variety of carbon sources, e.g. coal, natural 
gas and biomass. However it’s only a renewable source when the syngas is prepared from 
biomass.  In an FT complex the production of purified syngas typically accounts for 60-70% 
of the capital and running costs of the total plant. (Dry, 2002) 

Since the cost of syngas is high it is important that the maximum amount is converted in 
the downstream FT reactors. This requires that the composition of the syngas matches the 
overall usage ratio of the reactions, which depends on what catalyst is being used during the 
FT-reaction. The most important catalysts available today are cobalt-based or iron-based. For 
cobalt-based FT catalysts the H2/CO usage ratio is about 2.15, i.e. during the process 2.15 
times more H2 than CO is being used. For iron-based FT catalysts the H2/CO usage ratio is 
about 1.7. (Dry, 2001) 

Many gasification methods are available for syngas production. Based on throughput, cost, 
complexity, and efficiency issues, circulated fluidized bed (CFB) gasifiers are very suitable 
for large-scale syngas production (Hamelinck, Faaij, den Uil, & Boerrigter, 2004). Lv et. al. 
(Lv, Yuan, Wu, Ma, Chen, & Tsubaki, 2007) has shown that partial oxidation of biomass with 
this technology can generate a syngas with H2/CO ratio between 1.87 and 4.45. Pressurized 
gasification up to 25 bar may have economic advantages; the gasifier may be much smaller 
per throughput, so that a larger maximum capacity might be possible (Hamelinck, Faaij, den 
Uil, & Boerrigter, 2004). The syngas generation is highly endothermic and the heat required 
to drive the reaction is provided by combusting part of the feed with oxygen (Dry, 2001).  

The gas produced by gasification contains impurities. Typical are the organic impurities 
tars and BTX (benzene, toluene, and xylenes), the inorganic impurities NH3, HCN, H2S, COS, 
and HCl, and furthermore volatile metals, dust, and soot (Hamelinck, Faaij, den Uil, & 
Boerrigter, 2004). After purification from the impurities the syngas can be converted to 
liquefied fuels through the FT process.  



 

13 
 

2.2.2 Syngas conversion through the Fischer-Tropsch process 
Currently there are two FT operating modes (Dry, 2002). The high-temperature (300-350˚C) 
process with iron(Fe)-based catalysts is used for the production of gasoline and linear low 
molecular mass olefins5. The low-temperature (200-240˚C) process with either iron or cobalt 
(Co) catalysts is used for the production of high molecular mass linear waxes. The exothermic 
nature of the Fischer-Tropsch reaction combined with the high activity of the Co catalyst 
makes the removal heat from the reactor of critical importance (Vosloo, 2001). Higher 
temperature would also result in the undesired formation of high levels of methane and light 
hydrocarbons (Dry, 2001).  

The overall FT reaction typically amounts to: 

 2.15 H2 + CO → hydrocarbons + H2O  (1) 

In parallel the water gas shift (WGS) reaction can occur: 

 H2O + CO → CO2 + H2   (2) 

Under normal FT operating conditions cobalt-based catalysts have a low WGS activity and 
only reaction (1) applies which means that the syngas feed needs to have the H2/CO ratio of 
about 2.15 to ensure high conversions. Iron-based catalysts are active for the WGS reaction 
but the rate depends on the operating temperature, and consequently both reaction (1) and 
reaction (2) applies. When the low temperature Fischer-Tropsch process is used, the H2/CO 
ratio is in the region of 1.7. However, when the high temperature FT process is used, the 
WGS proceeds rapidly to equilibrium which means that CO2 can also be converted to FT 
products via the reverse of reaction (2) followed by (1). Thus if the ratio of H2/(2CO + 3CO2) 
in the feed gas is 1.06 then in principle it is possible to convert all of the H2, CO and CO2. 
(Dry, 2001) 

The cost of Co catalyst is about 1000 times greater than Fe catalyst. However, its 
advantages over Fe are higher activity and longer life (Dry, 2001). Irrespective of the process 
conditions or catalyst type used the FT synthesis always produces a wide range of olefins, 
paraffins6 and oxygenated products (alcohols, aldehydes, acids and ketones). The variables 
that influence the spread of the products are temperature, feed gas composition, pressure, 
catalyst type and promoters (Vosloo, 2001).  

The conversion extent in the FT reactor is limited, depending on catalyst type and reactor 
size and technology. The reactor product stream thus contains unreacted carbon monoxide and 
hydrogen in addition to the FT products. The C5+ products are easily separated by 
condensation step and sent to the recovery and upgrading section. Recovering the small 
fraction of C4 is energy consuming and in general not economic. (Hamelinck, Faaij, den Uil, 
& Boerrigter, 2004)  

To maximize the production of FT-liquids, the off-gas containing unreacted H2 and CO 
and produced lower alkanes can (partly) be recycled to the entrance of the reactor. The 
recycle can contain a reformer to reconvert C1-4 back into syngas. Furthermore, the FT off-gas 
may be recycled to the gasifier and subsequent tar cracker, which will work as reformer. 
Instead of maximized fuel production, the system can also be optimized towards combined 
fuel and electricity production. In this case, the syngas passes once through the FT reactor. 
The FT off-gas is not recycled, but completely purged to a combined cycle for electricity 
production. See figure 6 for a complete process-scheme for the different options.  
  

                                                 
5 In organic chemistry olefines, also called alkenes, unsaturated chemical compounds consisting of at least one 
carbon-to-carbon double bond.  
6 Paraffins normally refer to linear, unbranched, alkanes consisting of saturated hydrogen carbons.  
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 Figure 6. Biomass to liquid fuel via the Fischer-Tropsch process. 

2.2.3 Diesel fuel from the Fischer-Tropsch process 
As pointed out in section 2.2, the ideal diesel consists of essentially linear alkanes. The FT 
reaction inevitably produces a wide range of products. By applying various downstream 
work-up processes the yields of the desired products can be markedly increased. The high 
linearity and low aromatic content of the FT-product are very positive factors for producing 
high cetane diesel fuel (Dry, 2002). The use of cobolt catalyst and operating to maximize the 
wax production, with long carbon chains, is optimal. The final diesel pool has a cetane 
number of about 70, significantly higher than the limit in standards, e.g. the Swedish MK1 
Diesel Standard in table 5.  

The wax and hydrocarbon condensate produced by the low temperature Fischer-Tropsch 
process is predominantly linear paraffins with a small fraction of olefins and oxygenates. The 
hydrogenation7 of the olefins and oxygenates and the hydrocracking8 of the wax to naphtha 
and diesel can be done at relatively mild conditions. (Vosloo, 2001) These fuels, however, 
have poor lubricity.  

A process to obtain a FT-diesel having excellent lubricity, oxidative stability and high 
cetane number is described in a US patent (Wittenbrink, Bauman, Berlowitz, & Cook, 2001). 
In the description of the process, the waxy product is separated into a lighter and a heavier 
fraction, e.g. at about 370˚C during distillation. The heavier fraction is then subjected to 
hydroisomerization, where at least a part of the heavier fraction material is converted to 
lighter fraction material. Finally, the hydrotreated portion of the heavier fraction is combined 
with the lighter fraction, to obtain the final fuel. Oxygenated compounds including alcohols 
and some acids are produced during Fischer-Tropsch processing, but these are usually 
completely eliminated from the product during the hydrogenation process. Wittenbrink et. al. 
found, however, that small amounts of oxygenates, preferably alcohols, in their lighter 
fraction provided exceptional lubricity.  
                                                 
7 Hydrogenation is a class of chemical reactions which result in an addition of hydrogen (H2) usually to 
unsaturated organic compounds. The classical example of a hydrogenation is the addition of hydrogen on 
unsaturated bonds between carbon atoms, converting alkenes to alkanes. 
8 Cracking is the process whereby complex organic molecules such as kerogens or heavy hydrocarbons are 
broken down into simpler molecules (e.g. light hydrocarbons) by the breaking of carbon-carbon bonds in the 
precursors. Hydrocracking is a catalytic cracking process assisted by the presence of an elevated partial pressure 
of hydrogen gas. The products of this process are saturated hydrocarbons. 
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Figure 7. A process to obtain iso-paraffinic kerosene to use as an aviation fuel. 

2.2.4 Jet fuel from the Fischer-Tropsch process 
Aviation fuel used in jet engines predominantly consists of carbon chains containing 10-15 
carbon atoms. It is the cut obtained between 150˚C and 275˚C from fractional distillation of 
petroleum, and is also called kerosene. The most common jet fuel is Jet A-1, an unleaded 
paraffin oil based fuel. Jet A-1 fuel is a mixture of a large number of different hydrocarbons, 
possibly as much as thousand or more, however, the carbon number distribution is between 8 
and 16 carbons atoms, revealing a mixture iso-paraffines9 and paraffines.  

FT jet fuel is synthesized from C3 and C4 olefins in the FT product stream from the FT 
process. These can be distilled from synthetic crude by cold separation, which is a very clean 
separation. The C3 and C4 olefins are then put through a polymerization  process  followed  by 
hydrotreating and distillation to produce an iso-paraffinic kerosene (IPK) of the correct 
boiling range for jet fuel, see figure 7. (Moses, Stavinoha, & Piet, 1997) 

The composition of the synthetic jet fuel produced at Sasol in South Africa is almost 
entirely iso-paraffinic; however it contains a few percent of normal paraffins (Moses, 
Stavinoha, & Piet, 1997). Figure 8 shows how the hydrocarbons in Sasol’s FT jet fuel is 
distributed, and figure 9 shows how hydrocarbons are distributed in a petroleum derived Jet 
A-1 (also produced at Sasol).  

With the exception of low density and lack of aromatics, the properties of FT-jet fuel are 
very similar to values of typical jet fuels. FT-jet fuels have many desirable features as a jet 
fuel including very low sulfur, low freezing point and exceptional stability. However, four 
properties have been identified as concerns by the aviation industry: low lubricity, low fuel 
density, low energy density10 and no aromatics. (Moses, Stavinoha, & Piet, 1997) 

The low energy density is due to the low fuel density. Although energy density is not a 
specification requirement, a low value could result in a range restriction if an aircraft were 

                                                 
9 Isoparaffin normally refer to branched alkanes.  
10 Energy density is measured in MJ/m3. 
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volume limited for a certain flight. The lack of aromatics can cause some seals to shrink in 
aircraft fuel systems, leading to fuel leakage. Aromatics cause nitrile elastomers to swell, a 
property often taken into account in designing for seals and gaskets. 

 

 
Figure 8. Hydrocarbon distribution in a Fischer-Tropsch jet fuel (Moses, Stavinoha, & Piet, 1997).  

 
Figure 9. Hydrocarbon distribution in a petroleum derived jet fuel (Moses, Stavinoha, & Piet, 1997). 
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2.2.5 Standards for Fischer-Tropsch Jet Fuels 
Whilst there is a considerable number of aviation turbine fuel specifications listed, all of these 
essentially define a similar product, a heart-cut kerosene. Some variations in test limits occur 
to meet specific customer applications; however, at many commercial airports where joint 
storage and hydrant systems are in place, industry has settled on using the Joint Fuelling 
System ‘Check List’ to define fuel quality. The list, also abbreviated AFQRJOS, is presented 
in Appendix A. This checklist combines the most stringent requirements from ASTM D1655 
and Defence Standard (Def Stan) 91-91  into one overall guideline that provides a common 
basis for commercial aviation turbine fuel quality in Jointly Operated Systems (ExxonMobil 
Aviation, 2005).  

Previously these standards permitted only those fuels solely derived from petroleum 
sources. However, since 2005 Defence Standard 91-91 encompasses and control the use of 
blends containing components synthesized from non-petroleum sources (DEF STAN 91-91 
Issue 5, 2005). The longer term strategy is to revise the standard to fully encompass such fuels 
but this has yet to be defined. As an interim solution it has been deemed necessary to approve 
fuels containing synthetic components in an individual basis and identify test requirements 
specific to synthetic blends.  

The approval process requires testing defined by agreement with the technical authority11 
in conjunction with the appropriate certifying authority, aircraft and engine manufacturers. 
Such testing may include but not be limited to evaluation of prototype blends to assess the 
impact of synthetic components on the following operational parameters (DEF STAN 91-91 
Issue 5, 2005): 

� Compatibility with elastomeric materials. 
� Lubricity. 
� Electrical properties; dielectric constant and conductivity. 
� Additive miscibility and compatibility. 
� Compatibility and miscibility with other fuels. 
� Combusting properties including impact on starting and relight performance and 

emissions. 
� Bulk physical properties including bulk modulus, specific heat, thermal conductivity, 

low temperature/freezing point, viscosity, volatility characteristics, density/tempera-
ture characteristics and true vapor pressure.  

� Trace contaminants and controls thereof including dissolved metals, non-metals and 
organic species and particulates.  

� Behavior under test rig and/or whole engine conditions.  
� Storage stability. 
� Thermal stability. 

Synthetic fuel blends must be manufactured according to declared procedures defined during 
the manufacture of prototype batches which have been submitted for examination and 
approval. Changes to declared production procedures may only be undertaken following 
agreement with the technical authority. Such change may require additional testing, as above, 
to be carried out before approval is given.  

                                                 
11 The technical authority is the Director, Defence Fuels Group (DDFG), Defence Petroleum Centre, West 
Moors, Wimborne, Dorset, BH21 6QS, United Kingdom. 
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Additionally to standards for conventional petroleum jet fuels, the aromatic content of a 
semi-synthetic12 jet fuel shall be not less than 8.0% nor greater than 25.0% by volume. The 
fuel shall also exhibit a maximum wear scar diameter13 of 0.85 mm. Analysis for these 
properties shall be made at point of manufacture, and the results shall be included on the batch 
certificate for the fuel.  

2.2.6 Progress and recent trends in Fischer-Tropsch fuels 
The Fischer-Tropsch synthesis for the production of hydrocarbons from coal-based syngas has 
been the subject for renewed interest for conversion of coal and natural gas to liquid fuels. 
More recently, there has also been interest in the use of Fischer-Tropsch synthesis for biomass 
conversion to synthetic hydrocarbons. (Demirbas, 2007b) 

The FT liquids production costs are about 2-4 times the production costs of petroleum 
fuels. Fossil fuels costs strongly depend on the oil price, and could go up. The biomass FT 
fuel could partly be exempted from excise duty and tax to value its environmental benefits. 
The combined effect may make FT fuels from biomass competitive with fossil fuels. 
(Hamelinck, Faaij, den Uil, & Boerrigter, 2004) 

Currently, the only approved semi-synthetic jet fuel containing a maximum of 50% 
synthetic kerosene blended with kerosene from conventional sources is manufactured by 
Sasol in South Africa (DEF STAN 91-91 Issue 5, 2005). The synthetic kerosene is 
manufactured at the Secunda plant by Fischer-Tropsch process using coal as a carbon source 
(Moses, Stavinoha, & Piet, 1997).  
  

                                                 
12 A semi-synthetic fuel is a blend of synthetic fuel with conventional petroleum fuel.  
13 The wear scar diameter is a measure of lubricity of aviation fuels using the Ball On Cylinder test method 
(BOCLE), described in ASTM D 5001. 
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Chapter 3 

Experimental details 
 
This chapter lists details of the fuel samples used during the evaluation and the methods that 
have been used during analysis of the fuels obtained for evaluation of biodiesel and Fischer-
Tropsch fuels as substitution of petroleum fuels and blends in petroleum fuels.  

3.1 Fuel samples 
Biodiesel samples were obtained from two different sources: 

� RME from Tolefors Gård14; two different batches, one stored for more than six months 
and one recently produced (not stored longer than two months). 

� RME from Qstar15; from tank station, marketed as pure biodiesel. 

Two synthetic Fischer-Tropsch fuels were also obtained: 

� Paradiesel from Framtidsbränslen16; a pure Fischer-Tropsch diesel produced from 
natural gas.  

� EcoFly from EcoPar17; a pure Fischer-Tropsch jet fuel produced from natural gas.  
 
For blends of biodiesel/FT-fuel in petroleum fuels, the petroleum products used were: 

� Diesel from Preem18; Diesel, solely derived from petroleum, meeting limits in the 
standard of Swedish MK1 Diesel, SS 15 54 35 (see table 5). 

� Jet A-1 from Shell19; Jet A-1 aviation fuel meeting limits in Joint Fuelling System 
‘Check List’, AFQRJOS (see Appendix A).  

All fuels above are completely free of additives according to the supplier13-18 of each fuel.  

3.2 Analyze methods 
Analyze methods listed below are generally standard methods described in ASTM or EN 
standards. In these cases, a brief explanation of the method is outlined. In the case of a 
deflection from the standard method, this deflection is more narrowly described. If a special 
equipment (e.g. automatically analyzers) were used to measure a specific parameter, the 
model and manufacturer of the equipment that were used are listed. However, in some cases, 
methods not described in any standard method were used. These are also more closely 
described.  
  

                                                 
14 Tolefors Gård, Tolefors, SE-585 99 Linköping, Sweden. 
15 Qstar, Spårgatan 5, SE-602 23 Norrköping, Sweden. 
16 Framtidsbränslen Sverige AB, Strandgatan 2, SE-852 31 Sundsvall, Sweden. 
17 EcoPar AB, Spadegatan 8, SE-424 65 Angered, Sweden. 
18 Preem Petroleum AB, SE-115 90 Stockholm, Sweden. 
19 Shell Raffinaderi AB, Torslandavägen BOX 8889, SE-402 72 Göteborg, Sweden. 
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3.2.1 Density, ASTM D 4052 
The density of a fuel was measured with the help of an automatic density analyzer, DMA 
4500 (Anton Paar, Graz, Austria). DMA 4500 fulfills the requirements of the norm ASTM D 
4052 (ASTM D 4052-96, 2002). 

A small volume (approximately 0.7 ml) of liquid sample was introduced into an oscillating 
sample tube and the change in oscillating frequency caused by the change in the mass of the 
tube was used in conjunction with calibrating data to determine the density of the sample.  

Density of a fuel was measured at the standard temperature of 15˚C.  

3.2.2 Viscosity, ASTM D 445 
The kinematic viscosity of a fuel was measured according to ASTM D 445 (ASTM D 445-04, 
2005). The time was measured for a fixed volume of fuel to flow under gravity through the 
capillary of a calibrated viscometer under a reproducible driving head and a closely controlled 
and known temperature (40˚C in the case of a diesel fuel and -20˚C in the case of jet fuel). 
The kinematic viscosity (determined value) is the product of the measured flow time and the 
calibration constant of the viscometer. Two such determinations are needed from which to 
calculate a kinematic viscosity result that is the average of two acceptable determined values. 
The result should be reported together with the test temperature. 

3.2.3 Flash point, ASTM D 93 
The flash point of a fuel was measured using an automatic flash point analyzer, Pensky 
Martens Flash Point Instrument (ISL/ATPEM, Carpiquet, France). The instrument fulfills the 
requirements of ASTM D 93 (ASTM D 93-02a, 2003).  

A brass test cup of specified dimensions, filled to the inside mark with test specimen and 
fitted with a cover of specified dimensions, was heated and the specimen stirred at a specified 
rate (90-120 rpm). An ignition source was directed into the test cup at regular intervals with 
simultaneous interruption of the stirring, until a flash was detected. The flash point (the 
temperature of the specimen registered when the flash was detected) has to be corrected when 
the barometric pressure differs from 101.3 kPa. Finally the corrected flash point is reported.  

3.2.4 Flash point, ASTM D 3828 
The flash point of biodiesel could not be determined using the procedure in ASTM D 93. 
Instead the method described in ASTM D 3828 (ASTM D 3828-05, 2005) was used to 
determine whether the flash point was above or below a certain temperature. The value of 
120˚C degrees was chosen, due to the flash point minimum recommended in European 
biodiesel standard (see table 4).  

A specimen of a sample (about 4 ml) was introduced by a syringe into the cup of a 
Setaflash Tester (Stanhope-Seta, Chertsey, United Kingdom) that was maintained at the 
expected flash point (120˚C). After 2 min a test flame was applied and an observation was 
made as to whether or not a flash occurred. In the case of a flash, the flash point was 
registered as below 120˚C, and in the case of no flash, the flash point was registered as above 
120˚C. 

3.2.5 Copper Strip Corrosion, ASTM D 130 
To determine the corrosiveness to copper of a fuel the standard method ASTM D 130 (ASTM 
D 130-04, 2004) was used.  

A polished copper strip was immersed in about 30 ml of the sample that was being tested 
and heated at 50˚C during 3 hours. At the end of the heating period, the copper strip was 
removed, washed and the color and tarnish level assessed against the ASTM Copper Strip 
Corrosion Standard. The corrosiveness was reported in accordance with one of the 
classifications listed in table 7. 
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Table 7. Copper strip classifications (ASTM D 130-04, 2004). 
Classification Designation DescriptionA 

Freshly polished strip … B 

 

1 Slight tarnish a. Light orange, almost the same as freshly polished 
strip 

b. Dark orange 
 

2 Moderate tarnish a. Claret red 
b. Lavender 
c. Multicolored with lavender blue or silver, or both, 

overlaid on claret red 
d. Silvery 
e. Brassy or gold 

 
3 Dark tarnish a. Magenta overcast on brassy strip 

b. Multicolored with red and green showing (peacock), 
but no gray 
 

4 Corrosion a. Transparent black, dark gray or brown with peacock 
green barely showing 

b. Graphite or lusterless black 
c. Glossy or jet black 

 
A The ASTM Copper Strip Corrosion Standard is a colored reproduction of strips characteristic of these 

descriptions. 
B The freshly polished strip is included in the series only as an indication of the appearance of a properly 

polished strip before test run; it is not possible to duplicate this appearance after a test even with a completely 
noncorrosive sample. 

3.2.6 Acid Value, ASTM D 664 
Acid values of the fuel samples were decided with automatic acid value device composed of a 
titration device, 702 SM Titrino (Metrohm, Herisau, Switzerland), a diluter device, 776 
Dosimat (Metrohm) and a sample changer, 730 Sample Changer (Metrohm).  

The sample was dissolved in a 1/1 mixture of toluene and propan-2-ol and titrated 
potentiometrically with 0.1 M KOH. The meter readings were automatically plotted against 
the respective volume of titrating solution (0.1 M KOH). The amount of titrating solution 
needed to reach the inflection point (received from the curve plotted) was reported as the acid 
value in mg/KOH. With the sample changer, the automatic acid value device could measure 
the acid values of several samples in series.    

3.2.7 Cloud Point, ASTM D 2500 
The cloud points of the fuel samples were measured with an automatic cloud point analyzer, 
CPP 5Gs (ISL, Carpiquet, France) following the standard of ASTM D 2500. 

A test jar was filled with fuel sample and loaded into CPP 5Gs. The instrument started to 
cool down the fuel sample. Cloud point was decided using an optical system. The instrument 
emitted light down through the sample, identifying within a resolution of 0.1˚C when crystal 
formation was developed. The sample was then reheated to ambient temperature to 
accommodate the next run.   

3.2.8 Cold Filter Plugging Point, EN 116 
The Cold Filter Plugging Point (CFPP) of a fuel was measured with the help of an automatic 
cold filter plugging point analyzer, MP842 (Walter Herzog GmbH, Lauda-Königshofen, 
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Germany). The apparatus was designed before any standard procedure was developed, 
however it follows EN 116 pretty good.  

The specimen of the sample was cooled under specified conditions and, at intervals of 1˚C, 
was drawn into a pipette under a controlled vacuum, through a standardized wire mesh filter. 
For each 1˚C, as the specimen continues to cool, the procedure was repeated. Testing was 
continued until the amount of wax crystals, which was separated out of solution, was 
sufficient to stop or slow down the flow so that the time taken to fill the pipette exceeded 60 s, 
or the fuel failed to return completely to the test jar before the fuel had been cooled by a 
further 1˚C. The temperature at which this was achieved was reported as the CFPP.  

3.2.9 Freezing Point of Aviation Fuels, ASTM D 7153 
The freezing point of aviation fuels is defined as the temperature at which the last crystal 
melts when warming a fuel that has been previously cooled until crystals form. The freezing 
point was measured with an automatic freezing point analyzer, FZP 5G2s (ISL), following the 
standard method described in ASTM D 7153.  

As the sample was exposed to carefully monitored temperature changes, causing crystal to 
form (during cooling) and dissolve (during reheating), the FZP 5G2s apparatus precisely track 
the refraction of light as it passes through the sample. The method, which is based on 
fundamental optical laws, detects all types of crystallization for any type of jet fuel.  

3.2.10 Distillation, ASTM D 86 
With an automatic distillation analyzer, HDA 628 (Walter Herzog GmbH, Lauda-
Königshofen, Germany), the boiling range characteristics of the aviation fuels were 
determined. Based on the composition, vapor pressure, expected initial boiling point (IBP) or 
expected end point (EP), or combination thereof, the sample is placed in one of five groups, 
according to the test method, ASTM D86 (ASTM D 86-05, 2005). Aviation fuels falls into 
group 4; a sample with vapor pressure less than 65.5 kPa at 37.8˚C, IBP greater than 100˚C 
and/or an EP greater than 250˚C. Apparatus arrangement, condenser temperature, and other 
operational variables are defined by the group in which the sample falls.  

A 100 mL specimen of the sample was distilled. Systematic observations of temperature 
readings and volumes of condensate were made automatically by the equipment software. The 
volume of the residue and the losses were also recorded by the software. Test results were 
expressed as percent recovered versus corresponding temperature.  

3.2.11 Gum Content, ASTM D 381 
The existent gum20 content of aviation fuels can be decided with the standard test method 
ASTM D 381. A measured quantity of fuel was evaporated from a 100 mL beaker under 
controlled conditions of temperature (180˚C) and with flow of air above the sample. The 
resulting residue was weighed and reported as milligrams per 100 mL.  

3.2.12 Thermal Oxidation Stability of Aviation Turbine Fuels, ASTM D 3241 
The thermal oxidation stability of aviation fuels were measured with a Jet Fuel Thermal 
Oxidation Tester, JFTOT (Alcor Inc., San Antonio, United States of America), according to 
the standard method ASTM D 3241 (ASTM D 3241-05b, 2005).  

The fuel was filtrated through a single layer of general purpose, retentive, qualitative filter 
paper followed by a 6-min aeration at 1.5 mL/min air flow rate. A 450 mL specimen of the 
fuel sample was pumped at a fixed volumetric flow rate (3 mL/min) through a heater 
(constantly held at 270˚C), after which it entered a precision stainless steel filter where fuel 
degradation products could be trapped. The fuel system pressure where held at 3.45 MPa. 

                                                 
20 Existent gum is the evaporation residue of aviation fuels, without any further treatment. 
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After 2.5 h, the essential data derived were the amount of deposits on an aluminum heater 
tube (decided through a rating system with the help of classification tubes), and the rate of 
plugging of the 17 µm nominal porosity precision filter located downstream of the heater tube 
(measured as the pressure fall of the fuel system pressure downstream this filter).  

3.2.13 Water Separation Characteristics of Aviation Turbine Fuel, ASTM D 3948 
The ability of an aviation turbine fuel to release entrained or emulsified water was rated with 
a Micro-Separometer Model 1140 (Emcee Electronics Inc., Venice, United States of America) 
following the method described in ASTM D 3948 (ASTM D 3948-05, 2005).  

A water/fuel sample (50 mL fuel sample + 50 µL distilled water) emulsion was created in a 
syringe using a high-speed mixer. The emulsion was then expelled from the syringe at a 
programmed rate through a standard fiber-glass coalescer and the effluent was analyzed for 
uncoalesced water by a light transmission measurement. The result (MSEP-A) was reported 
on a 0-to-100 scale. High ratings indicate the water is easily coalesced.  

3.2.14 Ester Content and Linolenic Acid Methyl Ester Content, EN 14103 
To determine the ester content of the biodiesel samples, the standard method EN 14103 (BS 
EN 14103:2003, 2003) was used. This method also allows determining the Linolenic acid 
methyl ester content. The method uses a gas chromatograph (GC) – Agilent 6890N (Agilent 
Technologies, Santa Clara, United States of America).  
250 mg of fuel sample was weighed in a 10 ml vial, followed by an addition of 5 ml of methyl 
heptadecanoate solution (10 mg/ml heptane). The methyl heptadecanoate worked as an 
internal calibration. The sample was then loaded on the GC column through a variable flow 
split injector using an automatic sampler, Agilent 7683 (Agilent Technologies). A flame 
ionization detector (FID) detected the compounds. The ester content c, expressed as a mass 
fraction in percent, was calculated using the formula: 

� =  �∑ �� − �	

�	


× �	
 × �	

 × 100% 

Where 

� �  is the total peak area from the methyl ester in C14 to that in C24:1;
�	
  is the peak area corresponding to methyl heptadecanoate;

�	
 is the concentration �mg/ml� of the methyl heptadecanoate solution;
�	
 is the volume �ml� of the methylheptadecanoate solution;

 is the mass �mg� of the sample;

 

 
The linolenic acid methyl ester content L, expressed as a mass fraction in percent, was 
calculated using the formula: 

, =  �-
�∑ �� − �	


× 100% 

Where 

� �  is the total peak area from the methyl ester in C14 to that in C24:1;
�	
  is the peak area corresponding to methyl heptadecanoate;

�- is the peak area corresponding to linolenic acid methyl ester;
 

3.2.15 Methanol Content, EN 14110  
A method described in EN 14110 (BS EN 14110:2003, 2003) specifies a way to determine the 
methanol content of biodiesel samples. This is a method that requires a gas chromatograph 
(same as in 3.1.14). 
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The sample was heated at 80˚C in a hermetically sealed vial to allow desorption of 
contained methanol into the gas phase. When equilibrium was reached, a defined part of the 
gas phase was injected through a split injector into the gas chromatograph column using an 
automatic headspace sampler, HS40 (PerkinElmer, Waltham, United States of America). 
Methanol was detected with a FID and was the only peak in the chromatogram. The amount 
of methanol was calculated by reference to an external calibration (0.5, 0.1 and 0.01 % (m/m) 
methanol in reference fatty acid methyl ester (FAME) with methanol content less than 0.001 
% (m/m)) 

3.2.16 Metal Content, ICP-AES  
Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) was used to decide 
the content of a number of metals in the fuel samples. The equipment used was an IRIS 
Advantage ICP-AES (Jarrell-Ash, Franklin, United States of America). The standard method 
described in ASTM D 5185 was followed. Table 8 lists the wavelengths for which the 
emission was measured and from which metal it originates.    

Table 8. List of emission wavelengths analyzed by the  
ICP-AES equipment.   
Metal Wavelength (nm) 
Potassium 317.93 
Copper 224.70 
Iron 259.94 
Magnesium 280.27 
Phosphor 213.62 
Sodium 589.59 
Zink 206.20 
Sulphur 182.034 

3.2.17 Oxidative Stability, ASTM D 525 
The oxidative stability of biodiesel was measured according to the standard method ASTM D 
525 (ASTM D 525-05, 2005). The oxidation is performed under accelerated oxidation 
conditions.  

50 ml of fuel sample was oxidized in a pressure vessel with oxygen pressure at 690 to 705 
kPa and heated at a temperature between 98 and 102˚C in a water bath. The pressure was 
recorded continuously until a breakpoint was reached, where the pressure inside the vessel 
started to drop. The time required for the sample to reach this point was the observed 
induction period.  

To get a longer induction period (i.e. a better oxidative stability of the fuel) an anti-oxidant, 
Baynox Solution (LANXESS, Leverkusen, Germany) containing BHT, could be added to the 
fuel prior to the accelerated oxidation. The recommended use concentration was 200 to 1000 
ppm l/l BHT to biodiesel.   

3.2.18 UV/VIS spectrophotometry 
A spectrophotometer, Lambda 2 (PerkinElmer, Waltham, United States of America), was 
used to analyze the ultraviolet (UV) and visual (VIS) absorption spectrum of the biodiesel 
fuel (treated with 100 ppm BHT), both prior to and after different times (1, 2, 3, 4 and 5 h) 
that the fuel had been subjected to the accelerated oxidation conditions (see section 3.2.17). 
From these spectra, interesting wavelengths where great differences occurred between 
oxidized and non-oxidized samples were selected and further analyzed. The wavelengths 
selected were 275 nm, 383 nm, 427 nm, 452 nm and 481 nm.  
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Chapter 4 

Results and discussion 
This chapter is divided into three subchapters. Part one will present results from biodiesel fuel 
samples and blends of biodiesel and diesel. Part two presents the results from one Fischer-
Tropsch diesel fuel and part three presents the results from one Fischer-Tropsch jet fuel.  

4.1 Biodiesel and biodiesel blends 
Three biodiesel samples have been analyzed: two different batches from Tolefors Gård and 
one batch from Q-Star (see section 3.1). The fuel samples were analyzed according to EN 
14214 (see table 4 in chapter 2), a European standard for biodiesel. These data are presented 
in section 4.1.1. An additional study regarding the oxidative stability of biodiesel was 
completed. The newest fuel sample from Tolefors Gård was used in the experiments and 
results are presented in section 4.1.2. Cold weather behaviors of the fuel samples have also 
been tested and results are presented in section 4.1.3.  

4.1.1 Biodiesel evaluation following EN 14214 
The three biodiesel samples – Tolefors new sample, Tolefors old sample (> 6 months since 
production) and Qstar sample – were evaluated according to EN 14214. Standard methods to 
measure the properties were given in EN 14214, however in many cases appropriate 
equipment were not available in the laboratory. In these cases, methods recommended in the 
American standard (ASTM D 6751) have been used or other methods available at the 
laboratory. The results are presented in table 9, together with the method that has been used to 
measure each property. Some properties described in EN 14214 are missing in table 9. These 
are properties where there was no appropriate method available at the laboratory.  
 
Table 9. Properties evaluated for three biodiesel samples.  

Property Unit 
Tolefors 

new Tolefors old Qstar Method 
Ester content % (m/m) 97.1 98.5 30.3 EN 14103 
Density at 15˚C kg/m3 884 884 833 ASTM D4052 
Viscosity at 40˚C  mm2/s 4.466 4.481 2.365 ASTM D445 
Flash Point ˚C < 120 > 150 - ASTM D3828 
Sulfur content mg/kg < 1.0 < 1.0 1.4 ICP-AES 
Copper strip corrosion rating class 1a class 1a class 1a ASTM D130 
(3 h at 50˚C)      
Acid value mg KOH/g 0.52 0.32 0.14 ASTM D664 
Linolenic acid methyl 
ester 

% (m/m) 9.7 9.0 7.8 EN 14103 

Methanol content % (m/m) 0.43 < 0.01 < 0,01 EN 14110 
Group II metals (Ca + 
Mg) 

mg/kg < 5.0 < 5.0 < 5.0 ICP-AES 

Phosphorus content mg/kg < 10.0 < 10.0 < 10.0 ICP-AES 
 
The ester content of a biodiesel sample should be greater than 96.5 %. The two samples from 
Tolefors both achieve this requirement. However, the sample from Qstar only has an ester 
content of 30.3 %. It should be pointed out that the method requires an ester content of more 
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than 90 % to be accurate. The most probable cause to why the ester content is so low for the 
Qstar sample is that it by mistake or some other cause has been blended with a significant 
amount of regular petroleum diesel. All samples manage to meet the requirement of a 
maximum of 12 % linolenic acid methyl ester. Linolenic acid methyl ester has a high 
propensity to oxidize and the amounts in biodiesel should therefore be kept low.   

The densities of the two Tolefors samples manage to cope with the set requirement (860-
900 kg/m3) in EN 14214. Again, the Qstar sample falls outside the requirement and has a 
density closer to that of a regular petroleum diesel. The same applies to the viscosities of the 
three samples. The two Tolefors samples meet the requirement of a viscosity between 3.5 and 
5.0 mm2/s, but the Qstar sample has a slightly lower viscosity that more fits a petroleum 
diesel.  

The flash points were only analyzed for the two Tolefors samples. This was because of the 
concern that the Qstar sample was a blend with regular petroleum diesel. Because of the much 
lower flash point of petroleum diesel, this sample would not even be close to the set 
requirement of a flash point greater than 120˚C. In this case, only the old Tolefors sample 
could meet the requirement. The probable cause to why the new sample from Tolefors has a 
lower flash point than 120˚C is that it has a significant amount of methanol present in the 
sample. This is a remaining of the reactant used during production of the biodiesel (see 
section 2.1.2). Methanol is a volatile substance, lowering the flash point of the sample. The 
methanol content in the other two samples is lower than the detection limit (0.01 %) of the 
method. 

The requirement of less than 10 mg sulfur/kg biodiesel is met by all samples. In the 
Tolefors samples, the content is less than the detection limit (1.0 mg/kg) of the ICP-AES 
instrument. Sulfur content of biomass is usually very low, and consequently the sulfur content 
of biodiesel should be very low. Again it is the Qstar sample that is deviant, probably because 
of the much higher sulfur content of regular petroleum diesel.   

Degradation products, such as oxidation products, and other components present in the 
biodiesel can be acidic. The acid value is a measure of this amount of acidic substances in the 
fuel. Tolefors new fuel sample does not meet the requirement of a value less than 0.50 mg 
KOH/g. However, since this biodiesel sample recently had been produced it is highly unlikely 
that the acidic substances are due to oxidative degradation.  

The copper strip corrosion test is designed to assess the relative degree of corrosivity of a 
fuel. Sulfur compounds in the fuel can have a corroding action on various metals and this 
corrosivity is not necessarily related directly to the total sulfur content (Knothe, 2006). The 
effect can vary according to the chemical types of sulfur compounds present. However, the 
three fuels evaluated have a very low corrosiveness. All falls into the class 1a after 
performing the test.  

Calcium and magnesium are of concern for soap formation. They may be found in the 
biodiesel as a result of contact with nonlipidic material. However, the three fuels that were 
analyzed did not have amounts above the detection limit of the ICP-AES instrument. Also, the 
phosphorus content of the fuels were under the detection limit of the ICP-AES instrument. 
Traces of phosphorus, resulting from phospholipids, can remain in vegetable oils. Phosphorus 
can poison catalysts used for reduction of exhaust emissions (Knothe, 2006).  

4.1.2 Oxidative stability of biodiesel and biodiesel blends 
Oxidative stability of biodiesel is usually evaluated with a method described in EN 14112. 
However, the absence of a rancimat instrument that was necessary to perform the test 
described in EN 14112 led to the search for another available method. The method described 
in ASTM D 525 finally was the method of choice. It was developed to determine the stability 
of gasoline under accelerated oxidation conditions. However, for biodiesel there are no limits 
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connected to this method and the results obtained will only show relative oxidation stability 
between the evaluated fuel samples.  

Before any experiments were performed, the biodiesel sample recently obtained from 
Tolefors Gård was presumed to have a higher oxidative stability than the stored sample (> 6 
months). Due to the probable blend of biodiesel and petroleum diesel in the Qstar sample, this 
fuel was not evaluated further. The newest Tolefors fuel was therefore picked as the fuel for 
further investigation when blending it with petroleum diesel and antioxidant.  

The objective of this part of the work was to see what effect the blending of biodiesel to 
petroleum diesel had on the oxidative stability of the resulting blend. First a two-factorial 
design was modeled with two levels for each factor. The two factors were: factor A, the 
amount of biodiesel (with levels A+ = B100 and A- = B5, see section 2.1.5), and factor B, the 
amount of antioxidant added to the sample (with levels B+ = 100 ppm BHT and B- = 0 ppm 
BHT). For each combination (i.e. A+B+, A+B-, A-B+ and A-B-) three replications were made, 
leading to a total of 12 trials. The result measured was the induction period in ASTM D 525 
(see section 3.2.17). A randomization of the relative order of the trials was made, to eliminate 
as many unknown factors as possible that could interfere with the results.  

The resulting induction periods from the experiment are presented in table 10. The 
ANOVA-results when calculated with MiniTab 14 (Minitab Inc., State College, United States 
of America) on the results in table 10 are presented in figure 10.  
 
Table 10. Induction periods as a result from biodiesel amount and amount of antioxidant when 
performing the two-factorial experiment with two levels for each factor.  

Experimental design Results 

Trial Factor A (Bxx) Factor B (ppm BHT) Y, ASTM D525 Induction period (h) 

1 B100 (A+) 0 (B-) 3.83 

2 B100 (A+) 0 (B-) 4.22 

3 B100 (A+) 0 (B-) 3.93 

4 B100 (A+) 100 (B+) 5.33 

5 B100 (A+) 100 (B+) 5.00 

6 B100 (A+) 100 (B+) 5.13 

7 B5 (A-) 0 (B-) 11.33 

8 B5 (A-) 0 (B-) 11.80 

9 B5 (A-) 0 (B-) 12.25 

10 B5 (A-) 100 (B+) 60.67 

11 B5 (A-) 100 (B+) 60.17 

12 B5 (A-) 100 (B+) 57.83 
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 Figure 10. ANOVA performed on resulting induction period (Y) 
when varying the biodiesel amount (A) and amount of antioxidant 
(B). 

 
The most interesting part of the ANOVA data is that there is a significant interaction effect 
between factor A (amount of biodiesel) and factor B (amount of antioxidant). The P-value in 
the table in figure 10 gives the relevance of each factor. A low P-value (below 0.05) means a 
high relevance. The R-sq (i.e. R2) value gives the fitness of the model. The high value here 
(99.92 %) tells us that the model can explain most of the variations in the results due to the 
two factors. The highest oxidative stability is obtained when a small amount of biodiesel is 
blended in petroleum diesel together with the antioxidant BHT, as could be seen in the 
boxplot of figure 11. The interaction effect can be seen here too as the greater step between B- 
and B+ when A-, relative to the same step when A+.   
 

  

 
Figure 11. Boxplot of Induction period (Y) versus amount of biodiesel (A) and amount of 
antioxidant (B); here A = -1 means B5, A = 1 means B100, B = -1 means 0 ppm BHT and B = 1 
means 100 ppm BHT. 
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To see if there was any linearity between amount of biodiesel in the blend and the induction 
period from ASTM D 525, a new experiment was conducted. The data from the previous 
experiment was used in addition to new trials performed with B50, B20, B15 and B10 blends 
for each antioxidant level. However, this time only one replication for each level was 
performed. In table 11 the new trials are presented with the resulting induction period. In 
figure 12 the induction period is plotted against amount of biodiesel in the blend for the two 
levels of antioxidant (i.e. 0 and 100 ppm BHT respectively).  

In figure 12, the two R2-values shows that there is no strong linearity between induction 
period and amount of biodiesel in the blend. However, except for B15 with 0 ppm BHT, the 
induction period is always greater for a blend of less biodiesel than one blend with more 
biodiesel. This indicates that a blend of biodiesel with petroleum diesel will have a better 
oxidative stability than the pure biodiesel. The exponential look (for blends with 100 ppm 
BHT) indicates that there is an interaction between biodiesel and antioxidant that prevents 
oxidation of the biodiesel. Probably an intermediary compound (which normally would react 
with oxygen) from the biodiesel is prevented to react further when the antioxidant is present, 
preventing the oxidation of the biodiesel. When the sample runs out of antioxidant, due to that 
too many intermediary compounds have been produced, the biodiesel starts to degrade.   

Table 11. Additional induction periods to previous performed experiment (see table 10) when varying 
two factors: amount of biodiesel (Factor A) and amount of antioxidant (Factor B) 

Experimental design Results 

Trial Factor A (Bxx) Factor B (ppm BHT) Y, ASTM D525 Induction period (h) 

13 B50 0 4.17 

14 B50 100 7.33 

15 B20 0 6.67 

16 B20 100 17.00 

17 B15 0 5.75 

18 B15 100 22.10 

19 B10 0 7.83 

20 B10 100 31.13 

 



 

 

Figure 12. Induction period (in h
 
During the experiments above, two observations were made:

� First, the color of the sample seemed to have changed when the sample had been 
exposed to the accelerated oxidative conditions. Before the oxidation, the sample had a 
yellow color. However, after the oxidation the sample often were much less colorful. 

� Secondly, the blends of biodiesel with conventional petroleum diesel were often very 
cloudy right after the trials were 

 
The second observation above is probably due to a phase separation of the oxidation products 
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Figure 13. The color changes of the samples when they were exposed to the accelerated oxidative 
conditions in ASTM D 525. 0 h means that the sample was taken before the test, while 5 h is a sample 
that has been exposed to the test conditions for 5 h.  
 
The samples above were then analyzed in a UV/VIS spectrophotometer, to see at which 
wavelengths light were absorbed in the different samples. First the last sample (exposed to 
test conditions for 5 h) and the first sample (exposed 0 h) were analyzed to get spectrum over 
light absorption (not presented here). From these spectrums 5 different wavelengths were 
picked where the biggest changes occurred (see section 3.2.18) and further analyzed for all 
samples. 

In table 12 the results obtained when measuring absorption at specific wavelengths with 
the UV/VIS spectrophotometer are presented.  

 
Table 12. The absorption data obtained from the UV/VIS spectrophotometer of 6 samples exposed to 
accelerated oxidation conditions inside a pressure vessel. The pressure after each hour was also 
recorded. Induction period according to ASTM D 525 is 3.67 h. 

Hours in test 
vessel 

Pressure 
(kPa) 

Abs. 
(275 nm) 

Abs. 
(383 nm) 

Abs. 
(427 nm) 

Abs. 
(452 nm) 

Abs. 
(481 nm) 

0 780.323 0.50 0.46 0.61 0.73 0.60 
1 780.185 0.34 0.54 0.56 0.63 0.50 
2 782.323 0.31 0.70 0.50 0.52 0.40 
3 781.892 0.41 1.45 0.22 0.19 0.12 
4 744.923 0.66 1.91 0.02 0.00 0.00 
5 642.169 1.23 1.95 0.01 0.00 0.00 



 

 

Figure 14. Absorbance at 452 nm and 481 nm versus absorbance at
 
First we conclude that it is linearity between absorbance at wavelength 427 nm, 452 nm and 
481 nm. This is shown in figure 14. The high R
them. From now on we therefore only consider one of them (427 nm). 
 

Figure 15. Absorbance at 275 nm, 383 nm and 427 nm versus pressure inside test vessel. 
 
Figure 15 shows that there is a very strong linearity (R
275 nm and pressure inside the test vessel when aband
The absorbance at 275 nm seems to increase significantly when the pressure starts to drop. 
This indicates that it is an oxidation product that causes the absorption of light at this 
wavelength. There is no linearity bet

From the data in table 12 we conclude that there is no difference in absorbance at 383 nm 
and 427 nm after the induction period (3.67 h) has expired. In table 13 the absorbance data 
has therefore been listed against hours before the induction period expires. 
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Figure 15 shows that there is a very strong linearity (R2 value of 0.962) between absorbance at 
275 nm and pressure inside the test vessel when abandoning the test method of ASTM D 525. 
The absorbance at 275 nm seems to increase significantly when the pressure starts to drop. 
This indicates that it is an oxidation product that causes the absorption of light at this 

There is no linearity between pressure and absorption at the other wavelengths. 
From the data in table 12 we conclude that there is no difference in absorbance at 383 nm 

and 427 nm after the induction period (3.67 h) has expired. In table 13 the absorbance data 
listed against hours before the induction period expires. 
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Table 13. Absorbance at 383 nm and 427 nm listed against 
hours before induction period expires. 

Hours before induction 
period expires A(383 nm) A(427 nm) 

3.67 0.46 0.61 
2.67 0.54 0.56 
1.67 0.70 0.50 
0.67 1.45 0.22 

0 1.91 0.02 
0 1.95 0.01 

 
In figure 16 the absorbance at 383 nm and 427 nm has been plotted against hours before 
induction period expires. When this time has expired, there seems to be no difference in 
absorption.  Here we see that the linearity is pretty good between absorption and time before 
induction period expires. The absorbance at 383 nm is low when the expiration is far away. 
However, it increases the closer to the expiration it gets. At 427 nm the opposite applies. Here 
the aborbance is greater when it is far away from the expiration. However it decreases the 
closer to the expiration it gets, finishing at none absorbance at 427 nm after four hours in the 
pressure vessel.  
 

 
Figure 16. Absorbance at 383 nm and 427 nm versus hours before induction period expires during the 
test in ASTM D 525.   
 
This indicates that at 427 nm the absorbance is caused by the antioxidant. That is why the 
absorbance at 427 nm after four hours is closely to 0. This is when all the antioxidant has been 
consumed in the sample, and the biodiesel starts to degrade. At 383 nm absorbance is 
probably caused by the product formed when antioxidant is consumed. This is why the 
absorbance at this wavelength increases while the pressure is still constant inside the pressure 
vessel. However, when the pressure starts to decrease inside the vessel (due to oxygen 
consumption) the absorbance at 383 nm is constant.  

Fuel properties that can be affected during oxidative degradation of the biodiesel are 
especially viscosity and acid value. Therefore analyses of these two parameters were 
performed after the fuel had been exposed to the accelerated oxidative conditions of ASTM D 
525 in five hours. Results are presented in table 14.  
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Table 14. Viscosity and Acid value of a biodiesel sample before and after 5 h 
exposed to test conditions in ASTM D 525.  

Property Unit Test method Before  After 

Viscosity at 40˚C  mm2
/s ASTM D445 4.466 5.043 

Acid value mg KOH/g ASTM D664 0.52 1.31 

 
The observation made is that both viscosity and acid value increases when the fuel sample is 
degraded by oxidation. Both properties are now outside limits. However, acid value was 
outside its limits already when the experiment started.   

4.1.3 Low temperature behavior of biodiesel  
One interesting aspect of biodiesel performance in countries with a temperate climate is the 
low temperature behavior of the fuel. That is, how cold can it be outside, before the flow and 
blending properties of the fuel will be affected dramatically. Two properties that can be 
investigated to get an insight to the problem are cold filter plugging point (CFPP) and cloud 
point. Three fuel samples were investigated; one new Tolefors biodiesel sample (Tolefors 
new), one new Tolefors biodiesel sample that had been exposed to the accelerated oxidative 
conditions of ASTM D 525 (Tolefors oxidized), and one Tolefors biodiesel sample stored for 
more than 6 months (Tolefors old). The results are presented in table 15. 
 
Table 15. Low temperature behavior of three fuel samples.  

Property Unit Method 

Tolefors 

new 

Tolefors 

oxidized 

Tolefors 

old 

Cold Filter Plugging Point, CFPP ˚C EN 116 -14 -13 -8 

Cloud point ˚C ASTM D 2500 -5 -5 -5 

 
Between Tolefors new and Tolefors oxidized there are no big differences. However, the 
oxidized sample had just reached the end of the induction period of ASTM D 525 when that 
method was discarded. This means that the oxidized sample never was exposed for any 
degradation by oxidation. Tolefors old (stored > 6 months) shows that the cold filter plugging 
point can increase during storing. However, the cloud point still is not affected.  

An interesting aspect of the results above is that the cloud point is high relative to the 
limits of winter quality MK1 diesel in Sweden, SS 15 54 35 (see table 5). Cold filter plugging 
point is also higher than the limits in SS 15 54 35. Tolefors new and Tolefors oxidized both 
manage to cope with the limits of a summer quality MK1 diesel in Sweden.  

4.2 Fischer-Tropsch diesel fuel 
The Fischer-Tropsch (FT) diesel fuel was not evaluated to the same extent as biodiesel. The 
properties analyzed for the Fischer-Tropsch diesel (Paradiesel) from Framtidsbränslen are 
listed in table 16. There is no special standard for FT-diesel as there is for biodiesel. However, 
FT-diesel is a synthetic diesel with properties that should fit the properties of a regular 
petroleum diesel. Limits set for petroleum diesel should therefore be settled by the FT diesel.   
 

Table 16. Fuel properties of Paradiesel (Framtidsbränslen).  
Property Unit Test method Paradiesel 

Density at 15˚C kg/m3 ASTM D 4052 799.2 

Flash point ˚C ASTM D 93 99 

Viscosity at 40˚C mm2/s ASTM D 445 2.85 

Cloud Point ˚C ASTM D 2500 < - 114 

Cold Filter Plugging Point, CFPP ˚C EN 116 -44 
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Density is the only parameter of concern in table 15. It just falls outside the lower limit of 
standard MK1 Diesel in Sweden, SS 15 54 35 (see table 5). Flash point is relative high (99 
˚C) to the limit (> 56 ˚C), and the fuel could consequently be considered as safer than regular 
diesel. Viscosity is between the set values in SS 15 54 35 (1.40 to 4.00 mm2/s). 

The cold weather performance properties, cloud point and CFPP, are extremely good. The 
cloud point could not even be measured due to the limitations of the instrument used, and is 
therefore listed as below -114 ˚C. Accordingly, the fuel will not phase separate as long the 
temperature is above this temperature. The cold filter plugging point is also very good. The 
value of -44 ˚C means that there will be no problem transporting the fuel through the fuel 
system as long as the temperature is above this value.  

4.3 Fischer-Tropsch jet fuel 
Fischer-Tropsch jet fuel is not allowed to use in pure form. However, Defence Standard 91-91 
encompasses and control the use of blends containing components synthesized from non-
petroleum sources. The synthetic part is restricted to a maximum of 50 % in regular petroleum 
jet fuel. Therefore, the FT jet fuel available was evaluated both in pure form and in a 50/50 
blend with a regular Jet A1 fuel.  

The properties evaluated for the pure FT jet fuel (EcoFly from EcoPar) and the blend are 
listed with the results in table 17. Recommended limits for each parameter can be found in 
Appendix A. The only parameter outside limits set in AFQRJOS is density for the pure FT jet 
fuel sample. 

 
Table 17. Fuel properties of EcoFly (EcoPar), a FT jet fuel. Pure FT Jet fuel is pure EcoFly and 50 % 
FT Jet fuel is 50 % EcoFly in petroleum Jet A1.   

Property Method 
Pure FT 

Jet fuel 
50 % FT Jet 

fuel 

Appearance   C & B C & B 

Volatility       

Distillation ASTM D 86     

Initial Boiling Point, ˚C   185.0 168.7 

Fuel Recovered       

10% vol. at ˚C   193.2 186.1 

50% vol. at ˚C   198.8 199.7 

90% vol. at ˚C   210.1 219.7 

End Point, ˚C   226.7 243.5 

Residue, % vol.   1.5 1.3 

Loss, % vol.   0.5 0.7 

Flash Point, ˚C ASTM D 93 69 57 

Density at 15˚C, kg/m3 ASTM D 4052 767.7 786.4 

Fluidity       

Freezing Point, ˚C ASTM D 2385 < -100 -62.3 

Viscosity at -20˚C, cSt (mm2/s) ASTM D 445 4.647 4.201 

Stability       
Thermal Stability (JFTOT) Control Temp 

260˚C ASTM D 3241     

Filter Pressure Differential, mm Hg   0 0 

Tube Deposit Rating (Visual)   1 1 

Contaminants       

Existent Gum, mg/100 ml ASTM D 381 1.4 0.5 

Microseparometer (MSEP), rating ASTM D 3948 94 80 
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Chapter 5 

Conclusions  
From the results in chapter 4, following conclusions are made concerning biodiesel and 
biodiesel blends with petroleum diesel: 

� Two different RME samples from Tolefors Gård were analyzed, one that recently had 
been produced and one that had been stored for more than 6 months. The new RME 
sample failed to meet the requirement of a flash point above 120˚C, probably due to 
the high methanol content (0.43 %). The acid value (0.52 mg KOH/g) is outside limit; 
however this is unlikely due to oxidative degradation of the sample. All properties 
analyzed for the stored sample falls inside the limits specified in EN 14214.   

� RME from Qstar were evaluated. Some properties (e.g. low ester content, low density, 
low viscosity and high sulfur content) show that the fuel is probably a blend of 
biodiesel in regular petroleum diesel. However, at the pump station it is marketed as 
pure biodiesel.  

� The oxidative stability is better for a biodiesel blend than for the pure biodiesel. With 
an antioxidant (100 ppm in final blend, corresponding to 2000 ppm in the pure 
biodiesel) the oxidative stability could be improved.  

� There is no linearity between oxidative stability (measured as an induction period 
according to ASTM D 525) and amount of biodiesel in a petroleum diesel blend. 
However, the oxidative stability of a blend seems to always be greater than the pure 
biodiesel.  

� One of the oxidation products, when biodiesel is oxidized during accelerated oxidizing 
conditions, absorbs light at 275 nm.  

� Absorbance of light at 383 nm is caused by a product from when the antioxidant is 
degraded in the fuel sample. 

� Absorbance of light at 427 nm, 452 nm and 481 nm is caused by the antioxidant in the 
fuel sample.  

� Oxidative degradation of biodiesel increases its viscosity and acid value.  
� Low temperature performance of biodiesel is poor. None of the tested samples manage 

to cope with the limits of a winter quality MK1 Diesel in Sweden and are not suitable 
as a fuel when it is cold weather outside. The sample stored for more than 6 months 
has an increased cold filter plugging point. Consequently, storing leads to worse low 
temperature behavior of the biodiesel. 

Due to time restrictions with the master’s thesis, the evaluation of the Fischer-Tropsch fuels is 
not as detailed as the biodiesel evaluation. Following conclusions were however made 
concerning the FT-fuels: 

� The flash point, cloud point and cold filter plugging point of Paradiesel (a FT-diesel) 
must be considered real good in comparison to limits set in Swedish MK1 diesel 
standard, SS 15 54 35. The fuel can be considered safe, according to the flash point. It 
should be no problem using the fuel in cold weather due to the low cloud point and 
CFPP. 
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� The density of Paradiesel (799.2 kg/m3) is lower than the limit of a density between 
800 and 820 kg/m3 in SS 15 54 35. This should however not lead to any trouble in fuel 
performance during usage.   

� Of the evaluated properties of EcoFly, the only parameter outside limits is the density, 
which is below the minimum 775 kg/m3 set in AFQRJOS (see appendix A), for the 
pure sample. The parameters of the 50/50 blend of EcoFly and regular petroleum Jet 
A1 all manage to cope with the limits in AFQRJOS. 
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Chapter 6 

Recommendations and future work 
All the fuels evaluated in this project have promising futures as substitutions of conventional 
petroleum fuels. However, in the case of biodiesel there is a few concerns; the oxidative 
stability, storage stability and low temperature performance. The oxidative stability of 
biodiesel may be improved with an antioxidant.  

More investigations regarding the oxidation process of biodiesel and absorption of light at 
275 nm, 383 nm, 427 nm, 452 nm and 481 nm (and possibly more wavelengths) could in 
future lead to a new method to rapidly decide the condition of a biodiesel sample.  

Oxidative degradation of biodiesel should be avoided as it increases the viscosity and acid 
value of the fuel. Long storage of biodiesel should also be avoided as it may lead to worse low 
temperature behavior.  

Blending of biodiesel with diesel leads to an oxidative stability better than that of the pure 
biodiesel. More work has to be done to evaluate other parameters of biodiesel blends, 
especially cold temperature performance of the fuel blends should be considered.  

Fischer-Tropsch fuels have really good properties when compared with conventional 
petroleum fuels. However, the low density of Fischer-Tropsch Jet fuel may be of concern. 
More evaluations regarding the Fischer-Tropsch fuels are nevertheless desirable since the 
evaluation of these fuels in this project is a bit slender. 
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Appendix A 

Appendix A: Joint Fuelling System Check List for Jet A-1, AFQRJOS 
 

Property Limits Test Method 
    IP ASTM 

Appearance C & B a     
Composition     

Total Acidity, mg KOH/g max 0.015 354 D 3242 
Aromatics, % vol. max 25.0 158 D 1319 
OR Total Aromatics, % vol. max 26.5 436 D 6379 
Sulphur, Total, % mass max 0.30 107 D 1266 or D 2622 
Sulphur, Mercaptan, % mass max 0.0030 342 D 3227 
OR Doctor Test Negative 30 D 4952 
Hydroprocessed components in batch, % vol. Report     
Severely hydroprocessed components, % vol. Report     

Volatility     
Distillation   D 86 

Initial Boiling Point, ˚C Report     
Fuel Recovered     

10% vol. at ˚C max 205.0     
50% vol. at ˚C Report     
90% vol. at ˚C Report     

End Point, ˚C max 300.0     
Residue, % vol. max 1.5     
Loss, % vol. max 1.5     

Flash Point, ˚C min 38 170 or 303 D 3828 
Density at 15˚C, kg/m3 775.0-840.0 160 or 365 D 1298 or D 4052 

Fluidity     
Freezing Point, ˚C max -47.0 435 D 2386 or D 5972 
Viscosity at -20˚C, cSt (mm2/s) max 8.000 71 D 445 

Combustion     
Specific Energy, net, MJ/kg min 42.80 381 D 4529 
Smoke Point, mm min 25.0 57 D 1322 
OR     
Smoke Point, mm min 19.0 57 D 1322 

AND Naphtalenes, % vol. max 3.00   D 1840 
Corrosion     

Corrosion, Copper Strip , classification max 1 154 D 130 
(2 hours +/- 5 min. at 100˚C +/- 1˚C)     

Stability     
Thermal Stability (JFTOT) Control Temp 

260˚C 323 D 3241 
Filter Pressure Differential, mm Hg max 25.0     
Tube Deposit Rating (Visual) <3     
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Property Limits Test Method 
    IP ASTM 

Contaminants     
Existent Gum, mg/100 ml max 7 131 D 381 
Water Reaction   D 1094 

Interface Rating max 1b     
Microseparometer (MSEP), rating   D 3948 

Fuel with Static Dissipator Aditive min 70     
OR     
Fuel without Static Dissipator Additive min 85     

Conductivity      
Electrical Conductivity, pS/m 50-450 274 D 2624 

Lubricity     
BOCLE wear scar diameter, mm max 0.85   D 5001 

Additives     
Antioxidant, mg/l     

in Hydroprocessed & synthetic Fuels 17.0-24.0     
(Mandatory)     

in Non-hydroprocessed Fuels (Optional) max 24.0     
Metal Deactivator, mg/l (Optional) max 5.7     
Static Dissipator, mg/l max 3.00     
Corrosion Inhibitor Agreement     
Anti-Icing Agreement     

aFuel should be clar, bright and visually free from solid matter and undissolved water at ambient 
temperature. 
 


