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1. INTRODUCTION 
 
The chemical composition of a fuel determines its properties, and the properties of a fuel 
determine its engine-performance characteristics. Historically, the liquid-phase hydrocarbon 
fuels used for transportation and non-road applications have been refined from crude petroleum 
recovered from beneath the surface of the Earth. Hydrocarbons are compounds that contain only 
the elements hydrogen and carbon. A compound is defined as a pure chemical substance 
composed of two or more elements bonded in a specific structural arrangement and exhibiting 
fixed ratios of the different elements. The word “petroleum” is derived from Latin roots; its 
literal translation is “rock oil.”  
 
As supplies of readily accessible conventional petroleum have been consumed, the cost of 
petroleum production has increased, and environmental and political concerns related to 
petroleum use have grown. This trend has intensified interest in “renewable” fuels that are 
currently created from biomass, and in the future might be created directly from solar energy. 
Renewable fuels can be beneficial from a greenhouse-gas (GHG) perspective because they 
essentially recycle carbon dioxide (CO2, a GHG) from the atmosphere. For example, plants 
absorb carbon in the form of atmospheric CO2 as they grow, which offsets the CO2 released 
when fuels made from plants are burned. From a GHG perspective, this is preferable to 
continuing to convert petroleum-carbon into new atmospheric CO2. Although the histories of 
renewable fuels are significantly different from those of petroleum fuels, renewable fuels can 
contain many of the same kinds of chemical structures found in petroleum-based fuels, 
depending on how they are made. One notable difference is that some common renewable fuels 
on the market today are oxygenates, i.e., compounds that contain oxygen as well as hydrogen 
and carbon.  
 
Liquids composed primarily of hydrogen, carbon, and perhaps some oxygen are fuels of choice 
for transportation applications due to the high amounts of energy they contain per unit mass 
(specific energy) and per unit volume (energy density). For example, the specific energy of 
diesel fuel is approximately an order of magnitude larger than that of dynamite. This is primarily 
because effectively the entire mass of diesel fuel is fuel elements, while the mass of an explosive 
like dynamite includes the mass of oxidizer as well as fuel elements, and the oxidizer does not 
carry any extra energy. The specific energies of liquid hydrocarbon fuels also are many times 
larger than those of advanced batteries. This high specific energy means that only a small mass 
of fuel needs to be carried aboard a vehicle or machine to produce a large amount of useful 
mechanical work. For at least a century, the reciprocating internal-combustion engine has been 
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the device of choice for converting the chemical energy stored in liquid fuels into mechanical 
work for ground-transportation and non-road applications. 
 
Currently, reciprocating internal-combustion engines for passenger-car and commercial 
applications fall into either of two broad categories: spark-ignition (SI) engines or compression-
ignition (CI) engines. SI engines tend to be used in light-duty applications (e.g., passenger cars) 
because they are less expensive, quieter, and have lower exhaust emissions (thanks to the highly 
efficient three-way catalyst [1]) than their CI counterparts. CI engines tend to be used in heavy-
duty applications (e.g., truck, rail, and marine transportation) due to their higher efficiencies (i.e., 
lower fuel costs), better durabilities, and improved low-speed torque capabilities. 
 
The specific effects of changing a given fuel property depend upon many detailed parameters of 
the engine in which the fuel is used and the conditions over which the engine is operated. The 
fuel properties required for robust operation of SI and CI engines are different; as a result, 
different fuels have evolved for use with these different engines. SI engines typically burn 
gasoline, while CI engines typically burn diesel fuel. The primary differences between gasolines 
and diesel fuels are that gasolines are resistant to autoignition and are more volatile (i.e., require 
less energy for vaporization and have lower boiling temperatures), while diesel fuels readily 
autoignite and are less volatile. 
 
Covering all aspects of fuels for reciprocating internal-combustion engines and the impact of fuel 
composition on engine performance in a single article of reasonable length is impossible. Hence, 
the objective of this document is to give the reader a broad overview of the relevant fuel science 
and a flavor of the key issues, while going into detail in selected areas of particular importance. 
The article starts with a discussion of fuel-production techniques and fuel compositional 
attributes, followed by an overview of fuel properties that affect end-use characteristics, and a 
discussion of the fuel specifications developed to ensure that fuels perform as required in their 
applications. The article concludes by summarizing the main points and offering some thoughts 
on what the future might hold for fuels and reciprocating internal-combustion engines. 
 
2. FUEL PRODUCTION 
 
Fuels and fuel components can be produced from a wide variety of feedstocks, including: crude 
oil, oil sands, natural gas, biomass, coal, oil shale, methane hydrates, and even carbon oxides 
(CO, CO2) reacted with hydrogen. This section reviews the primary fuel-production pathways 
currently in use. 
 
The huge scale of fuel production is a key factor to keep in mind when evaluating conventional 
and alternative technologies. In 2011, global oil consumption was ~88 million barrels per day 
[2], and US consumption was ~19 million barrels per day [3]. At 42 US gallons per barrel, global 
oil consumption is ~3.7 billion gallons per day, or nearly four Olympic-sized swimming pools 
per minute, representing a market value of ~$9 billion per day at the present crude-oil cost of 
~$100/barrel. The majority of this oil is used to produce transportation fuels, with the balance 
used for heating oil and industrial processes. 
 

2.1. Crude Oil Refining 
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The vast majority of the liquid hydrocarbon components of fuels today are produced from 
petroleum-derived crude oil. Crude oils from different geographic locations and production 
processes can have a wide range of properties: from low densities and viscosities  (referred to as 
“light”), to high densities and viscosities similar to tar (“heavy”); and from low sulfur (“sweet”) 
to high sulfur (“sour”). All crude oils are primarily composed of hydrocarbons of the alkane and 
aromatic classes (see Section 3).  
 
Refining is the process of converting crude oil into higher-value products, including fuels for 
reciprocating internal-combustion engines. A typical modern refinery is a complex combination 
of interdependent processes that can be divided into three basic categories: separation, 
upgrading, and conversion [4,5].  
 
Distillation is the most important and widely used separation process in a refinery. Distillation is 
a process at the front end of a refinery that divides crude oil into different boiling fractions. 
Petroleum fractions that undergo little or no processing beyond distillation are called “straight-
run” products. In the early days of petroleum refining, when fuel demand was low, engines had 
low compression ratios, and sulfur specifications were non-existent, refineries produced mostly 
straight-run products, but today significant further processing of the individual fractions is 
typically necessary to provide the required fuel properties.  
 
Upgrading processes remove undesirable impurities such as sulfur, nitrogen, and metal 
compounds. For example, bitumen (the tar-like hydrocarbon derived from oil sands and a key 
feedstock for fuels in North America) requires extensive upgrading, after which it becomes 
“synthetic crude” that can be processed in a conventional refinery [6]. The most-common 
upgrading techniques in use today involve hydrotreating, a broad class of strategies involving 
reactions of fuel species with hydrogen in the presence of a catalyst, usually at conditions of 
elevated temperature and pressure.  
 
Conversion processes are used to enable the refinery to produce fuels meeting specifications in 
quantities that match the market demand. One class of conversion processes is cracking. 
Conversion processes such as fluid catalytic cracking (FCC) and hydrocracking are used to lower 
(“crack”) the molecular weights of the heavier fractions from the distillation column to those 
appropriate for the various fuel classes. Other conversion processes such as reforming and 
alkylation increase the octane number to levels suitable for gasoline by producing aromatics and 
branched alkanes, respectively.  
 
Base fuels are produced by blending various intermediate streams in the correct proportions at 
the refinery. Other components can be blended into a base fuel at a pipeline or rail terminal 
downstream of the refinery. The blending of additives and/or other components (e.g., ethanol or 
biodiesel) results in finished fuels, which are subsequently distributed to their various points of 
sale.  
 

2.2. Fischer-Tropsch Type Processes 
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Another method of producing fuel components is to synthesize them from a mixture of carbon 
monoxide (CO) and molecular hydrogen (H2) called “synthesis gas” in a polymerization-type 
process that makes CH2 (methylene) building blocks for hydrocarbons plus water (H2O) as a by-
product: 
 

nCO + 2nH2 → -(CH2)n- + nH2O           (2.1) 
 
The process name is derived from two German researchers who discovered effective catalysts 
and operating conditions to facilitate the reaction in Eq. 2.1. Depending on the specific catalysts 
and reaction conditions used, oxygenates also can be produced by Fischer-Tropsch (or simply 
F-T) synthesis. Feedstocks that can be used to make synthesis gas include coal, natural gas, and 
biomass. Germany commercialized the process using coal to produce fuels during World War II. 
In South Africa during an oil embargo in the 1970s, Sasol made further technology 
developments and built plants to produce fuels from coal, which remain operational today. 
Several plants have recently been built in which natural gas is the feedstock that is converted to 
the synthesis gas. Diesel fuel production is maximized by operating at lower temperatures that 
favor the creation of waxy, long-chain, normal alkanes, and subsequently cracking the chains 
into the diesel range. To improve the cold-temperature properties of the diesel fuel, the normal 
alkanes are “isomerized” to produce branched alkanes (see Section 3.1.2). The resulting product 
has a high cetane number (70+), but the near-zero aromatic content can cause leakage issues for 
the elastomeric seals present in some engines/vehicles that require polar compounds in the fuel to 
enable the seals to swell to form a tight fit (see Section 4.4.2). Capital costs for Fischer-Tropsch 
plants tend to be fairly high, primarily due to the costs of the synthesis-gas plants, and fuels 
produced from those processes are only economically viable if there is long-term availability of a 
large source of extremely low-cost feedstock. 
 

2.3. Natural Gas and Liquefied Petroleum Gas 
 
Natural gas and liquefied petroleum gas (LPG) are lighter petroleum-derived products. Natural 
gas can be used in compressed (CNG) or liquefied (LNG) forms. Compared to gasoline, these 
fuels have higher octane and their combustion products have lower GHG footprints. A principal 
component of natural gas is methane, however, and any leaked methane will have a GHG 
potential 21 times higher than that of CO2. Although the lower energy densities of CNG, LNG, 
and LPG tend to limit the range of vehicles in which they are employed, these fuels are used in a 
number of Asian, South American, and European countries. In the US, the larger personal 
vehicles and the limited distribution infrastructure for highly volatile fuels have largely restricted 
the use of CNG, LNG, and LPG to fleets with centralized refueling facilities. Nevertheless, the 
growing amounts of recoverable shale gas in some countries, and the corresponding decreased 
costs of natural gas and light condensed liquids relative to gasoline and diesel fuel, may lead to 
the wider use of these fuels in the future [7]. 
 

2.4. Biomass 
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2.4.1. Ethanol Production 
Ethanol is currently added to most of the gasoline sold in the US and in many countries around 
the world. It is predominantly produced by fermentation [8], and the primary feedstocks for 
ethanol production are the starches and sugars in crops such as corn, sugar beets, and sugar cane. 
The issue of whether food crops should be used to make fuel components (see Section 4.5.4) and 
the limited life-cycle GHG-reduction benefits of corn-based ethanol (see Ch. 4 of [8]) have led to 
a significant amount of research and development on the conversion to ethanol of cellulosic 
materials found in sources such as wood and fast-growing non-food crops like switchgrass. 
Commercial production of ethanol from cellulosic material is presently negligible, however, 
relative to ethanol production from starches and sugars. 
 

2.4.2. Biodiesel Production 
Biodiesel is an oxygenated bio-derived product composed of fatty acid methyl esters (FAMEs). 
Esters have the general structure R-(C=O)O-R’, where R and R’ signify hydrocarbon chains. 
Typically, the R group is a straight hydrocarbon chain with five to 21 carbon atoms and 
containing zero to three carbon-carbon double bonds (i.e., the chain can be unsaturated, see 
Section 3.1.3). In the transesterification reactions that create biodiesel, the R-(C=O)O structures 
come from vegetable- or animal-derived triglycerides (or fatty acids), and the R’ comes from an 
alcohol, as shown in Fig. 2.1. The alcohol used in the reaction is commonly methanol, though 
sometimes ethanol or higher alcohols are used. Hence, methyl esters are produced when 
methanol is used in the transesterification reaction, ethyl esters are produced when ethanol is 
used, and so on. The most common source of triglycerides for biodiesel in the US is soybean-
derived vegetable oil.  
 

 
 

Figure 2.1. The transesterification reaction used to produce  
biodiesel esters (the reaction typically employs a catalyst). 

 
 

2.4.3. Renewable Diesel Production 
One alternative to reduce or eliminate many of the issues discussed above for biodiesel is to 
catalytically react the triglycerides with hydrogen instead of alcohols to produce alkane 
molecules that are essentially identical to, and completely fungible with, conventional 
petroleum-derived diesel. The hydroprocessing techniques required to produce these products are 
very similar to those currently used by refineries to upgrade crude oil, so conceivably these bio-
derived feedstocks could be co-processed with crude oil in refineries. 
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2.4.4. Other Biofuel Production Approaches 
A number of other possible paths are being explored to convert biomass to transportation fuels, 
and these can be grouped into two broad categories: thermochemical and biochemical. 
Thermochemical routes typically employ elevated temperatures (and/or pressures) as well as 
catalysts. Thermochemical routes such as pyrolysis (reactions occurring at elevated temperature, 
reduced oxygen content, and perhaps in the presence of catalysts) can convert even solid-phase 
biomass to liquids, but these liquids can require significant post-processing [9] before being 
suitable for use in modern engines [10]. Another thermochemical route, gasification, can be used 
to convert organic feedstocks to synthesis gas that can then be burned directly in engines or 
converted to liquid hydrocarbons through the Fischer-Tropsch process (see Section 2.2).  
 
Biochemical routes involve using micro-organisms to produce fuels directly, or using micro-
organisms or their enzymes to break down biopolymers such as cellulose, hemicellulose, and 
lignin, as intermediate steps in the fuel-production process. Examples include the direct 
production of hydrocarbons by Botryococcus braunii [11], methane production via anaerobic 
digestion, and conventional and cellulosic ethanol production processes via fermentation (see 
Section 2.4.1). 
 
 
3. FUEL COMPOSITION 
 
Because the chemical composition of a fuel determines its properties, it is helpful to have some 
knowledge of the types of compounds found in modern fuels. Modern gasolines and diesel fuels 
have a high degree of compositional complexity, with typical fuel samples containing over 100 
and 1000 distinct compounds, respectively. The compounds present in greatest abundance in 
current fuels are hydrocarbons and oxygenates, but trace components also are present, and they 
can have strong effects on engine performance. These three classes of fuel constituents are 
introduced in the context of liquid-phase fuels and discussed below. The section concludes with 
a brief discussion of the composition of gaseous fuels. 
 

3.1. Hydrocarbons 
 
Crude petroleum and the fuels derived therefrom typically contain five classes of hydrocarbon 
compounds: unbranched alkanes, branched alkanes, cyclic alkanes, olefins, and aromatics. The 
relative concentrations of the different hydrocarbon classes in a given fuel are a function of the 
feedstocks and processing strategies employed in its production.  
 
The total number of carbon atoms in a compound is known as its carbon number, denoted n. A 
representative molecule from each hydrocarbon class having n = 8 is shown in Fig. 3.1 using 
several common notational conventions. All elements are shown in the condensed structural 
formula for n-octane and the dash structural formulas for the other hydrocarbons in Fig. 3.1. In 
contrast, only carbon bonds are shown in the bond-line structural formulas. In this latter notation, 
a carbon atom is assumed to exist at the end of each straight-line segment (unless the symbol of a 
different element is shown in its place), hydrogen atoms are not shown, two parallel line 
segments indicate a double bond between adjacent atoms, and a hexagon with a circle inside it 
indicates a benzene ring. 
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Figure 3.1. Representative molecules from the five hydrocarbon classes with carbon number 
n = 8. Molecules within the gasoline boiling range were selected for simplicity.  
 
Different compounds with the same chemical formula are called isomers. As shown in Fig. 3.1, 
n-octane and iso-octane are isomers, as are 2,4,4-trimethyl-1-pentene and trans-1,2,-
dimethylcyclohexane. These types of isomers, i.e., those that differ in the sequences in which 
their atoms are arranged, are called constitutional isomers. Other types of isomerism exist, such 
as stereoisomerism, as discussed in the subsection on cyclic alkanes below. Isomerism is an 
important concept in fuel science because different isomers can have starkly different physical 
and chemical properties. 
 

3.1.1. Unbranched Alkanes  
Also sometimes known as normal alkanes, n-alkanes, or n-paraffins, these “straight-chain” 
hydrocarbons have only single bonds between their carbon atoms, and their carbon atoms are all 
positioned along a single zig-zagging but roughly linear chain (see the bond-line structural 
representation of n-octane in Fig. 3.1). Their chemical formulas are of the form CnH2n+2, where n 
is the carbon number of the molecule. Unbranched alkanes are called saturated compounds 
because they contain the maximum possible number of hydrogen atoms for their given number 
of carbon atoms and general structure. 
 

3.1.2. Branched Alkanes  
These branched-chain hydrocarbons are also commonly known as iso-alkanes or iso-paraffins 
(though technically the term “iso-alkane” refers only to an alkane with a single methyl group 
attached to the second carbon atom of its primary chain). Like unbranched alkanes, the branched 
alkanes are saturated hydrocarbons with chemical formulas of the form CnH2n+2, but the carbon 
atoms are no longer all arranged along a single linear chain. Instead there are one or more alkyl 
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branches extending from the main hydrocarbon chain. For example, Fig. 3.1 shows that iso-
octane has three methyl branches, two from the second carbon atom of the main pentane chain, 
and one from the fourth. 
 

3.1.3. Olefins  
Also sometimes known as alkenes, olefins are hydrocarbons that contain at least one carbon-
carbon double bond. Olefins can exist as unbranched, branched, or cyclic structures. The olefin 
shown in Fig. 3.1 has a branched structure with the double bond between the carbon atoms in the 
first and second positions. An olefin is an unsaturated compound because hydrogen atoms can be 
added to it without changing the general arrangement of its carbon atoms. For example, the 
olefin shown in Fig. 3.1 could be converted to iso-octane by the addition of two hydrogen atoms. 
Although olefins are not typically found in crude petroleum in high concentrations, they can be 
produced during gasoline refining (e.g., via thermal cracking). 
 

3.1.4. Cyclic Alkanes  
Also called cyclo-alkanes or naphthenes, cyclic alkanes are saturated compounds with their 
carbon atoms arranged in one or more ring structures. Cyclo-alkanes may have three to nine 
carbon atoms in each ring structure, where the chemical formula of a single-ring cyclo-alkane is 
CnH2n. Five- and six-membered rings are the most stable (and hence the most abundant in 
petroleum-derived fuels) due to their lower carbon-bond strains. The carbon atoms in cyclo-
alkane rings are not co-planar. In a five-carbon ring, one of the carbon atoms is raised above the 
plane of the other four. In a six-carbon ring, a number of conformations are possible, with the 
two most common being the “chair” and “boat” conformations. These two different 
conformations of cyclohexane are illustrated in Fig. 3.2.  
 

 
 

Figure 3.2. Conformations of cyclohexane: a. chair; b. boat. 
 
In these conformations, four of the carbon atoms are co-planar, while the remaining two either 
lie on different sides of the plane (the chair conformation, which is the most stable), or on the 
same side of the plane (the boat conformation). The potential-energy differences among the 
different cyclohexane conformations are low enough that the molecule can change 
conformations (or “interconvert”) approximately 1 million times per second at standard 
conditions [12]. These and other conformational differences among molecules can lead to 
stereoisomerism, i.e., molecules with the same chemical formula but different arrangements of 
their atoms in space that will not interconvert at standard conditions. Cyclo-alkanes with one or 
more unbranched or branched side chains, called substituents, are common and may exhibit 
stereoisomerism. When the substituents both project above the nominal plane of the cyclohexane 
ring, the compound is a cis isomer; when one substituent projects above and one below, the 
compound is a trans isomer. For example, the trans-1,2-dimethylcyclohexane shown in Fig. 3.1 
has methyl substituents bonded to the carbon atoms in the 1 and 2 positions on the ring, with one 
projecting above the nominal plane of the cyclohexane ring and one below.  
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3.1.5. Aromatics  
Aromatics are unsaturated compounds with their carbon atoms arranged in one or more ring 
structures. The most common aromatic hydrocarbons are those containing one or more benzene 
rings. A benzene ring has the formula C6H6. In contrast to cyclohexane, all six carbon atoms in a 
benzene ring lie in the same plane. The benzene rings in fuel-derived aromatic compounds can 
and often do have one or more alkyl substituents. 
 

3.2. Oxygenates 
 
The second-most-abundant class of compounds found in modern fuels is oxygenates. These are 
compounds composed not just of hydrogen and carbon, but also of oxygen. The oxygenate 
classes most commonly used in fuels today are alcohols and esters, though other classes also 
have been and are used. Some common types of oxygenates are discussed below. 
 

3.2.1. Alcohols  
Alcohols have the general formula R-O-H, where R signifies a hydrocarbon radical. Hence, the 
alcohol formed from the ethyl radical (C2H5) is ethyl alcohol, which is also known as ethanol 
(C2H5OH). Ethanol is produced by fermentation, and is by far the most commonly used 
oxygenate in gasolines, with nearly all gasoline sold in the US currently containing some 
ethanol. Higher alcohols such as butanol isomers also are potential high-octane bio-derived 
alcohol blendstocks for gasoline, and methods for scaling up their production are under 
development. 
 

3.2.2. Esters  
Esters have the general structure R-(C=O)O-R’, where R and R’ signify hydrocarbon radicals. 
Esters are discussed in Section 2.4.2 on biodiesel production. Although esters most commonly 
enter fuels as biodiesel FAMEs, they also can be derived directly from various biological and 
other processes. Raw vegetable- or animal-derived lipids, however, typically are not esters. They 
are triglycerides and/or fatty acids. 
 

3.2.3. Ethers  
Ethers have the general structure R-O-R’, where again R and R’ denote hydrocarbon radicals that 
may be different. The most well-known fuel ether is methyl tert-butyl ether (MTBE), which was 
approved for use at levels up to 15 vol% in gasoline by the US EPA in the 1980s and added to 
Federal and California reformulated gasolines. This use was banned in California and a number 
of other states in 2004, after MTBE was found in certain drinking-water supplies. Some humans 
can taste MTBE at concentrations below 0.1 parts per million (ppm) [13]. Despite the US 
experience with MTBE, some countries continue to allow the use of MTBE in gasoline. Other 
ethers show some promise as additives for diesel fuel, because their oxygen content is beneficial 
for lowering soot emissions, and they can have cetane numbers > 60 [14]. 
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3.2.4. Ketones  
Ketones have the general structure R-(C=O)-R’. A common ketone is the solvent acetone, or 
dimethyl ketone: CH3(C=O)CH3. Ketones are not found in current fuels in high concentrations, 
but they can be produced efficiently by biological processes and hence may be important 
components of future biofuels. 
 

3.3. Trace Components 
 
While trace components are, by definition, minor fuel constituents, they can have profound 
effects on engine performance through a number of mechanisms. These mechanisms include but 
are not limited to:  
 

 Corrosion of fuel-system components. For example, organic acids can react with iron, 
copper, and other materials in fuel systems to produce corrosion that can lead to the 
failure of fuel injectors, pumps, and other fuel-system components. 

 Deposit formation within fuel injectors, on engine valves, or inside the combustion 
chamber. For example, trace metals can catalyze liquid-phase polymerization reactions 
that lead to the formation of lacquers, gums, and products that are insoluble in the fuel, 
which can foul close-tolerance fuel-injector components. 

 Fuel-borne particulates that adversely affect fuel-injector operation. For example, if the 
fuel filter is not functioning properly, fuel-borne particles can plug small orifices in the 
fuel injector and/or lead to accelerated wear of injector components. 

 Poisoning of exhaust-aftertreatment catalysts. For example, sulfur and phosphorus can 
cause active sites on catalytic aftertreatment devices to become temporarily or 
permanently inactive. 

 Raising the cloud point and/or plugging the fuel filter with crystals. For example, high-
melting-point impurities can be the first to freeze in colder climates, and their crystals can 
plug the fuel filter and thereby prevent the engine from running. 

 Causing fuel blends to separate into two or more distinct liquid phases. For example, 
even small quantities of water can cause some fuel blends, especially those containing 
both polar and non-polar components (see Section 4.3.2), to separate. 

 Decreasing autoignition delay time. For example, naturally formed peroxides can 
substantially decrease the autoignition-delay time of diesel fuels and gasolines. 

 
Potential issues associated with trace components are discussed in more detail in the following 
section on key fuel properties. 
 
Not all trace components in fuel are detrimental to performance. Cetane improvers, fuel 
stabilizers, lubricity improvers, metal deactivators, and detergents are examples of compounds 
that are routinely added to fuels at ppm (parts per million) levels to improve fuel performance in 
certain engine applications. The collection of these compounds used in a market fuel, called the 
“additive package,” depends both on base-fuel characteristics and on the application. 
 

3.4. Gaseous Fuels 
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Gaseous fuels face two primary challenges in transportation and other mobile-engine 
applications. The first is that they tend to be difficult to store at high energy density, often 
requiring high-pressure fuel tanks and/or cryogenic systems. The second is that they tend to lack 
a distribution infrastructure for transportation applications, i.e., there is no nationwide network of 
gaseous-fuel filling stations like there is for gasoline and diesel fuel. Nevertheless, gaseous fuels 
are an important piece of the puzzle of meeting global energy demand. The gaseous fuels of 
primary interest are natural gas and hydrogen. 

3.4.1. Natural Gas   
Natural gas is a mixture of hydrocarbons with carbon numbers typically in the range from one to 
four and existing in vapor form at standard conditions. The cetane number of natural gas is 
typically very low (< 0), its octane number is typically high (> 110), and its specific composition 
can vary widely depending on its geographical origin. The amount of recoverable natural gas in 
the world has dramatically increased in recent years due to the employment of hydraulic 
fracturing (“fracking”) techniques for its production.  

3.4.2. Hydrogen  
There has been a great deal of interest in hydrogen because it does not contain carbon and hence 
its combustion does not produce the greenhouse gas CO2. Nevertheless, the world currently lacks 
inexpensive and abundant sources of hydrogen, an established infrastructure for its distribution, 
and low-cost techniques for storing it at high energy density. Until these significant barriers are 
overcome, hydrogen is likely to remain a fuel of the future. 
 

3.5. Fuel Mixtures 
 
 
4. KEY FUEL PROPERTIES 
 
From a high-level perspective, the processes occurring in modern internal-combustion engines 
are quite simple: oxygen from the air surrounding the engine is mixed with a fuel in a carefully 
controlled fashion, and both participate in combustion reactions that produce pressure and heat in 
the engine cylinder, plus major and minor product species. The pressure and heat created within 
each engine cylinder during combustion cause the engine pistons to move, and this movement 
transforms some fraction of the chemical energy from the fuel into the desired power at the 
crankshaft.  
 
Air is composed of approximately 78 mol% molecular nitrogen (N2) and 21 mol% molecular 
oxygen (O2). When a liquid fuel composed of hydrogen, carbon, and perhaps some oxygen, 
nitrogen, and sulfur is burned in an engine, the vast majority of the atoms react to form the major 
product species CO2 and H2O. The CO2 and H2O pass out of the engine through the exhaust 
valves with N2 from the intake air, perhaps some O2 that was not consumed during the in-
cylinder reactions (depending on the combustion strategy), and other minor product species 
including nitrogen oxides (NOx), particulate matter (PM), carbon monoxide (CO), sulfur oxides 
(SOx), and products of incomplete combustion (also known as unburned hydrocarbons or simply 
HC). The amounts of the minor species that leave the engine can depend strongly on fuel 
characteristics. 
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While the processes above are straightforward, the devil is in the details, and there are a great 
many mechanisms by which fuel properties can affect engine operation in subtle and not-so-
subtle ways. In this regard, it is sometimes helpful to distinguish between fuel properties that are 
determined by the bulk fuel composition (e.g., density, aromatic content, distillation curve), 
versus those that can be significantly affected by trace levels (~1% or less) of certain compounds 
in the fuel (e.g., cetane number, lubricity, sulfur content). For instance, properties in the latter 
group sometimes can be improved through the use of fuel additives, while those in the former 
group cannot. It is also helpful to recognize that fuel properties are often inter-related (e.g., 
cetane number, density, and sooting propensity). As a result, it can be very challenging to 
determine the effects of changing a certain fuel property when other fuel properties necessarily 
change with the property of interest.  
 
The objective of this section is to provide an overview of a number of key fuel properties and 
explain why they are important. The broad categories treated below are: combustion properties, 
physical properties, stability, materials compatibility, and environmental considerations. 
 

4.1. Combustion Properties 
 
The primary combustion properties of a reciprocating-engine fuel are its energy content, its 
autoignition quality, and its emissions-formation characteristics. These topics are treated in turn 
in the sub-sections below. 

4.1.1. Energy Content 
As mentioned in the Introduction, the energy content of a fuel, i.e., the amount of chemical 
energy available per unit mass (specific energy) or per unit volume (energy density), is a key 
factor in mobile-engine applications, because it plays the primary role in determining the mass 
and volume of fuel that must be carried aboard the vehicle or machine to satisfy the application 
requirements. Also, because fuels are typically sold by volume, energy density typically 
influences operating costs. One way to better understand the effects of fuel energy content is to 
consider the similarities and differences among the concepts of efficiency, fuel economy, and 
specific fuel consumption. 
 

4.1.1.1. Efficiency, Fuel Economy, and Specific Fuel Consumption  
Other chapters of this Encyclopedia cover engine and vehicle efficiency, fuel economy, and 
specific fuel consumption in greater detail, but certain aspects that are directly related to fuel 
effects bear mentioning here. For instance, an engine might run more efficiently when fueled 
with ethanol, but the corresponding fuel economy could be lower and the specific fuel 
consumption higher. How could this be? To answer this question, the definitions of efficiency, 
fuel economy, and specific fuel consumption must be considered within the context of variable 
fuel properties.  
 
Efficiency, denoted , is simply the engine work output per unit of chemical energy input, i.e.,  
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,                (4.1) 
 
where Wout is the work output per cycle of the engine, mf is the mass of fuel supplied to the 
engine per cycle, and qLHV is the lower heating value of the fuel (i.e., the specific energy of the 
fuel assuming the water in the products remains in the vapor phase). From a thermodynamic 
standpoint, an optimal engine design is one with maximum efficiency. Nevertheless, liquid fuels 
are priced on a volumetric basis rather than an energy-content basis, and hence the engine user 
often cares most about the fuel economy (FE) of the vehicle, i.e., the distance that can be 
traveled per unit volume of fuel. Since the distance that can be traveled is proportional to the 
work output of the engine, Eq. 4.1 can be used to show that  
 

.q
m

qm

V

W
FE LHVf

f

f

LHVf

f

out 






             (4.2) 
 
In Eq. 4.2, Vf and f are the volume of fuel injected per cycle and the fuel density, respectively. 
So while the FE is proportional to the efficiency, as expected, it is also proportional to the fuel 
density and specific energy. Similarly, specific fuel consumption (SFC) is often used to quantify 
efficiency. SFC is the mass of fuel required per unit of work output, and again using Eq. 4.1,  
 

LHVout

f

q

1

W

m
SFC


 .              (4.3) 

 
The presence of the specific-energy term in Eq. 4.3 indicates that, like FE, SFC is not a direct 
measure of efficiency. The subtle differences among , FE, and SFC can be the source of 
considerable confusion. 
 
Consider a gasoline-fueled vehicle with a FE of 40 miles per gallon (mpg) and an engine 
efficiency of 30%. Assuming that the same engine running on neat ethanol achieves an 
efficiency of 40%, a substantial thermodynamic improvement, the corresponding FE would only 
be 35.6 mpg. (This analysis assumes gasoline and ethanol specific energies of 42.6 and 27.0 
MJ/kg, respectively; gasoline and ethanol densities of 749 and 789 kg/m3, respectively; and all 
other vehicle parameters being equal.) The lower FE for neat ethanol is because even though the 
efficiency and density terms in Eq. 4.2 increase when switching from gasoline to neat ethanol, 
the specific energy of ethanol is low enough to counteract these effects. Hence, even with the 
increased engine efficiency of neat ethanol and if neat ethanol were available for 10% less cost 
per unit volume than gasoline, it would not make financial sense to switch from gasoline to neat 
ethanol based on the fuel cost per mile traveled. In this example, the lower specific energy of 
ethanol also leads to a higher SFC than that achieved with the gasoline-fueled vehicle. (Note: 
This is an example that was presented to illustrate some of the potential issues when considering 
the use of fuels with different energy contents; it is not a true cost/benefit comparison between 
gasoline and neat ethanol because the efficiency and FE values used were only hypothetical.)  
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As illustrated in the above example, efficiency is the best parameter to use when evaluating fuel 
effects on the ability of an engine to convert chemical energy into useful work, while FE is likely 
a better parameter to use for fuel-cost comparisons, and SFC might be desirable in situations that 
are very sensitive to the mass of fuel that must be carried aboard a vehicle. 
 

4.1.2. Autoignition Quality 
Autoignition quality is a critical characteristic of fuels for both SI and CI engines. In SI engines, 
autoignition quality is arguably the most important fuel property, determining the extent to which 
knock and pre-ignition phenomena will limit engine performance. Due to this critical role, fuel 
effects on SI engine knock and pre-ignition are treated in detail in the following subsection. 
Autoignition quality also plays an important role in CI engines, affecting cold-startability, 
combustion noise, and emissions, and these are discussed after the sub-section on SI-engine 
effects.  
 

4.1.2.1. Fuel Autoignition-Quality Effects in SI Engines: Knock and Pre-Ignition 

Knock in SI Engines 
Knock is an abnormal combustion phenomenon that can damage spark-ignition (SI) engines [15] 
and is determined by the pressure and temperature history of the “end-gas” (i.e., the gas mixture 
ahead of the advancing flame front) and the anti-knock or autoignition quality of the fuel. Knock 
occurs when the end-gas autoignites, centered on one or more “hot spots,” causing a sharp rise in 
the heat release rate and setting up pressure waves in the cylinder which in turn manifest 
themselves as a metallic “pinging” sound. Knock intensity is usually defined as the maximum 
amplitude of this fluctuating pressure signal. When the knock intensity reaches some threshold 
value (it is common to use a value of 0.2 bar), the engine is said to knock.  
 
At a given engine operating condition, knock intensity increases as the spark timing is advanced, 
and the timing at which the engine knocks is known as the Knock Limited Spark Advance 
(KLSA). The larger the KLSA, the more resistant a fuel is to knock at the particular operating 
condition. When the engine cannot be run at its maximum load and efficiency because of knock, 
it is said to be knock limited. A modern car includes a knock detector and is knock limited on 
normally available fuels over at least a part of its operating range. When knock is detected, the 
engine management system takes corrective action (e.g., it retards the spark timing), and this 
usually reduces the power. In such engines fuel anti-knock quality also can be quantified by 
measuring the knock-limited power or acceleration performance at a given operating condition 
[16,17]. Using a fuel with an anti-knock character higher than that required to avoid knock will 
not generally further improve engine performance, though use of a higher-octane fuel may 
improve fuel economy if the higher octane is achieved by a higher mole fraction of aromatic 
carbon in the fuel, since this type of fuel will have a greater energy density (see Section 4.1.1).  
 
Fuel anti-knock quality is described by empirical measures because the fundamental autoignition 
chemistry cannot be quantified adequately for practical fuels due to their compositional 
complexity. It is traditionally measured by Research and Motor Octane Numbers, RON and 
MON, of the fuel used. The RON test is run in a single-cylinder Co-operative Fuel Research 
(CFR) engine at an engine speed of 600 rpm and an intake temperature of 52 °C, while the MON 
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test is run at 900 rpm with a higher intake temperature of 149 °C. These tests are run in strict 
accordance with the procedures set in [18-20]. The octane scale is based on two alkanes, 
n-heptane (octane number  0) and iso-octane (octane number  100). The blends of these 
components are referred to as primary reference fuels (PRF) and define the intermediate points in 
the RON or MON scale. The RON or MON is the volume percent of iso-octane in the PRF. Thus 
a blend of 90 vol% iso-octane and 10 vol% n-heptane is assigned the octane number of 90 in 
both RON and MON scales. A fuel is assigned the RON (or MON) value of the PRF that 
matches its knock behavior in the RON (or MON) test. All practical gasolines are mixtures of 
aromatics, olefins, naphthenes, oxygenates, and alkanes. A practical gasoline will match the PRF 
of a higher octane number in the RON test and hence has a higher RON when compared to the 
MON test. The difference between RON and MON is known as the sensitivity. 
 

Pressure and temperature development in the unburned gas in an engine 
The temperature of the unburned gas increases as pressure increases in the engine cylinder. For 
instance, at the RON test condition, the temperature at a given pressure is lower than in the MON 
test condition as shown in Fig. 4.1 [16]. Modern engines are “beyond RON” because the 
temperature of the unburned mixture, at a given pressure, is even lower than in the RON test. 
Alternatively, the pressure for given temperature is higher in modern engines compared to the 
RON test. An example of such a condition “beyond RON” is also shown in Fig. 4.1. This is a 
consequence of the higher efficiency of modern engines. Engine designers have always tried to 
force more air into the cylinder while minimizing the temperature in order to improve power 
density and efficiency. Indeed, all the modern trends aimed at improving the efficiency of SI 
engines such as increasing the compression ratio, direct injection and turbo-charging aligned 
with down-sizing will push modern engines further “beyond RON.”  
 

 
 
Figure 4.1. Unburned mixture temperature vs. pressure. K decreases from 1 to zero moving from 
the MON test condition to the RON test condition and becomes negative “beyond RON.” The 
true anti-knock quality is given by OI = (1-K)RON + K*MON. 
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Anti-knock quality of gasolines in modern engines 
The anti-knock quality of a fuel varies with engine conditions. Thus the knocking characteristics 
of a gasoline of 95 RON and 85 MON will match those of an 85 PRF in the MON test, while it 
will be much less prone to knock, compared to PRF fuels, in the RON test condition and will 
match 95 PRF. This is because the autoignition chemistry of non-alkane components in gasoline 
is different from that of PRF. The anti-knock quality of practical fuels in an engine is studied by 
measuring a parameter dependent on the autoignition quality of the fuel such as KLSA. At the 
same operating condition many fuels of different chemical compositions and hence, different 
RON and MON, are compared. In such autoignition studies, Homogeneous Charge Compression 
Ignition (HCCI) engines have been valuable complements to knocking SI engines because the 
fundamental combustion mechanisms are the same in both cases, as summarized in [16]. 
However, it is possible to run HCCI engines well “beyond RON” or even well “beyond MON” 
by increasing the intake pressure or intake temperature. This has allowed autoignition behavior 
to be studied in pressure/temperature regimes not accessible in knocking SI engines.  
 
The true anti-knock quality of a gasoline is best described by an Octane Index, OI [16,17] which 
is defined as  
 
OI = (1-K)RON + K*MON = RON – K*S                      (4.4). 
 
where K is an empirical constant which depends only on the pressure and temperature history of 
the unburned mixture in the cylinder and S = (RON – MON) is the sensitivity. OI is the octane 
number of the PRF that matches the knock behavior of the gasoline that is of interest, at the 
conditions of the particular engine test. The value of K depends on the design and operating 
condition of the engine. Thus K=1 in the MON test and the anti-knock quality of the gasoline is 
described by its MON but K=0 in the RON test which runs at a lower temperature for a given 
pressure (Fig. 4.1). Modern engines are “beyond RON” and K is negative, i.e. for a given RON, 
a lower MON, higher sensitivity fuel has higher OI and is more resistant to knock. For instance, 
if K = -0.5, a gasoline with 95 RON and 85 MON will have an OI of 100 and will actually match 
a PRF of 100 (i.e., pure iso-octane) for knock. Modern engines usually have negative K values 
[16,17,21-23].  
 

The value of K has been decreasing throughout recent history 
The RON test was invented in 1930 when the average compression ratio was around five [24], 
and the engines had poor efficiency compared to modern engines. It was soon obvious that the 
RON test did not predict the anti-knock quality of fuels on the road at that time. Hence the MON 
test was developed and it reflected the anti-knock behavior of fuels in cars of that time much 
better. Clearly, the K value of the U.S. car fleet then was around 1. The Coordinating Research 
Council (CRC) in the U.S. has conducted frequent surveys to establish the octane appetite of 
U.S. cars between 1947 and 1996. Based on these data and other available sources, Mittal and 
Heywood [24] show that the K value has decreased from around 1 to zero in 2008 because of 
reduced end-gas temperatures and higher pressures. A similar decreasing trend for K in the U.K. 
car fleet also has been reported in [16]. Historically in the U.S., fuel anti-knock quality has been 
assumed to be best described by (RON+MON)/2, which translates into K = 0.5. The U.S. car 
fleet, on average, used to have such an octane appetite when this specification was first agreed 
upon; however, engine technology has moved on and with it, the octane appetite. 
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Why is K negative in modern engines? 
The autoignition chemistry of non-alkane components which are found in practical fuels is 
significantly different from that of the PRFs used in the RON and MON scales. In general, for a 
given temperature, T, a non-alkane fuel becomes more resistant to autoignition, compared to an 
alkane fuel, as the pressure, P, increases. A fundamental measure of autoignition quality of a 
combustible mixture is the ignition delay, τ, which is measured outside the engine in special 
equipment such as shock tubes or rapid compression machines [15,25,26]. The smaller the value 
of τ, the more reactive is the mixture. In general, τ can be expressed as a function of temperature 
and pressure [25,26] in a given pressure/temperature range. 
 
 

   n
000 P/PT/Tf               (4.5) 

 
Here τ0 is the ignition delay measured at some reference pressure, P0, and a reference 
temperature, T0. It is found experimentally that the value of the pressure exponent, n, is much 
smaller for non-alkane fuels compared to alkane fuels [25,26] at high temperatures (T > ~850 K). 
Hence, non-alkane fuels become relatively more resistant to autoignition if the pressure is 
increased at a fixed temperature. Why this should be so, at the fundamental chemical kinetic 
level, is not yet clear. The negative value of K could only be explained in HCCI engines [27] and 
in knocking SI engines [17] by this difference in the value of the pressure exponent, n, between 
alkane and non-alkane fuels. The sensitivity, S, is a measure of how different the fuel 
autoignition chemistry is from that of PRF.  
 

Specifications for fuel anti-knock quality and engine appetites 
High MON is considered to contribute to the anti-knock quality of a gasoline in many areas, e.g., 
in North America and in Europe. In Europe, there is a minimum MON specification of 85 and in 
North America MON is considered to be as important as RON. However, as discussed above, 
modern engines have pressure/temperature development regimes which make MON at best 
irrelevant (K = 0) or actually detrimental to fuel anti-knock quality (K < 0). Thus these octane 
specifications are inconsistent with the actual requirements of modern engines. Moreover, as 
improved engine efficiency is sought, this mismatch between specifications and engine 
requirements will get wider and will have to be addressed. Steps taken to improve engine 
efficiency such as down-sizing and turbo-charging will in general make future engines more 
prone to knock, necessitating higher anti-knock quality in the fuel. Such engines will also be 
“beyond RON,” and the K value will be negative so that for a given RON, a lower-MON fuel 
will be more resistant to knock [28]. The need to bring fuel specifications in line with engine 
requirements will increase. 
 

Pre-ignition and “Superknock” 
Pre-ignition is an abnormal combustion phenomenon where an expanding flame front is 
established before the spark plug fires in the engine. Pre-ignition has been of intermittent 
concern at different stages of the history of SI engines. In the 1950s and early 1960s, 
compression ratios increased rapidly and pre-ignition became a serious problem. Pre-ignition 
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again seems to have attracted attention in the 1980s primarily because of the problems 
encountered with using methanol after a relatively quiet period in the 1960s and 1970s. With the 
trend in down-sizing and turbocharging, it has again become a concern in turbo-charged DISI 
(Direct Injection Spark Ignition) engines [29,30]. The early start of combustion from pre-ignition 
causes the pressure and the temperature of the unburned gas ahead of the advancing flame front, 
the end-gas, to rise more rapidly compared to normal spark timing. If autoignition occurs in the 
end-gas at high pressure and temperature, it can lead to extremely heavy knock, with knock 
intensities of 100 bar or more. Such events are informally described as “super-knock,” another 
abnormal combustion phenomenon which could potentially damage the engine [30,31]. 
 
Pre-ignition is a flame initiation problem and two separate criteria have to be met in order for it 
to occur. The first is an ignition criterion which requires that the temperature must reach a 
minimum level locally so that runaway chemical reactions start. This might occur because of hot 
spots on the internal surfaces of the engine or because of autoignition and catalytic reactions 
centered around oil droplets or particulates in modern DISI engines. The additional initiation 
criterion requires that the incipient flame must reach a critical radius which is proportional to the 
laminar flame thickness, δ, before it becomes self-sustaining [31]. The smaller the value of δ, the 
larger is the probability of flame initiation and pre-ignition, all else being equal. In the 
experiments reported in modern DISI engines [29,32], the probability of both criteria being 
satisfied is low since pre-ignition only occurs every 15,000 cycles or so. However, all else being 
equal, anything that reduces δ will make pre-ignition more likely. 
 
Assuming the Prandtl number to be unity, δ can be related to the dynamic viscosity, μ, the 
density, ρ, and the laminar burning velocity Sl, by [31] 
 
δ = ( μ/ ρSl)                                                     (4.6) 
 
Further, Sl is related to the pressure, P, and temperature, T, by  
 
 Sl = Sl0 (T/T0)

n(P/P0)
-m                                                            (4.7) 

 
where Sl0  is the laminar burning velocity at some reference pressure, P0, and temperature, T0 and 
m and n are constants [33,34]. Also, from the ideal gas law, (P/P0) = (T/T0)(ρ/ρ0) where ρ0 is the 
density at pressure P0 and temperature T0. Finally dynamic viscosity, μ, varies as T0.5. If  μ0 is the 
dynamic viscosity at P0 and T0, from Eq. 4.6,   
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As pressure is increased in an engine, the temperature also increases so that  T/To = (P/Po)

(x-1)/x 

where x is the polytropic index. Taking x = 1.35, T/To = (P/Po)
0.26. Hence Eq. 4.8 can be 

rewritten as 
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The kinematic viscosity, 00 / , of the fuel/air mixture for different liquid fuels can be assumed 

to be the same. The values of m have been reported to be between 0.16 and 0.28, whereas n is 
between 1 and 2.2 for different fuels [31]. Hence, for a given fuel (i.e., with Sl0 fixed), the 
pressure exponent in Eq. 4.9 is always negative so that as pressure increases, the laminar flame 
thickness decreases and pre-ignition becomes more likely. Experimentally, for a given fuel, pre-
ignition is also found to be more likely if the mixture strength is slightly rich of stoichiometric, 
where Sl0 is likely to be maximum [35]. We should also expect that for a given fuel, use of 
cooled EGR will reduce Sl0 and hence make pre-ignition less likely, all else being equal. For a 
given operating condition as we test different fuels, we should expect that as Sl0 increases, pre-
ignition becomes more likely and pre-ignition resistance (PR) decreases. This is indeed found to 
be the case [31]. Figure 4.2 shows PR from [35] for different fuels plotted against the maximum 
laminar burning velocity, Slmax measured at 30.4 bar (P0) and 450 K (T0 ) in [36]. PR in [35] was 
measured at a mixture strength slightly rich of stoichiometric where the laminar burning velocity 
is likely to be maximum. There was little correlation between PR and RON or PR and MON, 
confirming what has been found in all previous studies [31]. 
 

 
 

Figure 4.2. Pre-ignition resistance (PR) from [35] vs. Slmax from [36]. 
 
Pre-ignition increases pressure and temperature in the end-gas ahead of the advancing flame 
front. The mixture in the end-gas is never homogeneous and the autoignition that triggers knock 
is initiated at one or more centers or “hot spots.” The pressure wave initiated by the autoignition 
changes as it traverses through inhomogeneities in the end-gas [37]. Similar phenomena also 
occur in homogeneous charge compression ignition (HCCI) engines [38]. Hot spots are 
associated with gradients of reactivity which lead to gradients of autoignition-delay time. The 
pressure wave generated by the hot spot can couple with the autoignition reaction front when it 
moves into the unburned mixture at approximately the acoustic speed. Under some 
circumstances, the fronts are mutually reinforced to create a damaging pressure spike 
propagating at high velocity within the hot spot in a developing detonation [39]. If autoignition 
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occurs at these high pressures and temperatures, the probability of developing detonation 
increases and this is the most likely explanation for the extremely high intensity knock, 
informally known as “super-knock,” that is occasionally observed in modern turbo-charged DISI 
engines following pre-ignition [30,31]. 
 

4.1.2.2. Fuel Autoignition-Quality Effects in CI Engines 
In most modern CI engines, the majority of the fuel is injected directly into the combustion 
chamber when the piston is near the top of the compression stroke. Within a given time after the 
start of injection (SOI, i.e., the time at which fuel begins to enter the combustion chamber), fuel-
rich regions of the stratified mixture in the cylinder autoignite, creating a rapid pressure increase. 
The rest of the fuel burns in a quasi-steady lifted jet diffusion flame [40]. The time between SOI 
and autoignition is called the ignition delay. In general, a given change in ignition-delay time 
will have a larger effect in a high-speed engine than a low-speed engine because the crankshaft 
rotates through a larger angle per unit time in the high-speed engine. 
 
The autoignition quality of fuels for CI engines is typically quantified using the cetane number 
(CN). In general, fuels with short ignition delays have higher CNs, and fuels with longer ignition 
delays have lower CNs. Typical diesel fuels have cetane numbers between 40 and 60. High-CN 
fuels are preferable for use in conventional CI engines. Their tendency to autoignite easily 
facilitates engine cold-starting. High-CN fuels also lead to quieter engine operation. The shorter 
time for fuel-air premixing during the ignition delay for high-CN fuels leads to a smaller amount 
of chemical energy release during premixed autoignition, and hence quieter combustion (all else 
being equal).  
 
The CN of a fuel is measured using an indirect-injection single-cylinder CFR (Co-operative Fuel 
Research) engine with a pintle-type fuel injector and an adjustable compression ratio operated at 
a constant speed of 900 rpm, as described in ASTM International Test Method D613 [41]. The 
conditions used in the cetane-engine test are not very representative of those in modern CI 
engines. Other test methods employing constant-volume combustion chambers to measure the 
Derived Cetane Number (DCN) also are becoming more widely used [42,43], but their results 
are based on correlations with cetane-engine data, so they are no more representative of 
conditions in modern engines. 
 
While the ignition delay is a function of the conditions within the engine cylinder (e.g., 
temperature, pressure, local mixture stoichiometry), it is also a function of the fuel-composition-
dependent chemistry that occurs as the fuel begins to oxidize. The autoignition quality of a low-
CN base fuel can be improved without changing the bulk fuel composition by adding tens to 
hundreds of ppm of a highly reactive “cetane improver” to the fuel. The most common cetane 
improvers in use today are 2-ethylhexyl nitrate (EHN) and di-tert-butyl peroxide (DTBP). The 
effects of EHN addition on diesel-fuel CN are discussed in [44]. 
 
A treatment of the detailed processes leading from possible low-temperature (or “cool-flame”) 
reactions through high-temperature ignition is beyond the scope of this article, but this area has 
been well addressed in the literature [45-48]. Suffice it to say that kinetic effects on autoignition 
processes can be complex. Alkanes, aromatics, and oxygenates can and do exhibit markedly 
different behaviors under certain conditions. As mentioned in the preceding section, the need for 
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new autoignition-quality metrics to better characterize the ignition behaviors of modern fuels in 
modern engines has been acknowledged, but such new metrics have not yet found their way into 
widespread use. 

4.1.3. Emissions-Formation Characteristics 
It is often easy to observe that changing the composition of the fuel supplied to an engine can 
change the emissions characteristics of the engine. Less straightforward, however, is 
understanding the mechanisms underlying the observed emissions changes. This is because fuel-
composition changes can influence physical, chemical, and engine-calibration-specific processes. 
(The engine calibration establishes the exact values of the various input parameters required for 
optimal operation at each point in the engine operating space.) Of these, engine-calibration-
specific processes can be particularly difficult to understand because calibrations are usually 
proprietary in nature, costly to create, and not created for anything other than an average market 
fuel. 
 
Examples of physical processes that can be affected by fuel-composition changes include: 

 Fuel injection (e.g., injection pressure, timing, in-nozzle cavitation) 
 Fuel vaporization (e.g., liquid- and vapor-phase fuel penetration, entrainment rate, droplet 

characteristics) 
 Mixture formation (e.g., degree of fuel and thermal stratification, spray-wall interactions, 

presence of liquid-fuel films) 
 
Examples of chemical processes that can be affected by fuel-composition changes include: 

 Fuel autoignition resistance (and dependence on in-cylinder thermal and mixture 
stratification and pressure) 

 Combustion kinetics (e.g., heat-release rate, emissions formation and removal, 
combustion stability) 

 Mixture stoichiometry (i.e., the proximity of the charge-gas mixture at each point in 
space to its stoichiometric condition; see [49]) 

 Aftertreatment-system reactions and efficiency 
 
Examples of fuel-dependent, engine-calibration-specific processes include: 

 Injection/ignition timing changes 
 Turbocharger settings changes 
 Exhaust-gas recirculation rate changes 
 Intake-manifold pressure and temperature changes 
 Differences in any of the above between steady-state and transient conditions for 

different fuels 
 
Based on the above, it should be expected that the magnitudes and even the directions of 
emissions changes will vary with fuel changes depending on: which fuel properties are varied (it 
is almost always impossible to vary only one fuel property at a time); how fuel properties are 
varied (e.g., if the aromatic content of a fuel is decreased, what kinds of compounds are replacing 
the aromatics?); the ranges over which fuel properties are varied (the effects of raising CN from 
30 to 40 are likely to be larger than the effects of raising CN from 70 to 80); the specific engine 
and combustion strategy (fuel effects observed in a light-duty SI premixed-combustion mode are 
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likely to be different from those observed in a heavy-duty CI mixing-controlled-combustion 
mode); the specific operating condition(s) and/or test cycle(s) employed (e.g., high- vs. low-load 
conditions, steady-state vs. transient cycle); and the presence, absence, nature, and/or age of any 
installed aftertreatment devices. 
 
The use of biodiesel in CI engines provides an illustrative example of how changing the fuel can 
have a number of inter-related, subtle, and complex effects on engine-out emissions. First, 
biodiesel has a lower volatility than conventional diesel fuel, which can lead to longer 
penetration of liquid-phase fuel within the combustion chamber and subsequent wall 
impingement [50]. Wall impingement can lead to lower efficiency, reduced durability (due to 
loss of wear resistance when lubricant is diluted with fuel), and the formation of pool fires that 
can produce elevated emissions of smoke, NOx, HC, and CO [51,52]. Second, the oxygen bound 
within biodiesel methyl esters pushes the fuel-rich autoigniting mixtures closer to stoichiometric 
conditions, leading to higher local temperatures that are further elevated by less radiative heat 
loss from the flame due to the lower levels of soot produced [53]. The higher temperatures lead 
to faster combustion reactions, producing an effective phasing advance. The higher temperatures 
and longer residence times at high temperature for biodiesel lead to increased thermal NOx 
formation relative to a hydrocarbon diesel fuel [53]. Third, the lower energy content of biodiesel 
means that a larger quantity must be injected to achieve a given load. An engine calibrated for 
diesel fuel could interpret the larger quantity of fuel injected as a signal to reduce the EGR level, 
further increasing the NOx emissions when fueling with biodiesel [54]. In principle, many of 
these factors can be overcome by re-calibrating the engine for biodiesel use, resulting in lower 
smoke, HC, and CO emissions at equivalent NOx and efficiency levels relative to hydrocarbon 
diesel fuel [55]. There are costs and challenges involved, however, with recalibrating existing 
engines, as well as adjusting for different biodiesel blend levels (e.g., B5 vs. B100) and 
differences in biodiesels made from different feedstocks (e.g., soy vs. palm). 
 
Trends in mixture-stoichiometry and temperature effects on emissions from both CI and SI 
engines can be estimated using a -T plot, as shown in Fig. 4.3 (from [56]). Soot production 
occurs in regions with  > 2, and the width of the temperature window over which it occurs 
increases with . NOx production occurs in near-stoichiometric to lean mixtures with 
T > 1900 K. HC production occurs in mixtures with T < 1000 K and/or higher-temperature 
mixtures with  > 1.2. CO production occurs mostly in rich, high-temperature mixtures, though it 
can also occur in leaner mixtures where temperatures are insufficient to carry CO oxidation to 
completion. If the fuel is oxygenated, the oxygen equivalence ratio should be used in place of the 
conventional equivalence ratio to quantify the mixture stoichiometry [49]. 
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Figure 4.3. Emissions calculated in a constant temperature and pressure homogeneous reactor at 
a reaction time of 2.0 ms for n-heptane/air mixtures (i.e., no dilution) at the given local 
equivalence ratio and temperature. Contours indicate emissions indices of soot and NOx [57], 
whereas colors indicate emissions indices of a. CO and b. HC [56]. 
 
Emissions trends also can change with fuel composition. Fundamental studies have shown that 
sooting tendency generally goes as: poly-aromatics > mono-aromatics > cyclo-alkanes > iso-
alkanes > n-alkanes [58,59]. Fuel effects on NOx emissions tend to be small, provided 
comparisons are made at the same mixture stoichiometry [60], though there is some evidence 
that NOx emissions increase with aromatics content [61,62]. Trends for HC and CO emissions 
tend to be similar to one another. Lower emissions of these pollutants tend to be correlated with 
higher levels of more-reactive species (e.g., n-alkanes [63]). Other review articles that may be of 
interest regarding fuel effects on CI and SI engine emissions include [64] and [65]. A good 
review of fuel effects on 1998 and earlier heavy-duty CI engines can be found in [66]. 

4.1.4. Flash Point and Flammability Limits 
The flash point is a parameter used to quantify the tendency of a fuel to form an explosive 
mixture, and it is often used to help assess potential safety issues related to fuel storage and 
handling. The flash point is the temperature at and above which the vapors over a layer of liquid 
fuel will sustain a flame if an ignition source is provided. Many methods exist to measure the 
flash point, and the values yielded by different methods for a given fuel will not necessarily be 
equal. Nevertheless, the flash point is the most widely used fire-safety parameter used in 
commercial practice. 
 
Another way to assess the risk of fire or explosion resulting from an accidental fuel release is to 
measure the flammability limits of the fuel. Most gasoline- and diesel-range hydrocarbons will 
sustain combustion only in a narrow range from ~1 – 7 vol% in air at standard conditions. Fuel-
storage systems are designed so the mixture in the fuel tank remains above the rich flammability 
limit for gasoline-fueled vehicles and below the lean flammability limit for diesel-fueled vehicles 
over a wide range of ambient conditions. While the lean flammability limits for methane and 
hydrogen are slightly higher than those of gasoline- and diesel-range hydrocarbons at 5 and 
4 vol%, respectively, the rich limits are significantly higher at 15 and 74 vol%, respectively. This 
phenomenon and the high tank pressures often associated with methane- and hydrogen-fueled 
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vehicles require that special safety precautions be taken to protect against fire and explosion in 
the event of an accidental release when these gaseous fuels are employed. 
 

4.2. Physical Properties 

4.2.1. Phase-Change Characteristics 
A fuel must satisfy a few primary phase-change requirements to perform well in a given 
reciprocating-engine application. First, the fuel must generally be a liquid when it is pumped to 
the injectors. Solid and vapor-phase fuels are not compatible with conventional liquid-fuel 
pumps, and will generally lead to filter plugging and “vapor lock” (loss of fuel pressure due to 
vaporization in the fuel-supply system), respectively. Second, any fuel must be vaporized before 
it can be burned in the combustion chamber. Liquids and solids cannot burn in the conventional 
sense; some of the condensed phase must be converted to vapor and mixed with a sufficient 
amount of oxygen before combustion can occur. Third, the fuel should not be so volatile that a 
significant fraction of it is lost from the tank and/or fuel-transfer lines over time (these 
evaporative emissions can adversely impact air quality), but it should be volatile enough that the 
engine starts easily under cold conditions. Most fuel specifications related to phase-change 
characteristics exist to ensure that these three requirements are met. 

4.2.1.1. Maintaining Liquid-Phase Fuel in the Fuel-Supply/Injection System  
Ensuring that the fuel remains in the liquid phase within the fuel system imposes different 
challenges depending on fuel type, composition, climate at a given geographical location and 
time of year, altitude, and engine application. For gasolines, the challenges typically occur due to 
excessive liquid-to-vapor transition. Gasoline volatilities have been limited to prevent vapor lock 
in hot weather [67]. The vaporization characteristics of a fuel are typically quantified by 
measuring its distillation curve. The distillation curve is typically quantified using the ASTM 
D86 test method [68], though alternative methods with an improved grounding in 
thermodynamics have been proposed [69]. For diesel fuels, the challenges associated with phase 
change typically occur due to undesired liquid-to-solid transition. Fuel freezing or gelling can 
cause fuel filters to plug, thereby stopping the engine. A number of test methods have been 
designed to quantify the potential cold-weather issues with diesel fuels, including the cloud point 
[70], pour point [71], cold filter plugging point [72], and the low-temperature flow test [73]. 

4.2.1.2. Achieving Desired Fuel Vaporization in the Engine 
The lower volatilities of diesel fuels also can present problems with in-cylinder vaporization, 
which can lead to lower efficiencies and higher emissions, especially when advanced or retarded 
injection timings cause the fuel to be injected into a cooler in-cylinder environment [50-52]. The 
main parameter affecting adequate gasoline vaporization is the back-end volatility (i.e., the high-
temperature end of the distillation curve). Oxygenate addition can also introduce challenges; for 
example, blending ethanol into gasoline results in increased latent and specific heats and hence 
more energy required to vaporize the fuel. 

4.2.1.3. Preventing Excessive Evaporative Emissions while Maintaining Cold-Start Performance 
Evaporative emissions are primarily an issue with gasolines, and they are governed by the vapor 
pressure of the gasoline. The vapor pressure should be as low as possible to minimize 
evaporative emissions, while still being high enough for the fuel to deliver adequate performance 
under cold-start conditions. Vapor pressure can be quantified using a number of different test 
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methods; see [67] for a list. Oxygenate addition can also introduce challenges with vapor 
pressure. For example, blending ethanol into gasoline results in an increased vapor pressure of 
the blend. Excessive vaporization is not typically a problem with diesel fuels due to their lower 
volatilities; the notable exception is if gasoline has been blended into diesel fuel. 

4.2.2. Density 
Density is a fundamental physical property of a fuel, and it can influence fuel utilization through 
a number of mechanisms. As discussed in Section 4.1.1.1, the density of a fuel can affect fuel 
economy and fuel consumption. Fuel density changes also can affect the penetration of liquid 
and vapor-phase fuel within the combustion chamber, as well as the engine calibration. Aromatic 
hydrocarbons and oxygenates generally have higher densities than aliphatic hydrocarbons of the 
same carbon number.  

4.2.3. Lubricity 
The lubricity of a fuel is its ability to prevent the wearing of adjacent wetted parts that move 
relative to one another. Fuel lubricity is an important parameter, particularly in CI-engine 
applications where the fuel pump and injectors are lubricated by the fuel, include close-tolerance 
parts, and may operate at pressures exceeding 250 MPa. The lubricity of a fuel is the 
combination of its hydrodynamic- and boundary-lubrication characteristics. Hydrodynamic 
lubrication is provided by the fuel viscosity preventing adjacent parts from touching (higher 
viscosities are better), while boundary lubrication is provided by the fuel adhering (via 
intermolecular forces) to the adjacent solid surfaces [5]. Fuel lubricity can be quantified using a 
number of test methods, with the high-frequency reciprocating rig (HFRR) [74] and scuffing 
load ball on cylinder lubricity evaluator (SLBOCLE) [75] being the most common in the US. 
Lubricity is a property that can be significantly improved by fuel additives blended at treat rates 
significantly less than 1 wt%. 

4.2.4. Viscosity  
The viscosity of a fuel affects its hydrodynamic lubrication characteristics, as discussed above. 
Viscosity also influences fuel pumping and atomization. A fuel with low viscosity will tend to 
leak through small clearances in a fuel pump, which may lead to reduced delivery pressures and 
quantities. Lower viscosity (and lower surface tension) have been shown to enhance liquid-fuel 
atomization, but this mechanism may be less important for the injection pressures and ambient 
conditions in modern CI engines [76,77]. 

4.2.5. Electrical Conductivity 
A static charge can accumulate when a fuel is being pumped from one location to another. In the 
absence of proper grounding, the potential difference between a given fuel-system component 
and ground can become large enough for a spark discharge to occur. This spark could act as an 
ignition source for fuel vapors, and a fire or explosion could ensue. Conductivity-enhancing 
additives are used when necessary to mitigate this potential hazard. 
 

4.3. Stability 
 
The stability of a fuel refers to its resistance to changes in its chemical composition and/or 
mixture characteristics over time. A fuel with excellent stability is desirable. There are two main 
types of fuel instability: chemical instability and mixture instability.  
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4.3.1. Chemical Instability and Deposit Formation  
A fuel that undergoes oxidation, polymerization, or other reactions in the liquid phase that 
change its composition has chemical instability. The chemical reactions of oxidation or 
polymerization can produce generally higher molecular-weight compounds that are insoluble in 
the fuel, such as lacquers, gums, and solids. These species are called deposits if they adhere to 
fuel-system, in-cylinder, or other engine components. Such deposits can plug fuel filters, prevent 
proper injector operation, foul in-cylinder components like piston rings and valves, and increase 
engine emissions. For example, the relatively lower oxidative stability of biodiesel relative to 
conventional hydrocarbon diesel fuel can lead to fuel-system deposits, which is why a number of 
engine manufacturers only warranty their systems for fuels with up to 5 vol% biodiesel content. 
In-cylinder deposits in SI engines are formed by various mechanisms and can be correlated with 
lower volatility and higher aromatic content of the fuel. They can lead to increased knocking 
which the knock sensor on modern engines will detect, causing the spark timing to be retarded 
and resulting in poorer acceleration performance, and to some extent, higher fuel consumption. 
Anti-oxidant additives are formulated to prevent the reactions leading to chemical instability, and 
detergent additives are formulated to control and, at higher concentrations, remove engine 
deposits after they have formed in the engine. 

4.3.2. Mixture Instability and the Importance of Polarity 
The second type of fuel instability is mixture instability. A fuel mixture is unstable if it separates 
into two or more distinct liquid phases over time, when exposed to different temperatures, or 
with the addition of a trace contaminant. All common fuels for reciprocating internal-combustion 
engines are mixtures. These mixtures contain compounds comprised of covalently bonded atoms. 
Some of these compounds have large permanent electrostatic-dipole moments (i.e., they have a 
net positive charge in one area of the molecule and a net negative charge in another), some do 
not, and still others will take on a dipole moment in the presence of an imposed electric field. 
The magnitude of the permanent or induced electrostatic-dipole moment of a compound is called 
its polarity. The polarities of different molecules have a strong impact on the types of mixtures 
they form and the stabilities of those mixtures. 
 
Compounds with permanent electrostatic dipole moments are called “polar.” A high degree of 
polarity can be caused by the presence of one or more constituent atoms having different 
electronegativities. For example, the high electronegativity of oxygen tends to make oxygenated 
compounds polar. The attractive electrostatic forces between the positive and negative areas of 
polar molecules tend to hold polar molecules together, making their mixtures true solutions. For 
example, water and ethanol – both polar compounds – are miscible, i.e., they are soluble in all 
proportions.  
 
Compounds that exhibit small permanent electrostatic dipole moments are called “non-polar.” 
Hydrocarbons are generally non-polar because the electronegativities of carbon and hydrogen are 
similar. Hydrocarbons readily form stable solutions with other hydrocarbons. When non-polar 
and polar molecules are combined, however, the attractive forces between polar molecules tend 
to keep them together rather than allowing them to mix with the non-polar compounds, hence the 
adage, “oil and water don’t mix.” The two types of compounds can be forced to mix through 
mechanical means (e.g., by putting them in a blender), producing an emulsion. An emulsion is 
essentially a suspension of droplets of high polarity in a distributed phase of low polarity, or vice 
versa. In general, buoyancy-driven stratification due to the different densities of the polar and 
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non-polar fractions, coupled with a finite rate of coalescence of droplets of similar polarity, will 
cause the polar (or “hydrophilic”) compounds in an emulsion eventually to separate from the 
non-polar (or “hydrophobic”) compounds, unless other compounds are added to stabilize the 
mixture. 
 
Finally, some hydrocarbons, while non-polar, are “polarizable.” The non-localized electron 
distributions of such compounds can allow them to take on an induced dipole moment due to the 
presence of polar molecules in the vicinity. Aromatic hydrocarbons are a classic example of 
polarizable compounds. Hence, ethanol is effectively insoluble in n-hexadecane, a largely non-
polar and unpolarizable compound, but it is quite soluble in gasoline, especially gasoline that 
contains a large concentration of polarizable aromatic hydrocarbons.  
 
Solutions generally will not separate over time, i.e., they exhibit mixture stability. Nevertheless, 
solubility typically depends on factors such as temperature, solute concentration, and the 
presence of trace species. For example, the addition of a small amount of water to an oxygenate-
hydrocarbon mixture near its solubility limit also can cause the mixture to separate into two or 
more distinct liquid phases [78]. 
 

4.4. Materials Compatibility 
 
Fuels come into contact with many materials as they move from their points of production 
through the engines they power, including materials in supertankers, pipelines, underground 
storage tanks, tanker trucks, dispensing pumps and lines, vehicle fuel tanks, fuel-level sensors, 
fuel-injection systems, engine components (valves, pistons, cylinder liners), lubricants, and 
aftertreatment devices. The materials in these systems have been carefully selected and 
optimized over decades of experience. New fuel blendstocks can lead to incompatibilities with 
existing infrastructure that can be expensive to rectify. 

4.4.1. Corrosivity 
One of the most important materials-compatibility properties of a fuel is its corrosivity. A fuel is 
said to be corrosive to a given metal if it chemically reacts with and degrades the surface quality 
of the metal over time at conditions experienced under normal system operation. Imagine the 
expense of repairing a pipeline corroded by flowing an incompatible fuel, or the cost of replacing 
corroded fuel injectors in tens of thousands of vehicles. Fuels that contain organic or inorganic 
acids or highly polar compounds such as water or methanol often are corrosive. Fuel corrosivity 
is commonly quantified using a test method in which a polished strip of copper is submerged in 
the fuel at an elevated temperature for several hours and then visually compared to reference 
strips [79]. Copper is used because it corrodes similarly to, but more quickly than ferrous metals. 
Sometimes a silver strip is used in place of copper because many fuel-level sensors contain silver 
[67].  

4.4.2. Elastomer Compatibility 
Another important factor to consider with new fuels is their compatibility with common fuel-
system elastomers (i.e., the o-rings, gaskets, and hoses used in fuel injectors, pumps, and lines). 
Elastomers can swell, shrink, harden, soften, split, and even dissolve when exposed to different 
fuels. For example, nitrile-rubber elastomers used in conventional-hydrocarbon fuel-delivery 
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systems swell when wetted by fuels that contain aromatics, and this swell is factored into the 
system designs. If these systems are used with low-aromatics fuels like F-T diesel or 
hydrotreated vegetable oil, the seals will not swell adequately, leading to potential fuel-system 
leakage and corresponding safety hazards. Oxygenates (e.g., ethanol and biodiesel) can present 
elastomer-compatibility issues as well. While elastomers that are compatible with a wider range 
of fuels do exist (e.g., perfluoroelastomers), they tend to be both more expensive than 
conventional-rubber elastomers and costly to replace on existing vehicles. 

4.4.3. Catalyst Deactivation 
The third primary materials-compatibility consideration with fuels has to do with the 
deactivation of the catalytic aftertreatment systems used to lower the emissions levels of 
regulated pollutants from most modern powertrains. Catalyst deactivation is a rich area of study, 
depending on the type of catalyst and the deactivation mechanism: chemical, fouling, thermal, or 
mechanical. Fuel properties most directly affect the first two of these mechanisms. Fuels that 
contain sulfur or phosphorus can “poison” a catalyst (i.e., lower its activity) by bonding or 
adsorbing to its active sites. Indeed, a key factor in the continual lowering of diesel-fuel sulfur 
levels in the US (to 15 ppm by weight currently for on-road engines) is to enable the use of 
sulfur-sensitive catalytic aftertreatment systems. Another fuel-dependent mechanism for catalyst 
deactivation is the physical blocking of active sites by fouling. The fouling agent could be soot, 
which can be burned from the catalyst during a regeneration event, or it could be alkali-metal ash 
or even silica particles from trace species in the fuel (see Sect. 3.6.1 of [67]). Alkali-metal levels 
in the fuel less than 10 ppm by weight have been found to lead to diesel particulate filter 
degradation [80]. 
 
Other potential fuel materials-compatibility issues exist, including lube-oil incompatibility, the 
fuel acting as a solvent for vehicle paint, and incompatibilities with plastic or fiberglass fuel 
tanks and liners. There are many important material-compatibility details to be considered when 
developing a new fuel blendstock. 
 

4.5. Environmental Considerations 
 
Fuel usage in transportation and non-road applications provides many benefits in our daily lives: 
from producing and distributing the food we eat, to building the communities and businesses in 
which we live and work, to constructing roads and bridges, to manufacturing and hauling goods 
for commerce, to enabling personal mobility for work and pleasure. As a result, fuel usage has 
increased to levels that are challenging to physically comprehend (see Section 2). Some of the 
environmental issues associated with this tremendous scale of fuel use are discussed below. 

4.5.1. Toxicity of Fuel and Combustion Products 
The first major environmental consideration is the toxicity of the fuel and its combustion 
products. Sometimes unburned fuel is inadvertently released into the environment; hence, it is 
important to know the toxicities of various fuel components, their water solubilities, and rates 
and strategies for biodegradation. Over the years, toxins in petroleum-derived fuels have been 
reduced. For example, lead (a neurotoxin) was phased out of gasoline between 1970 and 1996, 
and more recently the concentration of benzene (a known human carcinogen) has been limited in 
gasoline [4]. Some alternative fuels also have toxicity issues. The ingestion of as little as 15 ml 
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of methanol can cause blindness, with lethal dosages in the range from 60-240 ml [81]. The 
jatropha plant and its seeds, which are considered a potential non-food feedstock for biofuel 
production, also are highly toxic. The toxicities of many alternative fuel compounds have yet to 
be quantified. 
 
Fuel combustion products are released whenever fuel is burned. The primary combustion 
products, carbon dioxide and water, are of little or no toxicity concern, but some minor products 
(e.g., NOx) are highly toxic. The levels of many toxic combustion products have been on a 
decreasing trend in the US since 1990 even though the total number of vehicle miles traveled, 
population, and energy consumption have been increasing (see Figs. 3 and 4 of [82]). 

4.5.2. Climate Change 
A second environmental consideration is global climate change due to human activities including 
the combustion of fossil fuels. Combustion produces CO2, a GHG that inhibits radiative heat loss 
from the earth by absorbing infrared radiation emitted from earth, becoming vibrationally 
excited, and then re-radiating a fraction of this energy back to earth when it relaxes to a lower 
energy level. This “greenhouse effect” could play a role in the observed increase in global-
average temperatures, loss of polar ice, and rising sea levels in recent decades [83]. CO2 is not 
the only GHG. For example, methane (an alternative fuel) has a GHG potential 21 times that of 
CO2. The link between atmospheric GHG levels and global climate change is complex and not 
well understood.  
 
A large number of academic, industrial, and governmental organizations have developed models 
to estimate GHG emissions. Models that combine all aspects from fuel production through end-
use are termed “well-to-wheels” (WTW) models. Values are generally reported in mass of CO2 
equivalent per unit volume of fuel or per unit distance traveled. Beyond WTW models, life-cycle 
models additionally include the emissions associated with processes to recycle vehicle 
components at the end of their useful lives. The specific GHG values for any fuel/engine 
combination are highly dependent on the modeling assumptions and the GHG-emissions 
estimates for the individual processes that make up a given pathway. As a result, there can be 
large differences in estimates obtained by different organizations. Generally, compared to 
petroleum-derived gasoline and diesel fuels, bio-derived fuels have a smaller GHG footprint, 
while coal- and oil-sands-derived fuels have larger footprints, but there can be significant 
differences even among the biofuels. For example, in some parts of the world, forests have been 
cut down to create plantations for biofuel crops such as palm oil. The GHG impacts of such land-
use changes can be significant. When land-use changes are included, the GHG emissions for 
corn-based ethanol rise to levels much closer to those for petroleum-based fuels than ethanol 
from sugar cane or cellulose.  
 
GHG emissions for electric vehicles are highly dependent on the energy source used for 
electricity production. Approximately 50% of the electricity generated in the US comes from 
coal. Electricity from coal has a larger GHG footprint than electricity from natural gas, and much 
larger than electricity from hydroelectric, geothermal, or nuclear energy. Of course, all of these 
energy sources have significant environmental aspects in addition to GHG emissions as well. 
When the GHG emissions of battery and electronic-component production and end-of-life 
recycling are taken into account in life-cycle analyses, electric vehicles are not as 
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environmentally friendly as they might seem based on the aspect that they produce no GHG 
emissions at the vehicle. 

4.5.3. Sustainability 
The key sustainability issue for petroleum-derived fuels is that they are not being created at a rate 
comparable to the rate at which they are being consumed. Although the discovery of large new 
oil fields has diminished, proven oil reserves have continued to grow, even in the US, due to the 
development and deployment of new petroleum-recovery technologies. One example is the 
recent development of technology to extract liquids and natural gas from tight shale formations 
that previously were inaccessible. For bio-derived feedstocks, sustainability issues include: soil 
erosion and degradation, fresh water consumption, and energy return on investment (i.e., the 
energy content of a given amount of fuel divided by the energy required to produce the given 
amount of fuel). For example, estimates of the energy return on investment for corn-based 
ethanol are near unity (see Ch. 4 of [8]). 

4.5.4. Food vs. Fuel 
The final main environmental consideration is the diversion of resources from food production to 
fuel production. Examples of this include fuel-ethanol produced from corn, and biodiesel 
production from e.g., soy, canola, and palm oils. These “food vs. fuel” concerns have shifted the 
focus of biofuel feedstock development from conventional food crops to inedible biomass. This 
has led to a longer-term focus on the use of non-food crops such as camelina or jatropha as 
sources of triglycerides for biodiesel production. 
 
5. FUEL SPECIFICATIONS 
 
The specific properties that make a fuel well-suited to a given engine application have been 
determined over time through testing and the experience of many end-users. These properties are 
measured by test methods, and the set of test methods and corresponding fuel-property ranges 
that have been found to be acceptable for a given application are established as fuel 
specifications. Fuel specifications are developed to increase the likelihood that all fuels marketed 
for a given application will meet or exceed all relevant requirements. Ideally, a fuel specification 
would take into account all of the potential issues discussed previously in this article.  
 
A fuel that meets or exceeds all relevant requirements is deemed “fit for purpose.” Fuel 
specifications are developed on regional, national, and/or international bases by organizations 
composed of representatives from vehicle makers, engine and parts manufacturers, fuel 
producers, and government agencies. In the United States, fuel properties must conform to 
ASTM specifications (ASTM D4814 [67] for gasoline and ASTM D975 [84] for diesel fuel). In 
Europe, most countries require fuel to conform to the CEN specifications (EN 228 for gasoline 
[85] and EN 590 for diesel fuel [86]). These specifications provide lower or upper limits on key 
fuel properties such as cetane, distillation characteristics, density, aromatic content, viscosity, 
and sulfur content to ensure that fuels are fit for purpose for the engines and the environments in 
which they will be used. The specification limits can be different for different regions/countries 
and can vary depending on the season (e.g., winter vs. summer). For example, the minimally 
acceptable value for cetane number is 40 per ASTM specifications, but 51 per CEN 
specifications. Differences in specifications typically reflect differences in regional engine 
characteristics, area climate, and environmental regulations. In the US, the Environmental 
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Protection Agency (EPA) and local agencies such as California Air Resources Board (CARB) 
have additional specifications for lower-emissions fuels sold in certain areas, and pipeline 
companies can set supplementary specifications for fuels transported in their pipelines. For 
example, some pipeline companies have limits for diesel density and pour point that are not 
covered by the ASTM D975 specification. 
 
Since some specifications have a range of acceptable values while others do not have both a 
lower limit and an upper limit, fuels sold in the marketplace have a range of properties and 
compositions that reflect differences in refinery conversion units and capabilities, crude oil 
slates, and product slates (e.g., whether jet/kerosene and/or home-heating oil are competing for 
similar fuel components). Two fuel properties that vary quite a bit in the market are cetane 
number and aromatic content. In the US, cetane numbers range from 40 to the mid 50s. The 
aromatic contents of US #2 ultra-low-sulfur diesel (ULSD) fuels range from < 10 vol% to > 30 
vol%. Although there is an ASTM specification maximum of 35 vol% for aromatics, it can be 
exceeded if the cetane index value (per ASTM D976 [87]) is 40 or higher. The aromatic values 
of 10 vol% and lower are found in some California fuels where the CARB #2 ULSD 
specification is 10 vol% maximum. However, alternative fuel formulations having aromatic 
contents higher than 10 vol% are allowed (and actually sold) in California, provided that the 
emissions of the alternative blends predicted by CARB-specified engine-test methods and 
models are no higher than the official 10 vol% blend [88]. In addition to wide variation in 
aromatic content, there is also a wide variation in the other hydrocarbon classes (n-alkanes, iso-
alkanes, and mono- and poly-cycloalkanes [89]). Fuel composition and properties are also 
expected to change as larger quantities of alternative-fuel components derived from biofuels, oil 
sands, and Fischer-Tropsch type processes (from natural gas, coal, or biomass) are blended with 
conventional petroleum-derived fuels and enter the market. A considerable amount of testing has 
been conducted and more still needs to be conducted on these new blend components to relate 
observed engine performance with measured fuel properties and composition. The results of this 
testing can be used to improve the relevant fuel specification(s).  
 
The use of detailed fuel specifications and careful engine design has largely mitigated noticeable 
effects of fuel-property changes on engine performance in typical applications. Nevertheless, the 
growing use of bio-derived and other unconventional fuels with composition and property 
characteristics substantially different from those of conventional petroleum-derived hydrocarbon 
fuels, coupled with the development of advanced high-efficiency clean-combustion engines, 
highlights the need for the continual evolution and improvement of fuel specifications. 
 

5.1. Gasoline 
 
ASTM D4814 covers specifications for 10 gasoline properties, although these do not include 
octane numbers (RON and MON) or antiknock index (AKI = (RON+MON)/2), which are set by 
gasoline refiners and marketers to meet the requirements set by the vehicle OEMs and must be 
clearly labeled on the fuel pumps. The properties covered are: 
 

1. Volatility on a geographic and seasonal basis (to enable good drivability); 
2. Solvent washed gum content (to limit the amount of gums formed by oxidation); 
3. Oxidation stability (to provide additional protection against gum formation); 
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4. Water tolerance (to protect against phase separation due to dissolved water at colder 
temperatures – usually not a problem for blends of hydrocarbons, but can be for blends 
containing oxygenates);  

5. Sulfur content (to limit deactivation of exhaust aftertreatment catalysts and to protect 
against engine wear, deterioration of engine oil, and corrosion of exhaust-system 
components);  

6. Copper-strip corrosion (to protect against corrosion of fuel-system components due to 
reactive sulfur compounds); 

7. Silver-strip corrosion (to protect against corrosion of silver components present in some 
fuel-gauge systems); 

8. Lead content (to ensure that unleaded gasolines are free of lead); 
9. Appearance (to ensure product is visually free of undissolved dirt, sediment, and 

suspended matter); and 
10. Workmanship (to be free of adulterants or colorants that may make fuel unfit for 

purpose).  
 
ASTM D4814 references more than 30 other ASTM standards that describe the specific test 
methods and equipment required to measure the gasoline properties. Specifying a property has 
little value unless all parties measuring the property use the same procedure and can obtain the 
same answer within the defined precision of the method. 
 
ASTM D4806 [90] provides specifications for ethanol that is to be blended into gasoline. 
Previously, the US EPA designated certain regions as environmental non-attainment areas and 
required the addition of specific amounts of oxygenates in the gasoline. Recently the US 
Congress passed the Renewable Fuels Standard 2 (RFS2) that has delegated the authority to state 
and local agencies to set specific oxygenate blend-level requirements, but does require a 
minimum total volume of ethanol use in gasoline that escalates in time. The EPA does continue 
to set specifications on the maximum fraction of ethanol that can be contained in gasoline. 
Previously the maximum amount was 10 vol% (except for the 85 vol% E-85 ethanol blend that is 
approved for flexible-fuel vehicles), but in 2012 the EPA granted a waiver to allow up to 
15 vol% ethanol in gasoline (E-15) for vehicle model years 2001 and newer. OEMs have 
expressed concerns about the 15 vol% level because some tests conducted by CRC suggest that 
the fuel systems in some 2001 and newer vehicles not specifically designed for E-15 may be 
susceptible to failure when fueled with E-15 [91] and also that older vehicles may accidentally 
be fueled with E-15. 
 
For 2012, the RFS2 total ethanol requirements for the US are 13.2 billion gallons per year of 
corn-based ethanol and 500 million gallons of cellulosic ethanol. However, cellulosic ethanol is 
still in the research and development stages, and the amount produced commercially was 
essentially zero (see Section 2.4.1). In future years, the amount of cellulosic ethanol required 
continues to increase to a value of 10.5 billion gallons in 2020, but the amount of corn-based 
ethanol is capped at 15 billion gallons per year.  
 

5.2. Diesel Fuel 
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The US diesel-fuel specification, ASTM D975 [84], covers 11 diesel-fuel properties. These 
include: 
 

1. Minimum flash point (relates to safety in fuel handling and use); 
2. Water and sediment (affects fuel filters and injectors); 
3. Back-end volatility (related to ease of starting and smoke formation); 
4. Viscosity (affects fuel spray atomization, fuel system lubrication, and fuel system 

leakage); 
5. Ash content (can damage fuel-injection system, aftertreatment system, and cause 

combustion-chamber deposits); 
6. Maximum sulfur content (affects aftertreatment catalysts, particulate emissions, and 

cylinder wear); 
7. Cetane and maximum aromatic content (relates to autoignition quality and affects cold-

start capability, combustion timing and performance, smoke formation, and emissions); 
8. Cold temperature properties of cloud point, low temperature filterability, and cold filter 

plugging point (affects low temperature operability and fuel handling); 
9. Carbon residue (measures coking tendency of fuel and may relate to deposit formation); 
10. Copper-strip corrosion rating (indicates potential for corrosive attack on metal parts); 
11. Lubricity (relates to abrasive wear of components such as fuel pump and injector; has 

become poorer due to removal of polar compounds during hydrotreating to meet ULSD 
standards)    

 
The US RFS2 mandates the use of 1 billion gal/year of “biomass-based diesel.” Currently this 
predominantly is biodiesel composed of fatty acid methyl esters (FAMEs) mostly prepared from 
soybean vegetable oil. Several state and local governments have set mandates on the minimum 
fraction of biodiesel that must be blended into each gallon of diesel fuel. Issues related to the 
limited stabilities, low back-end volatilities, and less-than-ideal cold-temperature properties of 
biodiesel blends have resulted in engine manufacturers setting upper limits on biodiesel content 
of 5 vol% for some older engines and up to 20 vol% for newer engines. The use of FAME 
biodiesel has resulted in the development of ASTM D6751 [92], ASTM D7467 [93], and EN 
14214 [94] specifications for the biodiesel component. 
 
 
6. SUMMARY AND OUTLOOK 
 
The production and distribution of liquid fuels from petroleum has been optimized over more 
than a century and a half, and the development of reciprocating internal-combustion engines to 
use these fuels has continued for nearly as long. Although fuel-production and engine-
combustion technologies are well established (some might even say old), they continue to 
advance rapidly and play central roles in economy and society. This trend appears likely to 
continue for at least several more decades [7,95].  
 
Significant concerns about environmental quality and energy security are currently driving the 
co-evolution of fuels and engines. Cost-effective, regionally produced, non-food-based, non-
toxic, renewable fuels created from biological systems or solar energy and used in high-
efficiency clean-combustion engines may be able to help address these concerns. These systems 
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are being aggressively researched and developed. The optimal fuel/engine system will almost 
certainly be different in different areas of the world, depending on local climate, population 
density, resources, and myriad other factors. A great deal of research remains to be done to 
develop these optimal fuel/engine systems. The largest hurdle to be overcome in the area of fuels 
and internal-combustion engines is to meet both the tremendous scale of fuel demand and the 
need for high-efficiency clean-combustion engines in a manner that is cost effective and at the 
same time enhances environmental quality and energy security.  
 
 
REFERENCES 
 
1. Mooney, J.J., "The 3-Way Catalytic Converter: A) Invention and Introduction into 

Commerce - Impacts and Results; B) Barriers Negotiated," Oct. 9, 2007. Online source, 
http://www.arb.ca.gov/research/seminars/mooney/mooney.pdf. Accessed Sept. 16, 2012. 

2. "BP Statistical Review of World Energy June 2012," 2012. Online source, 
http://bp.com/statisticalreview. Accessed Oct. 14, 2012. 

3. "Annual Energy Review 2011," 2012. Online source, 
http://www.eia.gov/totalenergy/data/annual. Accessed Oct. 14, 2012. 

4. Gibbs, L., Anderson, R., Barnes, K., Engeler, G., Freel, J., Horn, J., Ingham, M., Kohler, 
D., Lesnini, D., MacArthur, R., Mortier, M., Peyla, R., Taniguchi, B., Tiedemann, A., 
Welstand, S., Bernhardt, D., Collini, K., Farr, A., Jones, J., Lind, J., Tom, C., and 
Benson, J., Motor Gasolines Technical Review. Chevron Products Co., San Ramon, 
Calif., 2009. Online source, 
http://www.chevronwithtechron.com/products/documents/69083_MotorGas_Tech_Revie
w.pdf. Accessed May 31, 2012. 

5. Bacha, J., Freel, J., Gibbs, A., Gibbs, L., Hemighaus, G., Hoekman, K., Horn, J., Ingham, 
M., Jossens, L., Kohler, D., Lesnini, D., McGeehan, J., Nikanjam, M., Olsen, E., Organ, 
R., Scott, W., Sztenderowicz, M., Tiedemann, A., Walker, C., Lind, J., Jones, J., Scott, 
D., and Mills, J., Diesel Fuels Technical Review. Chevron Products Co., San Ramon, 
Calif., 2007. Online source, 
http://www.chevronwithtechron.com/products/documents/Diesel_Fuel_Tech_Review.pdf
. Accessed April 4, 2012. 

6. Yui, S., "Producing Quality Synthetic Crude Oil from Canadian Oil Sands Bitumen," J. 
Jpn. Petrol. Inst. 51(1):1-13, 2008. 

7. "Advancing Technology for America’s Transportation Future," National Petroleum 
Council 2012. Online source, http://www.npc.org/FTF-80112.html. Accessed Oct. 21, 
2012. 

8. Schobert, H.H., Chemistry of Fossil Fuels and Biofuels. Cambridge University Press, 
Cambridge, UK, 2012. Online source, www.cambridge.org/9780521114004.  

9. Christensen, E.D., Chupka, G.M., Luecke, J., Smurthwaite, T., Alleman, T.L., Iisa, K., 
Franz, J.A., Elliott, D.C., and McCormick, R.L., "Analysis of Oxygenated Compounds in 
Hydrotreated Biomass Fast Pyrolysis Oil Distillate Fractions," Energy Fuels 
25(11):5462-5471, 2011. 

10. Mueller, C.J., "The Feasibility of Using Raw Liquids from Fast Pyrolysis of Woody 
Biomass as Fuels for Compression-Ignition Engines: A Literature Review," SAE 
Technical Paper Offer No. 13PFL-0301, submitted, 2012. 



35 
 

11. Metzger, P. and Largeau, C., "Botryococcus Braunii: A Rich Source for Hydrocarbons 
and Related Ether Lipids," Appl. Microbiol. Biotechnol. 66(5):486-496, 2005. 

12. Solomons, T.W.G., Organic Chemistry. John Wiley & Sons, Inc., New York, 1996.   
13. "Concerns About Methyl Tertiary Butyl Ether (MTBE) in Drinking Water," US 

Environmental Protection Agency,  Online source, http://www.epa.gov/mtbe/water.htm. 
Accessed Sept. 16, 2012. 

14. Upatnieks, A. and Mueller, C.J., "Clean, Controlled DI Diesel Combustion Using Dilute, 
Cool Charge Gas and a Short-Ignition-Delay, Oxygenated Fuel," SAE Technical Paper 
2005-01-0363, 2005, doi:10.4271/2005-01-0363. 

15. Heywood, J.B., Internal Combustion Engine Fundamentals. McGraw-Hill, New York, 
1988.   

16. Kalghatgi, G.T., "Auto-Ignition Quality of Practical Fuels and Implications for Fuel 
Requirements of Future SI and HCCI Engines," SAE Technical Paper 2005-01-0239, 
2005, doi:10.4271/2005-01-0239. 

17. Kalghatgi, G.T., Nakata, K., and Mogi, K., "Octane Appetite Studies in Direct Injection 
Spark Ignition (DISI) Engines," SAE Technical Paper 2005-01-0244, 2005, 
doi:10.4271/2005-01-0244. 

18. ASTM Standard D2699-12, Standard Test Method for Research Octane Number of 
Spark-Ignition Engine Fuel. ASTM International, West Conshohocken, PA, 2012.   

19. ASTM Standard D2700-12, Standard Test Method for Motor Octane Number of Spark-
Ignition Engine Fuel. ASTM International, West Conshohocken, PA, 2012.   

20. ASTM Standard D2885-10a, Standard Test Method for Determination of Octane Number 
of Spark-Ignition Engine Fuels by on-Line Direct Comparison Technique. ASTM 
International, West Conshohocken, PA, 2010.   

21. Mittal, V. and Heywood, J.B., "The Relevance of Fuel RON and MON to Knock Onset in 
Modern SI Engines," SAE Technical Paper 2008-01-2414, 2008, doi:10.4271/2008-01-
2414. 

22. Bell, A., "Modern SI Engine Control Parameter Responses and Altitude Effects with 
Fuels of Varying Octane Sensitivity," SAE Technical Paper 2010-01-1454, 2010, 
doi:10.4271/2010-01-1454. 

23. "Fuel Antiknock Quality – Engine Response to RON Versus MON - Scoping Tests," 
Coordinating Research Council Report: 660, 2011. Online source, 
http://www.crcao.org/reports/recentstudies2011/CRC 660/CRC 660.pdf. Accessed Sept. 
16, 2012. 

24. Mittal, V. and Heywood, J.B., "The Shift in Relevance of Fuel RON and MON to Knock 
Onset in Modern SI Engines over the Last 70 Years," SAE Int. J. Engines 2(2):1-10, 
2009, doi:10.4271/2009-01-2622. 

25. Fikri, M., Herzler, J., Starke, R., Schulz, C., Roth, P., and Kalghatgi, G.T., "Autoignition 
of Gasoline Surrogates Mixtures at Intermediate Temperatures and High Pressures," 
Combust. Flame 152(1-2):276-281, 2008. 

26. Gauthier, B.M., Davidson, D.F., and Hanson, R.K., "Shock Tube Determination of 
Ignition Delay Times in Full-Blend and Surrogate Fuel Mixtures," Combust. Flame 
139(4):300-311, 2004. 

27. Bradley, D., Morley, C., and Walmsley, H.L., "Relevance of Research and Motor Octane 
Numbers to the Prediction of Engine Autoignition," SAE Technical Paper 2004-01-1970, 
2004, doi:10.4271/2004-01-1970. 



36 
 

28. Amer, A., Babiker, H., Chang, J., Kalghatgi, G., Adomeit, P., Brassat, A., and Günther, 
M., "Fuel Effects on Knock in a Highly Boosted Direct Injection Spark Ignition Engine," 
SAE Technical Paper 2012-01-1634, 2012, doi:10.4271/2012-01-1634. 

29. Zahdeh, A., Rothenberger, P., Nguyen, W., Anbarasu, M., Schmuck-Soldan, S., Schaefer, 
J., and Goebel, T., "Fundamental Approach to Investigate Pre-Ignition in Boosted SI 
Engines," SAE Int. J. Engines 4(1):246-273, 2011, doi:10.4271/2011-01-0340. 

30. Kalghatgi, G.T., Bradley, D., Andrae, J., and Harrison, A.J., "The Nature of 
"Superknock" and Its Origins in SI Engines." I. Mech. E. Conference on Internal 
Combustion Engines: Performance, Fuel Economy, and Emissions, London, Dec. 8-9, 
2009. 2009. 

31. Kalghatgi, G.T. and Bradley, D., "Pre-Ignition and 'Super-Knock' in Turbo-Charged 
Spark-Ignition Engines," Int. J. Engine Res. 13(4):399-414, 2012. 

32. Dahnz, C., Han, K.-M., Spicher, U., Magar, M., Schiessl, R., and Maas, U., 
"Investigations on Pre-Ignition in Highly Supercharged SI Engines," SAE Int. J. Engines 
3(1):214-224, 2010, doi:10.4271/2010-01-0355. 

33. Bradley, D., Hicks, R.A., Lawes, M., Sheppard, C.G.W., and Woolley, R., "The 
Measurement of Laminar Burning Velocities and Markstein Numbers for Iso-Octane-Air 
and Iso-Octane-N-Heptane-Air Mixtures at Elevated Temperatures and Pressures in an 
Explosion Bomb," Combust. Flame 115(1-2):126-144, 1998. 

34. Gulder, O.L., "Laminar Burning Velocities of Methanol, Ethanol and Isooctane-Air 
Mixtures." Nineteenth Symposium (International) on Combustion,  275-281. 1982. 

35. Ricardo, H.R. and Hempson, J.G.G., The High-Speed Internal Combustion Engine. 
Blackie and Son, Ltd., 1972.   

36. Farrell, J.T., Johnston, R.J., and Androulakis, I.P., "Molecular Structure Effects on 
Laminar Burning Velocities at Elevated Temperature and Pressure," SAE Technical 
Paper 2004-01-2936, 2004, doi:10.4271/2004-01-2936. 

37. Bradley, D., "Autoignitions and Detonations in Engines and Ducts," Philos. Trans. R. 
Soc. A 370(1960):689-714, 2012. 

38. Sheppard, C.G.W., Tolegano, S., and Woolley, R., "On the Nature of Autoignition 
Leading to Knock in HCCI Engines," SAE Technical Paper 2002-01-2831, 2002, 
doi:10.4271/2002-01-2831. 

39. Zeldovich, Y.B., "Regime Classification of an Exothermic Reaction with Nonuniform 
Initial Conditions," Combust. Flame 39(2):211-214, 1980. 

40. Dec, J.E., "A Conceptual Model of DI Diesel Combustion Based on Laser-Sheet 
Imaging," SAE Trans. 106(3):1319-1348, 1997, doi:10.4271/970873. 

41. ASTM Standard D613, Standard Test Method for Cetane Number of Diesel Fuel Oil. 
ASTM International, West Conshohocken, PA, 2008.   

42. ASTM Standard D6890-10a, Standard Test Method for Determination of Ignition Delay 
and Derived Cetane Number (DCN) of Diesel Fuel Oils by Combustion in a Constant 
Volume Chamber. ASTM International, West Conshohocken, PA, 2010.   

43. ASTM Standard D7170-12, Standard Test Method for Determination of Derived Cetane 
Number (DCN) of Diesel Fuel Oils — Fixed Range Injection Period, Constant Volume 
Combustion Chamber Method. ASTM International, West Conshohocken, PA, 2012.   

44. Ghosh, P., "Predicting the Effect of Cetane Improvers on Diesel Fuels," Energy Fuels 
22(2):1073-1079, 2008. 



37 
 

45. Westbrook, C.K., "Chemical Kinetics of Hydrocarbon Ignition in Practical Combustion 
Systems," Proc. Combust. Inst. 28:1563-1577, 2000. 

46. Hwang, W., Dec, J., and Sjoberg, M., "Spectroscopic and Chemical-Kinetic Analysis of 
the Phases of HCCI Autoignition and Combustion for Single- and Two-Stage Ignition 
Fuels," Combust. Flame 154(3):387-409, 2008. 

47. Mehl, M., Pitz, W., Sarathy, M., Yang, Y., and Dec, J., "Detailed Kinetic Modeling of 
Conventional Gasoline at Highly Boosted Conditions and the Associated Intermediate 
Temperature Heat Release," SAE Technical Paper 2012-01-1109, 2012, 
doi:10.4271/2012-01-1109. 

48. Yang, Y., Dec, J., Dronniou, N., Sjöberg, M., and Cannella, W., "Partial Fuel 
Stratification to Control HCCI Heat Release Rates: Fuel Composition and Other Factors 
Affecting Pre-Ignition Reactions of Two-Stage Ignition Fuels," SAE Int. J. Engines 
4(1):1903-1920, 2011, doi:10.4271/2011-01-1359. 

49. Mueller, C.J., "The Quantification of Mixture Stoichiometry When Fuel Molecules 
Contain Oxidizer Elements or Oxidizer Molecules Contain Fuel Elements," SAE Trans. 
114(4):1243-1252, 2005, doi:10.4271/2005-01-3705. 

50. Fisher, B.T., Knothe, G., and Mueller, C.J., "Liquid-Phase Penetration under Unsteady 
in-Cylinder Conditions: Soy- and Cuphea-Derived Biodiesel Fuels Versus Conventional 
Diesel," Energy Fuels 24(9):5163-5180, 2010. 

51. Martin, G.C., Mueller, C.J., Milam, D.M., Radovanovic, M.S., and Gehrke, C.R., "Early 
Direct-Injection, Low-Temperature Combustion of Diesel Fuel in an Optical Engine 
Utilizing a 15-Hole, Dual-Row, Narrow-Included-Angle Nozzle," SAE Int. J. Engines 
1(1):1057-1082, 2008, doi:10.4271/2008-01-2400. 

52. Cheng, A.S., Fisher, B.T., Martin, G.C., and Mueller, C.J., "Effects of Fuel Volatility on 
Early Direct-Injection, Low-Temperature Combustion in an Optical Diesel Engine," 
Energy Fuels 24(3):1538-1551, 2010. 

53. Mueller, C.J., Boehman, A.L., and Martin, G.C., "An Experimental Investigation of the 
Origin of Increased NOx Emissions When Fueling a Heavy-Duty Compression-Ignition 
Engine with Soy Biodiesel," SAE Int. J. Fuels Lubr. 2(1):789-816, 2009, 
doi:10.4271/2009-01-1792. 

54. Eckerle, W.A., Lyford-Pike, E.J., Stanton, D.W., LaPointe, L.A., Whitacre, S.D., and 
Wall, J.D., "Effects of Methyl Ester Biodiesel Blends on NOx Emissions," SAE Int. J. 
Fuels Lubr. 1(1):102-118, 2008, doi:10.4271/2008-01-0078. 

55. Bunce, M., Snyder, D., Adi, G., Hall, C., Koehler, J., Davila, B., Kumar, S., Garimella, 
P., Stanton, D., and Shaver, G., "Stock and Optimized Performance and Emissions with 5 
and 20% Soy Biodiesel Blends in a Modern Common Rail Turbo-Diesel Engine," Energy 
Fuels 24:928-939, 2010. 

56. Kim, D., Ekoto, I., Colban, W.F., and Miles, P.C., "In-Cylinder CO and UHC Imaging in 
a Light-Duty Diesel Engine During PPCI Low-Temperature Combustion," SAE Int. J. 
Fuels Lubr. 1(1):933-956, 2008, doi:10.4271/2008-01-1602. 

57. Kitamura, T., Ito, T., Senda, J., and Fujimoto, H., "Mechanism of Smokeless Diesel 
Combustion with Oxygenated Fuels Based on the Dependency of the Equivalence Ratio 
and Temperature on Soot Particle Formation," Int. J. Engine Res. 3(4):223-247, 2002. 

58. Nakakita, K., Akihama, K., Weissman, W., and Farrell, J.T., "Effect of the Hydrocarbon 
Molecular Structure in Diesel Fuel on the in-Cylinder Soot Formation and Exhaust 
Emissions," Int. J. Engine Res. 6:187-205, 2005. 



38 
 

59. McEnally, C.S. and Pfefferle, L.D., "Sooting Tendencies of Nonvolatile Aromatic 
Hydrocarbons," Proc. Combust. Inst. 32:673-679, 2009. 

60. Cheng, A.S., Upatnieks, A., and Mueller, C.J., "Investigation of Fuel Effects on Dilute, 
Mixing-Controlled Combustion in an Optical Direct-Injection Diesel Engine," Energy 
Fuels 21(6):3750-3750, 2007. 

61. Mitchell, K., "Effects of Fuel Properties and Source on Emissions from Five Different 
Heavy Duty Diesel Engines," SAE Technical Paper 2000-01-2890, 2000, 
doi:10.4271/2000-01-2890. 

62. Khalek, I.A., Ullman, T.L., Vasquez, L., and Guerrero, M., "Hot Start Transient 
Emissions from a Mercedes Om 366 La and a Detroit Diesel Operated on Chilean, 
California, and US 2d Fuels," SAE Technical Paper 2002-01-2827, 2002, 
doi:10.4271/2002-01-2827. 

63. Lilik, G.K. and Boehman, A.L., "Advanced Diesel Combustion of a High Cetane Number 
Fuel with Low Hydrocarbon and Carbon Monoxide Emissions," Energy Fuels 
25(4):1444-1456, 2011. 

64. Hochhauser, A.M., "Review of Prior Studies of Fuel Effects on Vehicle Emissions," 
Coordinating Research Council Report: CRC Report No. E-84, 2008.   

65. Hoekman, K., Broch, A., Robbins, C., and Ceniceros, E., "Investigation of Biodiesel 
Chemistry, Carbon Footprint and Regional Fuel Quality," Coordinating Research Council 
Report: AVFL-17a, 2011. Online source, 
http://www.crcao.org/publications/advancedVehiclesFuelsLubricants/index.html.  

66. Lee, R., Pedley, J., and Hobbs, C., "Fuel Quality Impact on Heavy Duty Diesel 
Emissions: A Literature Review," SAE Trans. 107(4):1952-1970, 1998, 
doi:10.4271/982649. 

67. ASTM Standard D4814-11b, Standard Specification for Automotive Spark-Ignition 
Engine Fuel. ASTM International, West Conshohocken, PA, 2011.   

68. ASTM Standard D86-11a, Standard Test Method for Distillation of Petroleum Products 
at Atmospheric Pressure. ASTM International, West Conshohocken, PA, 2011.   

69. Bruno, T.J., Ott, L.S., Lovestead, T.M., and Huber, M.L., "Relating Complex Fluid 
Composition and Thermophysical Properties with the  Advanced Distillation Curve 
Approach," Chemical Eng. Tech. 33(3):363-376, 2010. 

70. ASTM Standard D2500-11, Standard Test Method for Cloud Point of Petroleum 
Products. ASTM International, West Conshohocken, PA, 2011.   

71. ASTM Standard D97-11, Standard Test Method for Pour Point of Petroleum Products. 
ASTM International, West Conshohocken, PA, 2011.   

72. ASTM Standard D6371-05, Standard Test Method for Cold Filter Plugging Point of 
Diesel and Heating Fuels. ASTM International, West Conshohocken, PA, 2010.   

73. ASTM Standard D4539-10, Standard Test Method for Filterability of Diesel Fuels by 
Low-Temperature Flow Test (Ltft). ASTM International, West Conshohocken, PA, 2010.   

74. ASTM Standard D6079-11, Standard Test Method for Evaluating Lubricity of Diesel 
Fuels by the High-Frequency Reciprocating Rig (HFRR). ASTM International, West 
Conshohocken, PA, 2011.   

75. ASTM Standard D6078-04, Standard Test Method for Evaluating Lubricity of Diesel 
Fuels by the Scuffing Load Ball-on-Cylinder Lubricity Evaluator (SLBOCLE). ASTM 
International, West Conshohocken, PA, 2010.   



39 
 

76. Siebers, D.L., "Scaling Liquid-Phase Fuel Penetration in Diesel Sprays Based on Mixing-
Limited Vaporization," SAE Trans. 108(3):703-728, 1999, doi:10.4271/1999-01-0528. 

77. Dahms, R.N., Manin, J., Pickett, L.M., and Oefelein, J.C., "Understanding High-Pressure 
Gas–Liquid Interface Phenomena in Diesel Engines," Proc. Combust. Inst. In press, 
2012. 

78. Natarajan, M., Frame, E., Naegeli, D.W., Asmus, T., Clark, W., Garbak, J., Gonzalez, 
M.A., Liney, E., Piel, W., and Wallace, J.P., "Oxygenates for Advanced Petroleum-Based 
Diesel Fuels: Part 1. Screening and Selection Methodology for the Oxygenates," SAE 
Trans. 110(4), 2001, doi:10.4271/2001-01-3631. 

79. ASTM Standard D130-10, Standard Test Method for Corrosiveness to Copper from 
Petroleum Products by Copper Strip Test. ASTM International, West Conshohocken, PA, 
2010.   

80. Williams, A., McCormick, R., Luecke, J., Brezny, R., Geisselmann, A., Voss, K., 
Hallstrom, K., Leustek, M., Parsons, J., and Abi-Akar, H., "Impact of Biodiesel 
Impurities on the Performance and Durability of DOC, DPF and SCR Technologies," 
SAE Int. J. Fuels Lubr. 4(1):110-124, 2011, doi:10.4271/2011-01-1136. 

81. "Material Safety Data Sheet: Methyl Alcohol," ChemADVISOR, Inc. Report: 
OHS14280, 2012.   

82. "Our Nation’s Air: Status and Trends through 2010," U.S. Environmental Protection 
Agency Report: EPA-454/R-12-001, 2012. Online source, 
http://www.epa.gov/airtrends/2011/index.html. Accessed Oct. 14, 2012. 

83. Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to 
the Fourth Assessment Report of the Intergovernmental Panel on Climate Change, Ed. by 
Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Tignor, M., 
and Miller, H.L. Cambridge University Press, Cambridge, United Kingdom and New 
York, NY, USA, 2007. Online source, 
http://www.ipcc.ch/publications_and_data/ar4/wg1/en/contents.html. Accessed Oct. 14, 
2012. 

84. ASTM Standard D975-11b, Standard Specification for Diesel Fuel Oils. ASTM 
International, West Conshohocken, PA, 2011.   

85. "Automotive Fuels - Unleaded Petrol - Requirements and Test Methods," 2008. 
86. "Automotive Fuels - Diesel - Requirements and Methods of Test," 2009. 
87. ASTM Standard D976-06, Standard Test Method for Calculated Cetane Index of 

Distillate Fuels. ASTM International, West Conshohocken, PA, 2011.   
88. "Standards for Diesel Fuel," California Code of Regulations, Title 13, Div. 3, Ch. 5, Art. 

2, §2282(g), Aug. 14, 2004. Online source, 
http://www.arb.ca.gov/fuels/diesel/081404dslregs.pdf. Accessed Oct. 30, 2012. 

89. Farrell, J.T., Cernansky, N.P., Dryer, F.L., Friend, D.G., Hergart, C.A., Law, C.K., 
McDavid, R.M., Mueller, C.J., Patel, A.K., and Pitsch, H., "Development of an 
Experimental Database and Kinetic Models for Surrogate Diesel Fuels," SAE Technical 
Paper 2007-01-0201, 2007, doi:10.4271/2007-01-0201. 

90. ASTM Standard D4806-11a, Standard Specification for Denatured Fuel Ethanol for 
Blending with Gasolines for Use as Automotive Spark-Ignition Engine Fuel. ASTM 
International, West Conshohocken, PA, 2011.   



40 
 

91. "Intermediate-Level Ethanol Blends Engine Durability Study," Coordinating Research 
Council Report: CM-136-09-1B, 2012. Online source, 
http://www.crcao.org/publications/performance/index.html. Accessed Sept. 23, 2012. 

92. ASTM Standard D6751-11b, Standard Specification for Biodiesel Fuel Blend Stock 
(B100) for Middle Distillate Fuels. ASTM International, West Conshohocken, PA, 2011.   

93. ASTM Standard D7467, Standard Specification for Diesel Fuel Oil, Biodiesel Blend (B6 
to B20). ASTM International, West Conshohocken, PA, 2010.   

94. "Automotive Fuels - Fatty Acid Methyl Esters (FAME) for Diesel Engines - 
Requirements and Test Methods - Incorporates Amendment A1: 2009," 2008. 

95. "The Outlook for Energy: A View to 2040," Exxon Mobil 2012. Online source, 
http://www.exxonmobil.com/Corporate/Files/news_pub_eo2012.pdf. Accessed Oct. 21, 
2012. 

 
 


