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ABSTRACT: As the availability of petroleum-based liquid fuels is becoming increasingly problematic, alternative renewable
biofuels attract growing research and development (R&D) and industry interest. The focus is to produce fuels with desired
properties in both technically and economically attractive ways to support sustainability and protect the environment. While
abundant, the variety of biomass feedstocks brings a great deal of incompatibility of various biofuels and the combustion engines.
A consistent theme is that better knowledge of fuel properties would lead to better designs and shorter development times of
everything from fuel production facilities to emission control systems. Thermophysical properties of biofuels are required to
efficiently design the processes involved in their production, distribution, and utilization. These properties are also needed to
develop and validate physicochemical models, the tools employed in process design, product development, or academic research.
To date, the connection between the expertise in fluid properties and an integrating knowledge of where and how these
properties are employed has not been adequately developed. Accordingly, the main goal of this review is to unite and set out the
potential for synergy between all of the essential steps of fuel production and applications (from feedstock selection to the end
use) with the properties of the fuel at each step. An integrating approach on a broad scale is helpful for the increasing number of
fuel researchers, process engineers, entrepreneurs, and end users. This review discusses the main driving forces that are likely to
encourage further development and move the emerging biofuel technologies from promising ideas to competitive solutions.

■ BACKGROUND
Overview. Considerable efforts are being devoted to

extend petroleum-based fuels with renewable and sustainable
fuels from biomass (i.e., biofuels) that are ultimately derived
from solar energy. While stationary energy production from
biomass is more technically and economically convenient,
liquid biofuels are required by specific applications. Plant
biomass is the only current sustainable source of organic
carbon, and biofuels are the only current renewable liquid fuels.
These fuels are highly diverse, including commercial ethanol
(from sugar/starch) and biodiesel fuels (from oils/fats), mainly
mixtures of fatty acid methyl or ethyl esters (FAMEs or
FAEEs).1−12 Special emphasis in this review is on these fuels.
Lignocellulose-based fuels are at a precommercial stage, while
liquid biofuel production from algae and some other biological
conversion approaches for renewable gasoline, jet, and diesel
fuels are at the research and development (R&D) phase. To be
a viable extender for petroleum-derived fuels, biofuels should be
economically acceptable (absent significant subsidy from
governments), should not have negative impacts on environ-
ment and food supply, and provide a net energy gain.3,4,11,12

Given that these biofuel implications are very complex topics,
further comprehensive research is needed in this respect.
Modern engineering design of processing plants relies on

sophisticated process simulation packages where fluid-property
data are essential (Table 1).13−23 Thermodynamic (both phys-
ical and chemical/reaction) and transport properties are
provided by theoretical and experimental avenues that are
part of fundamental science or R&D activities. Models range
from empirical correlations of a single property to compre-
hensive models usually based on equations of state (EOS).13−23

Despite recent progress, there is presently no single com-
prehensive source of reliable property data for biofuels that can
be called upon by industry. An example is representative for the
status of this information: “During the design and test phases
associated with the development of the portable biodiesel
equipment, public domain information on the material pro-
perties of supercritical methanol with any lipid was found to be
incomplete. Hence, the portable equipment was conservatively
designed to account for these uncertainties.”24

While there are still significant needs for information on
properties of finished fuels, the most wide-ranging and demand-
ing needs are for properties of feedstocks and process
intermediates for biofuel production and combustion. A better
knowledge of fuel properties would lead to better designs and
shorter development times of everything from production
facilities to emission-control systems. To meet these require-
ments, comprehensive databases are being created or
extended.13,21,25,26 For example, the DIPPR 801 Database21,25

contains information on 2013 compounds and lists values for
49 thermophysical properties. It also contains raw data from the
literature and critically evaluated and recommended thermo-
physical values. Moreover, two standard reference databases
are being expanded at NIST to include biofuels.13 The
ThermoData Engine (TDE) seeks to collect and evaluate all
published property data on biofuel components.19 The NIST
comprehensive program containing reference properties
(REFPROP) is under continued development to provide
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fluid properties of biofuel components and blends based on
thermodynamic and transport models.20 These properties are
relevant for feedstock processing and engine design. Other
specifications such as acidity, oxidative stability, or the allowable

levels of impurities relate to the suitability of a fuel for material
compatibility or transportation/storage.
The thermophysical and chemical fluid properties that are

needed for both the target fuel and the surrogate components
include, but are not necessarily limited to, density, heat capa-
city, enthalpy, critical properties, thermal conductivity, speed
of sound (for EOS development), and viscosity (Table 1).
Vapor pressure, the pure-component analog of volatility, is also
required. The detailed listing depends, to some extent, on
the application intent of the model. For the design of biofuel
processing steps,6−12,27−29 properties such as chemical com-
position, miscibility, heat of reaction, and heat content are also
required, and some are included in comprehensive process-
simulation packages such as AspenPlus and ChemCad.22,23 In
addition to chemical characterization, specific analytical
strategies provide the added potential of linking analytical
information with physical property information.30−35 This
aspect can be used to facilitate EOS development for the
complex fluids. Fluid properties have associated uncertainties,
arising from the precision and scatter of the underlying experi-
mental data and from the fit of the formulation to those data.
Often, the uncertainties vary broadly within the ranges of
properties. More information about the uncertainties may be
found in the original research papers for the property in
question.

Biofuel Supply−End-Use Chain. Research on this topic
deals with logistical and life-cycle analyses as well as the chain
of technologies required to select, produce, transform, deploy,
and use renewable fuels sustainably.1−12 The production and
combustion of biofuels are only two main links in a multiple-
step chain:

→
→
→

→
→

Feedstock Pretreatment
Conversion
Refining/Blending

Distribution
Combustion (1)

The optimization of the farming, collection, and processing
of biomass will depend upon the targeted type of fuel, which in
turn, will depend upon end uses. Recent R&D efforts have
provided potential pathways to make biofuels competitive with
petroleum-based fuels.1−12,36−41 However, many proposed
approaches and technologies exhibit significant deficiencies
unless the overall system is optimized or the production is
extended to include valuable coproducts.1,2,10,36−38 A green
bioref inery concept envisions a complex and fully integrated
system of environment- and resource-protecting technologies
for the comprehensive material and energetic use of biomass
following the principles of green chemistry.2,10,36,38,42−45A
representative diagram of a biomass refinery is shown in
Figure 1. It integrates the input of raw biomaterials, processing,
and output of the bioproducts. The latter category includes
chemical products and fuels. The unifying aspect provided by
thermophysical and chemical properties is depicted at the
bottom of the figure.

Fuel Processing−Fluid Property Synergy. Integrated
information on fuel processing and fuel properties provides the
opportunity to drive advancements in both areas. While biofuel
research expands the property database, fuel properties con-
tribute to the selection of the appropriate/optimum processing
pathways and conditions. There are significant benefits to be

Table 1. Main Fluid Properties Used for Modeling Fuel
Processing and Combustion

property SI units type

molecular weight kg/kmol constant,
thermodynamic

chemical composition dimensionless thermodynamic,
mixtures

acentric factor dimensionless constant,
thermodynamic EOS

autoignition temperature K constant,
thermodynamic

dielectric constant dimensionless constant, transport
dipole moment C·m constant, transport
octane number dimensionless constant,

thermodynamic
cetane number dimensionless constant,

thermodynamic
flash point K constant,

thermodynamic
Gibbs energy of formation
(standard state)a

J/kmol constant,
thermodynamic

enthalpy of combustion (standard
state)a

J/kmol constant,
thermodynamic

enthalpy of fusion at melting
point

J/kmol constant,
thermodynamic

enthalpy of formation (standard
state)a

J/kmol constant,
thermodynamic

heat of vaporization J/kmol T-dependent,
thermodynamic

heat capacity J/kmol·K T-dependent,
thermodynamic

density kmol/m3;
kg/m3

T-dependent,
thermodynamic

thermal conductivity W/m·K T-dependent, transport
absolute viscosity Pa·s T-dependent, transport
melting point (1 atm) K constant,

thermodynamic
normal boiling point (1 atm) K constant,

thermodynamic
speed of sound m/s T-dependent, EOS

development
critical pressure Pa constant,

thermodynamic
critical temperature K constant,

thermodynamic
critical volume m3/kmol constant,

thermodynamic
critical density kmol/m3;

kg/m3
constant,
thermodynamic

compressibility factor dimensionless constant, T-dependent
thermal diffusivity m2/s T-dependent, transport
refractive index dimensionless T-dependent, transport
entropy in standard statea J/kmol·K constant,

thermodynamic
surface tension N/m T-dependent, transport
second virial coefficient m3/kmol T-dependent,

thermodynamic
chemical potential (partial molar
Gibbs energy)

J/kmol thermodynamic,
mixtures

van der Waals reduced volume m3/kmol constant,
thermodynamic EOS

vapor pressure Pa T-dependent,
thermodynamic

aStandard state of 298.15 K and 100 000 Pa.
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gained from the explicit connection of processing and
properties. The optimization (technical and economic) that
can result from this philosophy will make possible further
integration of sustainability and green chemistry princi-
ples.2,4,13,36−49

Molecular Structure−Property Relationships (SPR).
The basic assumption for models based on molecular structure
is that similar molecules (or moieties) exhibit similar properties.
The group contribution methods to estimate fluid properties
such as critical temperature and viscosity are based on this
assumption.50,51 Frameworks for development of estimation
methods have been proposed to predict critical constants for
pure compounds52 and flash points and cetane numbers for
fuels.53 Experimental values of critical constants were critically
evaluated using the methods of robust regression, and cor-
relations for these constants were developed based on quan-
titative SPR methodology. However, careful attention has to be
devoted to the SPR paradox: similar molecules do not always
have similar properties. There are examples of different struc-
tural systems that exhibit similar thermodynamic properties,
and this feature is exploited by corresponding state principle
applications.54

Given the high compositional complexity of biofuels and
their blends with petroleum-based fuels, modeling the fuel
properties on a practical level can be done with a limited
number of fuel components (i.e., surrogates).13,55−57 These
mixtures must be designed to capture the essential character-
istics of a complex fuel. If the properties of the selected
surrogate components are available, then the properties of the
fuels so generated can often be calculated. If these properties
are not available, theoretical approaches based on the
corresponding-states principle, group contributions, and the
regression of limited or predicted data can sometimes be
successfully employed.50,54,57 Knowledge of the molecular
structures of the components is a prerequisite herein. We
emphasize, however, that there is no realistic substitute for
measurements on pure components that are used to formulate
the surrogate for use in critical predictive applications. It is clear
that surrogate mixture models are only as good as the property
knowledge base of the (pure component) constituents of the
surrogate.

Fluid Properties and Fuel Quality. The properties
needed for effective engineering designs include fundamental
thermophysical and chemical properties that can be related to
fluid theory and can be used for EOS development and more
empirical, fit-for-purpose properties that are application specific
and required for operation and certification (often embodied in
international standards). We note that in some cases such
properties overlap. Increasingly, fit-for-purpose properties are
being refined and can ultimately become more fundamental
and theoretically meaningful. Various specifications that a
biofuel must meet are contained in fuel standards, such as
ASTM D675158 and EN 14214 for biodiesel fuels.59 These
specifications include fit-for-purpose properties such as
impurity content (via water, sulfur, and ash content), volatility
(as boiling temperatures for several volume fractions distilled),
reactivity (through cetane numbers), kinematic viscosity, oxida-
tive stability, and cold-flow properties (cloud points). Other
properties to consider that are not contained in fuel standards
are exhaust emissions from combustion, lubricity, and heat of
combustion. The exhaust emissions are addressed by separate
legislative and regulatory measures, specifications in standards
for conventional petroleum-derived diesel fuel are applied for
lubricity, and heat of combustion is contained in the European
standard for biodiesel as heating oil.

Impact. The area of liquid biofuels is difficult to review
because of the sheer number of the processing routes with
various process conditions and fluid properties. An integrating
approach on a broad scale is helpful for the increasing number
of fuel researchers, process engineers, end-users, and entre-
preneurs. Our main goal is to unite and set out the potential for
synergy between all of the essential steps of fuel production
and applications with the properties of the fuel at each step.
Special emphasis is on processes with knowledge gaps (e.g.,
transesterification, TE) and not on well-known chemical
reactions (e.g., fermentation).6,10,39 The main driving forces
discussed are likely to encourage further development and
move the emerging biofuel technologies from promising ideas
to competitive solutions. Our goal at this time is not to critically
evaluate individual sourcing or the likelihood of deployment of
finished fuels or feedstocks. We also do not focus on the

Figure 1. Block diagram of a sustainable biomass refinery. Text: green, main raw materials, feedstocks, and chemical products; blue, main renewable
energy/fuels; pink, intermediates. Arrows: green, (pre)processing; red (solid), integrating connections provided by thermophysical property
databases; blue (solid), suggested use of the renewable power for biomass processing.
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environmental impact of land or aquatic crops and the
associated public-policy considerations.

■ FEEDSTOCK SELECTION AND PRETREATMENT
Overview. The expansion of biofuels requires the develop-

ment of new methods and equipment to collect, store, and
preprocess biomass in a manner acceptable to biorefineries.8−12

A modern tool to assess feedstock economic feasibility is life-
cycle analysis.11,46,60−65 This analysis must include some
nonprocess inputs that are difficult to quantify accurately.66 It
is primarily from this issue that scientific debates arise on the
sustainability (or not) of important biofuel feedstocks.66−69

Although economically and environmentally important, the
issues of the land-use competition for food and energy crops70

and the agronomic aspects of future energy crops71 are not
included in this review. Feedstock properties (chemical
and thermophysical) required in the design step of biofuel
production are also needed in feedstock selection and
pretreatment steps and will be discussed later. The feedstock
composition is the most important property that conveys,
in turn, other needed characteristics, such as physical state
under ambient conditions, density, reactivity (including thermal
stability), and, for liquids, viscosity and component mutual mis-
cibility. These properties are needed in feedstock preprocessing
and for the optimum selection of pathways toward biofuel
production.
Biomass Resources. Overall, feedstocks for biofuel

production include agricultural residues (corn stover, straws
and hulls, bagasse, and orchard prunings), forestry products
(logging slash, forest thinnings, understory brush, pulping
process wastes such as black liquor and tall oil, and southern
pine), dedicated energy crops (corn, wheat, sorghum, sugar
cane, oil crops, lignocellulosic and herbaceous biomass, and
short rotation woody crops such as poplar and willow), and
other biowastes (municipal solid wastes, industrial, animal, and
yard wastes, and waste oils).9,10,42,72

Triglyceride Feedstocks for Jet/Biodiesel Fuel Produc-
tion. The most important input in the production of jet/
biodiesel fuels is the quality and cost of the triglyceride
feedstock. Oil feedstocks for current and potential biofuel
production are currently obtained from soybeans, rapeseed/
canola, cottonseed, sunflower seeds, groundnut, copra, sesame,
linseed, castor seed, corn/maize, palm, coconuts, Jatropha,
Cuphea, Camelina, pennycress, etc. Soybeans are a main feed-
stock in the United States, whereas rapeseed dominates in
Europe and Canada, and palm/coconut dominates in Southeast
Asia. The major supplies of animal fats and greases for biodiesel
fuel production are tallow, turkey and chicken fat, and lard
(white grease). The free fatty acid (FFA) content of these
feedstocks is usually high (10−30 wt %), making these fats
rather unattractive for conventional catalytic TE, which requires
less than 0.5 wt % FFA content.58,59 Yellow grease is manu-
factured from spent cooking oil. Municipal sewage sludge is
also gaining traction as a lipid feedstock for biodiesel pro-
duction.73 It is plentiful but difficult to process.
Biodiesel fuel from algae is argued to be a potential substitute

for diesel fuels due to its overall performance in the aspects
of environment, safety, raw material productivity, and fuel
quality.46 Microalgae currently stand in the spotlight because of
very high lipid content (up to 70% mass/mass), they can be
grown in waste, saline, or brackish water, and they require land
resources that do not interfere with food crop production.74

Despite the tenor of these optimistic evaluations, other analyses

argue far less optimistic projections. Aspects difficult to quantify
in a life-cycle analysis from growing algae to final fuel are often
questioned.61,75 Among the issues cited are (1) the produc-
tivities achieved in large-scale commercial microalgae produc-
tion systems do not surpass those of irrigated tropical crops;
(2) cultivating, harvesting, and processing microalgae solely
for the production of biofuels is simply too expensive using
current or prospective technology; and (3) currently available
(limited) data suggest that the energy balance of algal bio-
fuels is very poor. It is, however, suggested that using treated
municipal/farm wastewater to offset the nutrient demand
may be one promising approach to improve overall economics
throughout the life cycle of algae.60−62 Liquid biofuel pro-
duction from algae is currently at the R&D phase; samples
of finished fuel from this feedstock are scarce, even for
experimentation.
Different compositions between various lipid feedstocks

could produce differences in the finished product of biofuel.
For example, saturated fats tend to produce biodiesel fuel with
slightly inferior cold-flow properties compared to unsaturated
oils but with better combustion and storage stability.
Combustion tests have also shown animal fats to produce
biodiesel fuel with a slightly better engine emission profile.12,76

Cellulosic Biomass for Bioalcohol Production. Econom-
ically, lignocellulosic biomass has an advantage over other
agriculturally important biofuel feedstocks such as corn starch,
sugar cane and soybeans, because it can be produced quickly
and at significantly lower cost than food crops. Due to their
primary utility as food and feed, the crop-based feedstocks
cannot meet the global demand for bioalcohol (ethanol and
butanol) production as an alternative transportation fuel.10,77

Lignocellulosic biomass is an abundant and renewable raw
material, but it is difficult to process.10,72,77,78

Other Resources. In addition to vegetable oils and algae,
research has suggested the potential application of cyanobac-
teria to the generation of bioenergy via converting sunlight into
renewable fuels.5 The main challenge in this case is the same
with that of the algal fuel: the cost of growing, harvesting, and
processing these microorganisms for significant quantity of fuel.
Although microbial oils are postulated as an alternative to
plant oils, not all oleaginous microorganisms have ideal lipid
profiles for biodiesel production.79 The lipid profiles could
be modified by genetic engineering in some oleaginous micro-
organisms; for example, the biomass from submerged cultures
of the oleaginous fungus M. circinelloides could have the
potential to produce biodiesel fuels.79 Some emphasis is also to
produce biofuels from intermediates of the preliminary bio-
mass processing, such as glucose, 5-hydroxymethyl furfural,
sorbitol, levulinic acid, succinic acid, γ-valerolactone, and
glycerol.9,10,37,39,42,49

Feedstock Pretreatment. The main processing step of
biofuel feedstocks depends significantly on the feedstock
composition that results from the pretreatment steps. There
are numerous approaches to optimize various feedstock com-
positions, based on different upstream and downstream pre-
and postprocessing requirements. Biomass feedstocks from
cropping natural or cultivated sources are usually not suitable
for direct biofuel production. Readily available biomass under
catalytic, thermal, and/or biochemical conversion is broken
down into different components that can be processed
further.10,39,72 Raw material pretreatment is also dependent
upon the type of biofuel to be obtained. One of the main
factors in the biomass preprocessing steps is the widely varying
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moisture content. Diminishing this content in order to opti-
mally perform specific processing requires significant energy
and time. Accordingly, efforts are directed toward prepro-
cessing biomass feedstocks with high water content, such as
algae.80,81

To produce biofuels from microalgae, a multistep process
from growing algae to oil TE and ultimately to fuel purification is
required. The main issues are the very high water content of the
cropped algal biomass and the difficulties of oil extraction and
purification. For the latter step, dry algal biomass is preferred
but is costly. Alternatively, a two-step process of hydrolysis of
biomass followed by esterification of FFAs has been proposed.81

As another example, typical oilseed pretreatment and oil
extraction comprise the following steps:12 (1) storage of oilseeds;
(2) cleaning of the oilseeds; (3) removing the husk or seed
coating and separating the seeds from the chaff; (4) heating the
seed; (5) extracting oil (e.g., mechanical expression, liquid or
supercritical fluid (SC) solvent extraction); (6) oil purification;
and (7) storing the purified oil. Animal fats as biodiesel fuel
feedstocks are derived from the rendering process by use of
animal tissues as the raw material. Yellow/brown grease is
manufactured from spent cooking oil. The solids are first filtered
out, and the oil is then heated to drive out moisture until the
product meets industry specifications for the grease.
Pretreatment of the lignocellulosic biomass is focused on

opening/expanding the surface area of the feedstock for the
subsequent enzymatic reactions. It includes physical, chemical,
and thermal methods to change the biomass structure in order to
improve downstream processing. These methods may be divided
into (1) those that produce a stream directly for fermentation
to ethanol and (2) those that are followed by enzymatic
hydrolysis.10,39 As a result of pretreatment, the fibrous structure
of the feedstock is destroyed.10,39 The use of supercritical water
and ionic liquids to solubilize polymeric carbohydrates, such as
cellulose and starch, to make them accessible to liquid-phase
processing has also been explored.48,49,82 The carbohydrate
compounds of lignocellulosic materials can also be pretreated
and partly hydrolyzed by near-critical water.83 CO2 dissolved in
water may be used as catalyst. Pretreatment is one of the most
expensive processing steps for the production of sugars from
biomass, and more research is needed.

■ FEEDSTOCK PROPERTIES
Properties of Triglyceride Feedstocks and Their

Mixtures with Methanol/Ethanol. While for some individ-
ual triglycerides and methanol/ethanol the fluid properties
needed for TE characterization are available in the litera-
ture,12,20−26,84 such data are limited for the mixtures. The
properties of the triglyceride (lipid) feedstocks are evaluated
from two perspectives: the use of feedstock for biofuel pro-
duction, or directly (without processing) as components in fuel
blends. For the former perspective, which is more common, the
emphasis is on composition, mutual miscibility with methanol/
ethanol, density, volatility, thermal conductivity, heat capacity,
critical points, and flow properties (viscosity, diffusivity, and
Reynolds number). The most important is the composition,
which, in turn, controls other properties.12,26 The unrefined oils
and fats usually contain FFAs, phospholipids, sterols, water, and
other impurities.85 Water and FFA contents are important
quality parameters that vary significantly with feedstock origin.
Of special importance for triglyceride−alcohol mixtures are
mutual solubilities and critical P−V−T−X conditions. The
latter perspective, far less common, encompasses the properties

needed to combine the feedstock oils directly with, for example,
petroleum diesel fuels. The major properties of concern for this
application will be discussed later.

Miscibility of Triglycerides with Methanol/Ethanol. The
miscibility of triglycerides with methanol/ethanol is essential
for the TE process design and operation. The main difference
between various TE reaction conditions reported in the
literature for near-complete triglyceride conversions largely
originates from the reactant mutual miscibility.12,40,41,85−93 At
similar P−T conditions, this property is strongly dependent
on triglyceride composition and alcohol-to-triglyceride ratio.
Stoichiometric quantities of liquid triglycerides and methanol
are not necessarily well miscible. The TE reactions occur at
the interface between the two phases, resulting in a much lower
conversion rate than if the reaction mixture was a homoge-
neous single phase. The TE reactants (methanol/ethanol and
triglycerides) and products (FAMEs/FAEEs and glycerol) are
partially mutually soluble under various P−T−X conditions of
TE processes. The alcohol is soluble in glycerol but is not
significantly soluble in the feedstock oil. With an increase in the
FAME/FAEE yield, the alcohol solubility in the triglyceride-
FAME/FAEE phase increases. For example, when FAME
content increases to ∼70%, the triglyceride−methanol−FAME
mixture becomes a homogeneous phase.89 Glycerol has a low
solubility in both oil and FAMEs but has a high affinity for
alcohol. The miscibility of a soybean oil−ethanol mixture (1:16
molar ratio) being rapidly heated at constant density from room
temperature to 400 °C in a view cell is illustrated in Figure 2.86

Phase Transitions in Triglyceride−Alcohol Mixtures. By
observing and recording the P−T−X conditions of phase
transitions, as shown in Figure 2, one can construct different
binary phase diagrams.90,93−96 The global P−T diagrams for

Figure 2. Miscibility of a soybean oil−ethanol mixture (1:16 molar
ratio) being rapidly heated from 26 to 400 °C at constant density.86

The mixture goes from a two-phase liquid to an SC state. (The view
cell volume is ∼1 mL.)
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triglyceride−alcohol binary mixtures are of type II in the Scott−
van Konynenburg classification.95 These diagrams exhibit two
critical lines: one L = V critical line connecting the critical
points of pure components C1 and C2, and a liquid−liquid
(L1 = L2) critical line from an upper critical end point (UCEP)
to high pressures. Figure 3 shows the projections of such a
phase diagram on the P−T plane for the ethanol(1) + C54(2)
system (C54 as a triglyceride surrogate).95 The curves were
generated by a Peng−Robinson (PR) EOS with the interaction
coefficient kij = 0. For this particular case, the saturation curve
of ethanol is very close (nearly overlaps) the L1L2V curve up to
the UCEP and then continues to C1. With this methodology, it
will be possible to construct P−T−X phase diagrams for
selected binary systems of triglyceride−alcohol solutions.
Critical Conditions of Triglyceride−Alcohol Mixtures.

Critical conditions of triglyceride−alcohol mixtures are typically
determined by using a view cell and a suitable optical
system.86,93,94,96 In the experimental cell, however, the reactivity
of the triglycerides and alcohol could generate esters that will
affect the critical conditions by changing the system
composition. This effect will likely be negligible for high
heating flux that will lead to short residence time until the
desired temperature will be reached. Alternatively, the critical
parameters can be calculated by a group-contribution
technique, EOS, or other methods.
P−V−T Surface. The P−V−T surface of the reactants and

reaction products is an important fluid property for almost any
industrial process design, and it is critical to the development
of the EOS for a fluid. These data are usually obtained by a
measurement of the fluid density under wide ranging tem-
perature and pressure. Instrumentation for performing such
measurements include absolute dual sinker densimeters for
reference fluid measurements and several automated densim-
eters that are capable of measurements at atmospheric-pressure

or compressed liquids over industrially relevant temperature
ranges (0 −200 °C, up to 500 bar, with a typical uncertainty of
0.5 g/mL over the range).97−99

P−V−T data were also measured with a static-type bellows
apparatus for various fats and oils at 1−150 MPa and 30−80 °C
and compared to those of pure components trilaurin, triolein,
and tridecane.100 The P−V−T behavior for the fats and oils
above their melting points was similar and was explained
in terms of molecular mass, iodine value, and fatty acid
composition. The data were correlated with the Tait, Peng−
Robinson, Hederer−Peter−Wenzel, lattice, Flory, and simpli-
fied perturbed hard chain theory (SPHCT), but only the Tait,
Flory, and SPHCT equations provided satisfactory correlation.
SPHCT parameters were generalized in terms of measurable
oil properties, saponification value, and iodine value. With the
correlated parameters, the P−V−T behavior of the oils was
described to within 4.9% average deviation in pressure.
An approach has been proposed to estimate the densities of

straight and processed vegetable oils from their fatty acid
composition, obviating the need for measured values (partic-
ularly for use in process modeling studies).101 The proposed
methodology has been validated using the measured densities of
11 different vegetable oils and 13 processed vegetable oils. The
predictions are found to agree with the experimental data (∼1%
uncertainty) at temperatures up to 90 °C.

Speed of Sound. The speed of sound in a fluid is also an
important property, because it is related to the isothermal
compressibility. Measurements are typically performed on liquids
at atmospheric pressure. Some custom-made instruments are
available (usually based on spherical resonators) that measure
the compressed liquid and gas as well.98,99 This property,
similar to the P−V−T surface, is critical for EOS development,
but it is also a fit-for-purpose property. In many modern
aircraft, fuel level indicators function via a speed-of-sound

Figure 3. P−T projection of a type II (Scott-van Konynenburg classification) phase diagram for the system ethanol(1) + C54(2).
95 The green lines

are the saturation curves for the pure components.
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measurement, thus knowledge of the variability of this property
for different finished fuels is critical.
Heat Capacity. The heat capacity of the reactants and

reaction products is a fluid property needed when designing
heat exchangers, calculating heats of reaction, and heat transfer
air−fuel before combustion. While for pure fluids, the
divergence of the heat capacity in the vicinity of the critical
point is a well-known feature, for the fluid mixtures of interest,
the behavior of this property is less striking. There are available
data for heat capacities of liquids and liquid mixtures, but these
data are scarce near the critical point. In general, the heat
capacity for liquid fluids is a linear function of temperature, as
shown in Figure 4.102 Heat capacities at constant pressure (Cp)

of reactants are needed for process design over wide P−T
ranges. This property can be determined by using a differential
scanning calorimetry (DSC) method, which has been shown to
be capable of acquiring Cp data (with 1% uncertainty) up to 350
bar at 300 °C.103

Fit-for-Purpose Properties of Triglyceride Feed-
stocks. The most important fit-for-purpose properties for
common oils/fats are given in Table 2.76,104 For an easy

comparison, the same properties of typical diesel fuel no. 2
(DF2) are included in the last row. Although most of these
properties were determined for the purpose of combusting oils/
fats as fuels in diesel engines, these fluids do not exhibit
properties suitable for efficient and clean combustion.105 For
example, their viscosity is more than 1 order of magnitude
higher than that of petroleum-based diesel fuels, and their
volatility is generally too low for good injection and combustion
events in a diesel engine. When compared with diesel fuels, the
unsuitability of the oil/fats for use in diesel engines is apparent
from their relative properties mentioned above.
Triglyceride biofeedstocks exhibit better behavior at low

temperatures than many biodiesel fuels. The transition from
liquid to solid states is well-defined and occurs at lower
temperatures for the oils, while for the fuels, solidification
includes a two-phase heterogeneous transition occurring at
higher temperatures.106,107 This different behavior is due to the
homogeneous distribution of the saturated and unsaturated FAs
in triglyceride molecules. In biodiesel fuels, the saturated and
unsaturated FAMEs are separated as temperature is reduced,
with the former solidifying first. This characteristic could
lead to a more convenient in situ/engine TE of triglyceride
feedstocks.106

Properties of Cellulosic Biomass. The sources of the
lignocellulosic ethanol are from the glucose originating from
cellulose and from the simple sugars that compose the hemi-
cellulose. The term cellulosic biomass refers to potential feed-
stocks that have cellulose as the primary constituent (40−60%)
with hemicelluloses (15−25%), and lignin (15−30%) as
secondary components.10,108 Cellulose is a linear polymer with
glucose groups joined together by β-1,4 chemical bonds.
Individual polymer chains are connected by hydrogen bonds
forming a microfibril, a three-dimensional (3-D) lattice. Such a
network (crystalline cellulose) is very stable against attack by
enzymes or acids. Regions with a lesser degree of hydrogen
bonding are simply random configurations of glucose polymers
(amorphous cellulose). Most natural cellulose is primarily
crystalline.10,72,108 Hemicellulose is a mixture of linear and
branched polymers of xylose and arabinose (5C sugars) and
glucose, mannose, and galactose (6C sugars). Hemicellulose
is readily dissolved and hydrolyzed to its simple sugars in
dilute acids at moderate temperatures (∼100−200 °C). Lignin,
a complex 3-D matrix of phenolic−propane units, does not
participate in the pretreatment or hydrolysis processes, except
to decrease the degree of polymerization.

Figure 4. Specific heat capacity of soybean oil−methanol mixture as
function of temperature. (Data from ref 102).

Table 2. Fit-for-Purpose Properties of Various Plant Oils76,104

oil cetane no. heat content (MJ/kg) viscositya (mm2/s) cloud point (°C) pour point (°C) smoke pointb (°C) flash point (°C)

castor 39.50 297 −31.7 200 260
corn 37.6 39.50 34.9 −1.1 −40.0 232 277
cottonseed 41.8 39.47 33.5 1.7 −15.0 216 234
linseed 34.6 39.31 27.2 1.7 −15.0 241
palm 42.0 40.2 235
peanut 41.8 39.78 39.6 12.8 −6.7 232 271
rapeseed 37.6 39.71 37.0 −3.9 −31.7 246
safflower 41.3 39.52 31.3 18.3 −6.7 266 260
high-oleic safflower 49.1 39.52 41.2 −12.2 −20.6 293
sesame 40.2 39.35 35.5 −3.9 −9.4 232 260
soybean 37.9 39.62 32.6 −3.9 −12.2 238 254
sunflower 37.1 39.58 37.1 −7.2 −15.0 227 274
DF2 47.0 45.34 2.7 −15.0 −33.0 52

aAt 38 °C and 1 bar, except for palm oil (40 °C and 1 bar). bSmoke points from ref 104.
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Properties of Intermediate Biofeedstocks. A computa-
tional chemistry method was used to predict the gas-phase
heats of formation of compounds relevant to the conversion of
biomass-derived oxygenated feedstocks into fuels or chemical
feedstocks (glucose, 5-hydroxymethyl furfural, sorbitol, levulinic
acid, succinic acid, γ-valerolactone, and glycerol).42 Heats of
formation of the liquid were obtained from calculations of the
boiling point combined with the rule of Pictet and Trouton,
using modified values for ΔSvap. Densities of levulinic acid, ethyl
levulinate, butyl levulinate, furfural, and furfuryl alcohol have
been measured using a high-pressure, high-temperature
vibrating tube densimeter system over a temperature range
from 10 to 68 °C and a pressure range from 0.1 to 60 MPa.109

From the measured densities, some thermodynamic properties,
isobaric thermal expansion and isothermal compressibility, have
also been calculated. The properties and performance of
levulinate esters as diesel blend components have been also
studied in detail.110

■ FEEDSTOCK PROCESSING AND REFINING TO
BIOFUELS

Overview. While the availability of diversified feedstocks is
a significant advantage for biofuel production, the variable
compositions of these feedstocks render the selection of
processing conditions rather difficult. For example, the available
lipid feedstocks contain only five main fatty acids: palmitic,
stearic, oleic, linoleic, and linolenic. There are, however, 35
triglycerides containing these acids, with different structures
and corresponding properties. The sugar-based feedstocks for
bioalcohol production are somewhat more limited but, with
increasing genetic engineering modifications, these are growing
increasingly diversified. Much of the feedstocks contain large
molecular compounds (e.g., triglycerides and sugars) or poly-
mers (e.g., lignocellulose and starch) that must be converted
into smaller molecules that have acceptable volatility and
viscosity, to ensure compatibility with the operation of internal
combustion engines. The design of any process involving
biofeedstocks requires some degree of knowledge about their
thermophysical and chemical properties.
There are a number of implemented technologies and several

under development for the production of biofuels. The former
include fermentation of sugar substrates to ethanol and TE of
natural oils and fats to biodiesel fuels.6,10,12,39,72 Lignocellulosic
material can be converted into liquid fuels essentially by three
primary routes, as shown in Figure 1: (1) syngas by gasification
followed by Fischer−Tropsch conversion to alkanes, (2) bio-oil
by pyrolysis or liquefaction followed by catalytic upgrading, and
(3) hydrolysis of biomass to produce sugar monomer units.
Toward implementation of these technologies, special attention
could be devoted to the existing processes in petroleum
industry that could be applied to biomass refining. Because
chemical routes for the transformation of biomass into
chemicals are well described in the literature,6−10,39,42,72 only
a brief presentation is provided here.
Bioethanol. Bioethanol is usually produced from feed-

stocks with high sugar content by an enzymatic fermentation of
six-carbon sugars (mainly glucose).6,10,39 When the raw
materials are grains, hydrolysis is first used to convert the
starches into glucose.10,111 The conventional processes use only
the germs of the seeds or grains, which represent a small
percentage of the total mass of the plant.112 The generated
distillers dried grains with solubles is an animal feed with a
higher value than the original corn.

Alternatively, ethanol can be produced from lignocellulosic
feedstocks through biochemical processes (mainly hydrolysis
and fermentation):6,10,39
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The hydrolysis is usually catalyzed by acids or cellulase
enzymes, and the fermentation is carried out by yeast or
bacteria. By-products including 5-hydroxymethylfurfural and
levulinic acid are produced by acid-catalyzed degradation of
sugars.10,42 The presence of lignin and hemicellulose makes the
access of cellulase enzymes to cellulose difficult. Factors that
affect the enzymatic hydrolysis of cellulose include substrates,
cellulase activity and reaction conditions.113 While bioethanol
production from lignocellulosic feedstocks has been improved
by the development of new technologies, there are still chal-
lenges for a commercial-scale production. These challenges
include providing stable performance of fermenting micro-
organisms, developing more efficient pretreatment technologies
for the lignocellulosic biomass, and integrating the optimal
components into economic ethanol production systems. Cal-
culations show that up to 0.33 kg of bioethanol, 0.06 kg of
furfural, and 0.17 kg of FT-diesel per kg of softwood can be
produced and mass, carbon, and energy conversion efficiencies
of 56, 70, and 82%, respectively, are achieved.45

Biobutanol. n-Butanol has been manufactured by fermen-
tation of sugars or starch, and the perspective is to use
lignocellulosic feedstocks. The process is complex and consists
of the anaerobic conversion of carbohydrates by strains of
Clostridium acetobutylicum into acetone, butanol, and ethanol
(ABE fermentation) with a product ratio of 3:6:1.114 When a
concentration of 12 g/L is reached, the alcohol will inhibit the
bacterial cells.115 Upon completion of the fermentation, there is
a relatively small amount of ethanol and acetone in the broth.
Recovery and purification of n-butanol from the fermented
broth is a difficult and costly process. To make this process
profitable, in situ product recovery is required by gas stripping,
pervaporation, membrane extraction, adsorption, and reverse
osmosis.116 There has been some recent progress made, with
the final n-butanol concentration in the solution reaching about
20 g/L.6

Renewable Gasoline, Diesel, and Jet Fuels. The
production of these fuels usually involves thermochemical
conversion of biomass at higher temperatures and pressures
than those of biochemical conversion. The former process
allows more flexibility in feedstock choice and a diversity of
fuels produced.10,72 The process begins with gasification or
pyrolysis of a biofeedstock and is generally more capital-
intensive. Large-scale production is required for economic
benefit, but the final product is a clean finished fuel. Green
gasoline can be produced by a combination of hydroprocessing
and catalytic cracking to yield alkanes of predetermined chain
lengths for the desired range of octane numbers. A common
process to produce renewable jet and diesel fuels from
vegetable oil utilizes catalytic saturation, hydro-deoxygenation,
decarboxylation, and hydro-isomerization reactions.10,63,117−119

There is a need to reduce the natural oil carbon chain lengths
(C16−C18) to the required range for aviation turbine fuel
(C10−C14). This need is achieved by catalytic processes of
deoxygenation, isomerization, and selective cracking of the
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hydrocarbons present in natural oils and fats. The process can
be adjusted to produce a specific freeze point of the desired fuel
or can be operated to maximize production. Renewable green
diesel-type alkanes can be produced by hydrotreating vegetable
oils at 270−300 °C with Pt/H-ZSM-5 catalysts.117 The carbon
molar yield of C15−C18 n-alkanes was ∼80% for hydrotreating
jatropha oil. The reaction pathway involves hydrogenation of
the CC bonds in triglyceride molecules followed by
hydrodeoxygenation with decarbonylation and decarboxylation
to form C15−C18 straight chain alkane mixtures. A catalytic
hydrothermolysis process aimed at converting triglycerides to
nonester biofuels has also been characterized at temperatures
ranging from 450 to 475 °C and a pressure of 210 bar.118 The
organic phase (biocrude) from the process underwent post-
treatment involving decarboxylation and hydrotreating. Other
catalysts such as NiMo/Al2O3 and CoMo/Al2O3 are used for
the production of renewable diesel fuel.119 Results derived from
plant oils showed that certain biofuel fractions met petroleum
distillate specifications.
The liquid biofuels produced from syngas include alkanes by

Fischer−Tropsch synthesis:10

+ + → ++n n nCO (2 1)H C H H On n2 2 2 2 (3)

Fischer−Tropsch liquid (FTL) as a renewable fuel is
synthesized on Co-,Fe-, or Ru-based catalysts by reacting CO
and H2 produced by steam reforming of a biofeedstock (pos-
sibly coupled with the water−gas shift reaction):7,10,72,117−122

+ → +n n n(C H O ) H O 6 CO 6 Hn6 10 5 2 2 (4)

+ → +CO H O CO H2 2 2 (5)

The down side of the reaction 3 is the fact that near half of
the total hydrogen amount needed goes to water. The FTL is a
mixture of mostly straight-chain alkanes (up to ∼C50) that can
be shipped to a conventional petroleum refinery for processing
or refined on site into diesel fuel, jet fuel, or other fractions.9,10

Emphasis is on the production of middle distillate fuels with
high cetane number and little or no sulfur and aromatics. The
analysis indicates that FTL fuels are typically less costly to
produce when electricity is cogenerated than when producing
mainly liquid fuels.120

A numerical simulation of the Fischer−Tropsch (FT)
synthesis in a tubular reactor packed with an iron-based
catalyst has been conducted to assess the effects of process
parameters on product distribution.121 The study adopted the
alkyl and alkenyl mechanisms in predicting the formation of
paraffins and olefins. The extent of the variation of the syngas
molar−feed ratio, reactor inlet pressure, and reactor length on
paraffin and olefin selectivities and mass flow rates has been
documented. Also, limiting factors for the heating value output
have been discussed, and a study addressed in situ H2O removal
by a hydrophilic membrane to maximize carbon efficiency.122

Bio-oils by Feedstock Liquefaction. The energy require-
ments and costs for dewatering and drying wet biomass (e.g.,
algae) are very high. Thus, there is a need for processes that
convert wet biomass directly into crude bio-oils or biodiesel
fuels. Liquefaction of biomass produces a water-insoluble bio-
oil by treatments at high pressure (50−200 bar) and relatively
low temperature (250−500 °C).9,10,72,80,81,123 The hydro-
thermal and gasification processes investigated offer ways to
deliver much of the heating value of the initially wet biomass
as fuel-range molecules. The overall objective of biomass

liquefaction is to control the reaction rate and reaction
mechanisms, using pressure, gases, and catalysts, to produce a
premium liquid oil. During bio-oil production, a large number
of reactions occur, including hydrolysis, dehydration, isomer-
ization, dehydrogenation, aromatization, retro-condensation,
and coking. The exact composition of the bio-oil is dependent
on many factors, such as feedstock composition, heat transfer
rate, temperature, and residence time.80 The composition of the
products can be determined, for example, by solvent fraction-
ation followed by the analysis of various fractions via gas
chromatography/mass selective detector (GC/MSD), capillary
electrophoresis, NMR, etc.124

The pyrolysis of willow wood, corn stalk, rice husk, and
sorghum and wheat straw was studied by thermogravimetric
analysis (TGA).125,126 The experiments yielded dependable
kinetic parameters, such as energy of activation and Arrhenius
preexponential factor. The resulting models described well the
experimental data and may be suitable for predicting kinetic
properties. Because of their very complex composition, bio-oils
are incompatible with conventional fuels. The most significant
problems of bio-oils as fuels are too low volatility, high viscosity,
coking, corrosiveness, and cold flow problems.10 The standard
ASTM D7544 specification covers a pyrolysis liquid biofuel
produced from biomass intended for use in industrial burners.
However, this type of biofuel is not intended for use in
residential heaters, small commercial boilers, engines, or marine
applications.

Biodiesel Fuels. Methods to reduce the high viscosity of
vegetable oils to enable their use in common diesel engines
have been extensively investigated and include blending with
petroleum-based diesel, pyrolysis, microemulsification (cosol-
vent blending), and the TE process.12 The latter is by far the
most common method to produce biodiesel fuels. To obtain
these fuels on a commercial production scale, the triglyceride
feedstock is subjected to a TE process in which the triglycerides
are reacted with alkyl alcohols to form fatty acid alkyl esters.
The global TE process between triglycerides (TG) of identical
fatty acids (e.g., triolein), for example, and methanol can be
written as

+ → +TG 3CH OH 3RCOOCH C H (OH)3 3 3 5 3 (6)

This overall reaction is, in reality, a sequence of many other
competitive or consecutive reactions. Among them, the most
significant are

+ → +TG CH OH RCOOCH DG3 3 (7)

+ → +DG CH OH RCOOCH MG3 3 (8)

+ → +MG CH OH RCOOCH C H (OH)3 3 3 5 3 (9)

In these reactions, DG and MG are diglycerides and
monoglycerides, respectively. Although a molar ratio of 3:1 for
methanol to triglyceride is considered to be the stoichiometric
ratio, in practice, a large excess of methanol is commonly used.
At temperatures >350 °C, glycerol will thermally decompose
and react with methanol to produce ethers.86−88

Reaction parameters of a catalyzed TE process include the
molar ratio of alcohol to vegetable oil, temperature, reaction
time, degree of refinement of the vegetable oil, and the effect of
the presence of moisture and FFA.12 For the maximum TE
conversion, the alcohol should be free of moisture (<0.1−0.3%
(mass/mass)) and the FFA content of the oil should be
<0.5% (mass/mass). The conditions of 60−80 °C, 1 atm,
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6:1 methanol/oil molar, 1−3 h reaction time for a conversion
of 99% have become standard for conventional TE.12 However,
the complexity of the overall process renders this fuel more
expensive than petroleum-derived diesel fuels. The problems
reside in the necessity of using highly refined oils and costly
separation and purification steps of complex mixtures (residual
reactants, catalysts, reaction products, and byproducts).

The effect of the solid-acid and ion-exchange-resin catalysts
on TE reactions was studied to enhance the use of lipids with
high FA content.127−130 Compared with the typical homoge-
neous catalytic TE reactions, these offer the advantages of
simplified product cleanup and a reduction in waste materials.
The activity of various catalysts is slightly different, resulting in
moderate-to-high TE conversion and product yields. The studies

Figure 5. Process diagrams for biodiesel (BD) production by a conventional method (top)134 and by SC-TE (bottom).86
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reported TE temperatures in excess of 200 °C to achieve >90%
conversion. Solid catalysts could also play a mixing role for TE
reactants, while an improved mixing can occur without a
catalytic activity. The kinetics of esterification of fatty acids with
alcohols revealed that porosity and surface hydrophobicity of
the catalyst are important factors other than acid properties that
influence the esterification reaction.131,132

Another nontraditional approach was reported to produce
biodiesel fuel through noncatalytic TE of various feedstocks in
SC alcohol (e.g., mostly methanol and ethanol).40,41,133 New
methods related to this technology were reported as simplifying
the TE processes. The assessed manufacturing costs are still
high, however, as a result of the large excess of alcohol used
(molar ratio of ∼42:1 vs stoichiometric 3:1) and the necessity
to perform glycerol separation. To overcome these issues, a
new version of these methods was proposed.27,86−88 A
comparison between the conventional catalytic134 technology
and this new SC-TE method86 is shown in Figure 5.
The obvious simplicity of the SC-TE method is due to the

lower excess of alcohol needed, with cost savings on recycling,
glycerol decomposition to valuable fuel components (no need
for complex separations), no catalyst to be recovered, and
the substitution of batch by continuous flow reactors. These
improvements could lead to a manufacturing cost of biodiesel
fuel half of that of the conventional catalytic method.27,86

Properties Needed for Transesterification (TE) Reac-
tions. The properties needed to successfully engineer and
optimize TE reactions include heats of reaction and kinetic
parameters for specific reactants (e.g., fatty acid profile and the
nature of alcohol). The main properties needed in the modeling
work for the development of a comprehensive TE model are
chemical kinetic rate constants, reaction paths, and thermody-
namic parameters. Furthermore, the essential properties of
biodiesel fuel produced by TE reactions such as glycerol
content, ester composition, and volatility (through distillation
curves) are also needed in order to have feedback control on
feedstock composition and TE conditions. Unfortunately, the
science behind biodiesel fuel production is not yet well
developed. The heat of the TE reactions, TE reversibility, and
catalytic activity (particularly at high temperature) are a few
issues that have not yet been convincingly addressed. Often, the
role of fluid mixing in increasing TE conversion conferred by a
solid bed/mesh is misleadingly assigned to a catalytic activity,
and the excess alcohol is erroneously explained as a shifting
factor of the reaction equilibrium.
Reaction Reversibility. Theoretically, TE is a reversible

reaction, particularly for small molecules. In the production of
FAMEs in a liquid phase, however, the reverse reaction does
not occur or is negligible, simply because the glycerol formed is
not miscible with the product (again, a property consideration).
Accordingly, the often-claimed involvement of excess methanol
as a driving force of the TE equilibrium toward the product side
is unsustainable and uneconomical under practical condi-
tions.135 Also, for mostly reported SC-TE reactions, a large
excess is actually needed for mixing, to bring reactants into one
homogeneous phase.87

Heat of the Overall TE Reactions. Information regarding
the endo- or exothermicity of the overall reactions of the TE
process is not yet available. A calculation based on the values of
the heat of formation of the TE reactants and products21 shows
a thermal effect of ∼13 kJ/mol. This endothermic effect is in
agreement with the increasing triglyceride conversion with
increasing TE temperature. DSC or TGA studies of TE

reactions should be performed to acquire reliable data on the
thermal behavior of triglyceride−alcohol systems.103,136
The heat of the overall TE reaction (ΔrH(T)) can be

obtained in two ways. First, Δr H(T) can be calculated by the
Kirchhoff equation, based on Cp(T) of the reactants and
products:103
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Cp,ξ is the heat capacity of the system at constant pressure
and extent of reaction (ξ), νi are the stoichiometric numbers,
and Cp,i are the partial, molar heat capacities of the reactants
and products.
Second, ΔrH(T) can be obtained from DSC-measured heat

flow rates:

= + ⟨Δ ⟩ ξ
ξ⎜ ⎟⎛

⎝
⎞
⎠

Q
t

C T
T
t

H
t

d
d

( )
d
d

d
dp

p, r
(11)

where ⟨ΔrH⟩ is the reaction enthalpy. The reactants are heated
as rapidly as possible from room temperature to the reaction
temperature, to decrease the effect of the unsteady state. The
reaction equilibrium is reached when a constant heat flow rate
Φend is achieved. Because there is no contribution from heat
capacity in the isothermal mode, the average reaction enthalpy is
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Reaction Kinetics. The TE kinetic parameters are depend-
ent on the molar ratio between the triglycerides and the
alcohol. For the stoichiometric ratio of 1:3, the overall TE
reaction is second order, while for a large excess of alcohol TE
is a pseudo-first-order reaction.41 Kinetic analyses to date have
used simple global reaction models with assumed reaction
orders, and typically, they have used a single overall reaction.41

The rate constants for the triglycerides forming diglycerides
and then monoglycerides were comparable and temperature
dependent, while the last step of monoglyceride conversion to
glycerol was much slower. Because diglycerides reach a
maximum concentration before monoglycerides (Figure 6),

the formation of glycerol from monoglycerides proceeds more
rapidly than the formation of monoglycerides from diglycerides.

Figure 6. Qualitative dependence of the TE conversion of a triglyceride
(TG) to a FAME product on the reaction time. The reaction proceeds
through diglyceride (DG) and monoglyceride (MG) steps.

Energy & Fuels Review

dx.doi.org/10.1021/ef201392s | Energy Fuels 2012, 26, 324−348334



There are separate linear trends within the subcritical (T < 239 °C)
and SC region (T > 239 °C).41 The existence of these two
regions could be linked to the phase behavior. At subcritical
conditions, two liquid phases exist, and the rate of interphase
mass transfer could limit the observed reaction rate. As the
reaction proceeds, the generated FAMEs increase methanol
solubility in oil, and consequently, the reaction rate increases.
There has been some tendency of separating thermophysical

properties and kinetic properties, but we point out that at the
present time, efforts are under way to unite the two. For
example, there is work in progress on an additional measure-
ment associated with the advanced distillation curve metrology
to include ignition delay and sooting properties. These efforts
will relate the thermophysical properties of diesel and jet fuels
to the kinetics, since detailed kinetic mechanisms are used to
predict ignition delay and sooting properties. Also, one cannot
measure thermophysical properties without an explicit under-
standing of kinetics. This is reflected in vapor pressure mea-
surements on FAMEs, and on all measurements on finished
fuels at high temperatures.
Energy of Activation. Due to the miscibility issues, it is

difficult to accurately assess the kinetic parameters of TE
reactions. Conflicting results, along with the wide range of
activation energies reported in the literature, point to the
difficulty of doing TE kinetic studies and separating out
transport, mixing, and phase-behavior effects.41 Another issue is
that the kinetic phenomena are sensitive to the specific alcohol
and oil used in the TE reactions. Additionally, the experimental
data used to determine rate constants and activation energies
could be affected by unintended metal-catalyzed reactions.
Furthermore, activation energies differ in the subcritical and SC
regions in some but not in all of the studies.41,137 Separate
linear trends were reported within the subcritical (T < 239 °C)
and SC region (T > 239 °C) with different values of the
activation energy.41 There is clearly a need for more work on
the kinetics of TE reactions, so that the reaction orders,
intrinsic rate constants, and activation energies can be
determined.

■ BIOFUEL PROPERTIES

Properties of Biodiesel Fuels. Viscosity. Viscosity is
one of the most important transport properties for flowing
processes, and one of the most sensitive to compositional
differences.138,139 While most of the biodiesel fuel properties
compare favorably with those of petroleum-derived diesel fuels,
the higher viscosity of biodiesel fuel can affect fuel injection
parameters. Although it meets the specifications in the ASTM
standards, the viscosity of commercially produced biodiesel fuel
is outside the allowed range by ASTM standard D975 for
petrodiesel fuels (4.2−4.6 vs 2.5−3.2 mm2/s at 40 °C).138

Biodiesel fuels from soybean oil usually display viscosity slightly
below 4.2 mm2/s.
The standard test method ASTM D445140 is commonly used

to measure the viscosity of liquid petroleum products. The
kinematic viscosity is determined by measuring the time for a
known volume of liquid flowing through a calibrated glass
capillary viscometer tube. The manufacturers of the viscometer
tubes provide calibration constants at two temperatures, usually
at 40 and 100 °C. According to the ASTM standard, in order to
accept a viscosity measurement, the measurement should be
conducted twice, and the first and second measurements should
agree within 0.02 mm2/s.

Biodiesel fuel viscosities were found to increase exponentially
with both rising pressure and reducing temperature.141 The
regression equation for isobaric viscosity data that is commonly
recommended in the literature is138

η = + +A B T C Tln / / 2
(13)

In this equation, η is the kinematic viscosity in mm2/s (cSt),
A, B, and C are constants for the fluid, and T is the absolute
temperature. The empirical values of A, B, and C can be found
using common polynomial curve-fitting software. If individual
viscosity data for biofuel components are available in the
literature, viscosity for the bulk fuel of composition xi can be
calculated using the simplified Grunberg−Nissan equation:

η = Σ ηxln lni imix (14)

A group-contribution method has also been proposed for the
estimation of the viscosity of fatty compounds and biodiesel
esters as a function of temperature.51,142

The viscosity of some of biodiesel fuels was reported to
increase linearly with pressure until ∼35 MPa, followed by a
higher order response to pressure.143 Except for biodiesel from
coconut oil, the biodiesel samples have viscosities that are
greater than petroleum-derived diesel at both ambient and
elevated pressures. The viscosity of biodiesel fuels with pressure
can increase nearly 300% over their respective ambient-pressure
viscosity, while diesel fuel no. 2 increases up to ∼400% over
similar pressures. The biodiesel samples at 10 °C were found to
experience pressure-induced cloud points (solid−liquid equili-
brium) from 70 to 100 MPa, which significantly increases their
viscosity. The Tait−Litovitz equation was found to correlate
the data well over the large range of both temperature and
pressure.143 The viscosity was also measured for the algal
methyl ester formulations.144

Volatility. Volatility is a crucial fluid property for fuel re-
placement and enhancement, and for proper engine operation.
Volatility information for the main FAME compounds in
natural lipid feedstocks is provided in Table 3 as boiling points.
Volatility of complex fuels is very sensitive (if not the most
sensitive property) to compositional variability and can be
determined by the advanced distillation curve (ADC) tech-
nique, method developed at NIST.30−35,145−148 The distillation
curve for multicomponent fuels, usually presented graphically
as boiling temperature against volume fraction distilled, is
often cited as a primary criterion for design and testing of
liquid fuels. While the standard test method, ASTM D-86,
provides the usual approach to measurement, it has no basis
in theory.149 The advanced distillation curve gives a thermo-
dynamically consistent measure of fuel volatility fraction by
fraction.30−35,145−148 For this reason, the ADC data can be
used for fluid modeling. There are numerous engineering
and application-specific parameters that can be related to a
distillation curve. When applied to liquid fuels, for example, one
can estimate engine starting ability, fuel-system icing and vapor
lock, fuel-injector timing, fuel autoignition, etc.
The fuel composition, the most important parameter that

governs distillation curve shape, has been determined for a
variety of fuels, including biodiesel fuels.13,17,34,35,147,148 The
distillation curves can be easily compared with those of selected
fuels that are considered typical (e.g., DF2 and commercial
soybean biodiesel fuel) as shown in Figure 7.150 Also, equations
based on experimental data were proposed for the normal
boiling temperature of FAMEs, Tnb, as a function of the number
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of the carbon atoms, NC. An example is the following:151

= −T N(K) 218.49 ln 6.933nb C (15)

The equation was obtained from the data of C10−C18 and
was applied up to C24 with a maximum prediction error less
than 1.5 °C.

The experimental results show that renewable biodiesel fuel
samples obtained from SC fluid processing exhibit higher
volatility compared to commercial biodiesel fuels produced by a
conventional catalytic method.150 This volatility is very close to
that of the DF2 at the start of vaporization, while commercial
biodiesel fuel starts boiling at a temperature higher by more
than 100 °C. At the end of the distillation curves, biodiesel
fuel samples obtained at 400 °C by SC-TE showed no signi-
ficant thermal decomposition.150 The distillation curve of the
commercial biodiesel fuel exhibits a sharp increase in tem-
perature at volumetric fractions higher than ∼70% as a result of
significant thermal decomposition.150 Thermodynamic models
have also been developed to represent the volatility and other
thermophysical properties such as density, speed of sound,
heat capacity, viscosity, etc.51,99,101,142 Fuel volatility provides a
basis of comparison among fuels in terms of the fundamental
thermophysical properties. This comparison is critical in deter-
mining the applicability and suitability of feedstocks designed

for the production and manufacturing of biodiesel fuel to
enhance/extend current petroleum-derived diesel fuels. Alter-
natively, simulated distillation has been used to classify novel
biofuels regarding boiling characteristics and quality.152

Thermal Conductivity. Thermal conductivity is a fuel
property mainly involved in the combustion process when
heat from the SC air is transferred to the fuel droplets to
vaporize. It is also needed in the design of heat exchangers
when the processing step involves heating of the fluids.
Experimental data on the thermal conductivities of the methyl
oleate and methyl linoleate in the liquid phase have been
reported.153 These data, covering the temperature range 29−
235 °C at 1−420 bar, were used to develop correlations for the
thermal conductivity. The experimental data reported have an
uncertainty of less than 1%, while the thermal conductivity
correlations are estimated to have a relative uncertainty of
about 2.5% at a 95% confidence level.

Density and Speed of Sound. Density is one of the most
important biodiesel properties, because engine injection
systems must deliver an amount of fuel precisely adjusted to
provide efficient and clean combustion. The pressure effect on
fuel density has become particularly important with the
increased use of modern common rail systems, where pressures
can be >2000 bar. Experimental measurements, from 10 to
60 °C and from atmospheric pressure to 450 bar, were
performed for methyl laurate, methyl myristate, and methyl
oleate, for methyl biodiesels from palm, soybean, and rapeseed
oils, and for three binary and one ternary mixtures of these
oils.154 The cubic-plus-association EOS was shown to be an
appropriate model to be applied to production and purification
processes of these biodiesel fuels. The high-pressure experi-
mental data reported were predicted with a maximum
uncertainty of 2.5%. The density and speed of sound were also
measured for five FAMEs (at 83 kPa, 5−65 °C)99 and for the
algal FAMEs.144

Fit-for-Purpose Properties. A FAME mixture as a fuel is
regulated under ASTM D675158 or EN 14214.59 Several
properties of representative FAMEs and FAEEs (cetane
number, heat content, viscosity and cold properties) are
compared to those of DF2 in Table 4. While the cetane
numbers of biodiesel fuels are larger than those of diesel fuels,
others properties, such as viscosity and cold-flow properties,
are inferior. Additionally, common properties of ethanol and
an average biodiesel fuel are presented in Table 5.155 For
comparison, the table also includes properties of gasoline and
petrodiesel fuel DF2. Although the flash point of a biodiesel
fuel is difficult to predict because it is strongly dependent on
alcohol content, QSPR models were used to predict flash points

Figure 7. Distillation curve for biodiesel fuel obtained under SC-TE
conditions from soybean oil (green) compared to those of commercial
biodiesel fuel (blue) and diesel fuel DF2 (red).150

Table 3. Property Information for the Main FAME Compounds in Natural Lipid Feedstocks

FAME molecular structure CAS number RMMa bp148 (°C)b mp212 (°C)c

methyl caprylate C8:0 111-11-5 158.24 193.0 (0.35)d −37.43 (0.26)
methyl caprate C10:0 110-42-9 186.29 224.1 (1.00) −13.48 (0.52)
methyl laurate C12:0 111-82-0 214.34 266.9 (13.3) 4.30 (0.54)
methyl myristate C14:0 124-10-7 242.40 323.1 (2.00) 18.09 (0.42)
methyl palmitate C16:0 112-39-0 270.45 331.9 (3.30) 28.48 (0.44)
methyl stearate C18:0 112-61-8 298.50 360.9 (18.0) 37.66 (0.25)
methyl oleate C18:1 112-62-9 296.49 343.9 (34.4) −20.21 (0.51)
methyl linoleate C18:2 112-63-0 294.47 346.0 (10.4) −43.09 (0.71)
methyl linolenate C18:3 301-00-8 292.46 347.0 (10.4) −57.00 (0.57)

aRMM is the relative molecular mass of the compound. bbp is the normal boiling point. cmp is the normal melting point. dThe uncertainties are
provided in parentheses.
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and cetane numbers of fuels with no experimental data in the
literature. Using available information from other similar fuels,
evolutions of properties with the number of carbon atoms in
families of compounds, such as hydrocarbons, alcohols, and
esters, have been studied.53

Cold-flow properties are the Achilles’ heel of biodiesel fuels
in cold climates. To investigate precipitation above the cloud
point (CP) in biodiesel fuels, three saturated monoglycerides
(SMGs) (monomyristin, -palmitin, and -stearin) were spiked
into B100.107 It was shown that above the eutectic
concentration, the SMGs significantly raise the CP of B100.
SMGs have an even greater impact on the final melting
temperature (FMT) at concentrations above the eutectic point.
FMT is highly dependent on the heating rate. When the results
were compared to a thermodynamic model for an ideal
solution, the model was able to provide reasonable prediction
of the eutectic point but was less successful at predicting CP
and FMT above the eutectic. Also, the liquid- and solid-phase
compositions and fractions at temperatures below CP (−13
to 2 °C) were studied for commercial biodiesel fuels.156

A thermodynamic model able to describe these multiphase
systems was developed based on the predictive UNIQUAC
model. To improve the cold-flow properties of biodiesel fuels, it

has been suggested that the FA profile of oils be altered before
the TE processing.157

Properties of Bioalcohols. Because the chemical struc-
tures of bioalcohols do not differ from those of the common
alcohols, their properties are well-known and, consequently,
will not be discussed here in detail. Comparatively, bioalcohols
exhibit high polarity, while biodiesel fuels are slightly polar and
petroleum-derived fuels are practically nonpolar. The real
problem comes in modeling the thermophysical properties of
such polar molecules; this is still in the early stages. Thus, the
real problem is not always in property measurements and
availability. Compared to ethanol, butanols have more carbon−
hydrogen bonds and thus higher molar energy content. The
butanols are significantly less volatile than ethanol, and they
appear to lower NOx combustion emissions in mixtures
compared to gasoline.158 Butanol blends do not have the
phase-separation problems seen with ethanol, and they are also
much more compatible with the materials found in typical
engines. These blends have a much lower antiknock index than
blends with ethanol, however. Currently, refiners make a
hydrocarbon blending stock that does not meet the minimum
requirements for antiknock index until ethanol is added; this is
known as a blendstock for oxygenate blending, or BOB. Both
conventional and reformulated BOB are mainly manufactured
as suboctane materials intended for ethanol blending. This is a
significant issue for the market introduction of butanol, and
octane number is a major fit-for-purpose property.

Properties of Renewable Gasoline, Jet, and Diesel
Fuels. The properties of renewable gasoline are similar to
those of petroleum-based gasoline and thus, well established.
For the renewable gasoline and jet/diesel fuels, the modeling
is also well in hand. Density, speed of sound, thermal
conductivity, and VLE can be predicted or modeled within
experimental uncertainty. Viscosity is more of a problem. These
fuels are compatible for blending with standard petroleum-
derived fuels. In contrast to FAMEs, where fuel properties
depend on feed origin and process configuration, the renewable
jet and diesel fuels are largely independent of feedstock origin,
and the fully deoxygenated biofuel is readily blended with a
conventional petroleum-derived fuel. A life-cycle analysis of

Table 4. Selected Fit-for-Purpose Properties of the Main
Esters Produced from Oils and Fats76

ester
source CNa

heat content
(MJ/kg)

viscosityb

(mm2/s)
CP
(°C)c

PP
(°C)d

Methyl
rapeseed 54.4 40.45 6.7 −2 −9
soybean 46.2 39.80 4.1 2 −1
sunflower 46.6 39.80 4.2 0 −4
tallow 39.95 4.1 12 9

Ethyl
palm 56.2 39.07 4.5 8 6
soybean 48.2 40.00 4.4 1 −4
DF2 47.0 45.34 2.7 −15 −33

aCN = cetane number. bat 40 °C. cCP = cloud point. dPP = pour point.

Table 5. Fit-for-Purpose Properties of Ethanol, Biodiesel B100, and Blend B20 Compared to Gasoline and Diesel Fuel No. 2
(DF2)155

property ethanol gasolinea B100a B20a DF2a

chemical formula C2H5OH C8H15 C19H36O2 C15.4H30O0.3 C14H27

molecular weight 46 111 296 220 200
carbon (mass/mass %) 52 86 77 84 86
hydrogen (mass/mass %) 13 14 12 13.6 14
oxygen (mass/mass %) 35 ∼0 11 2.4 ∼0
specific gravity 0.79 0.75 0.88 0.86 0.85
boiling temp. (°C) 78.5 37−225b 340−440b 218−390b 216−343b

octane no. 107 87−98
cetane no. 46−65 46 40−55
freezing point (°C) −114 −40 (−9)−9 −30
viscosity (mm2/s) at 20 °C 1.5 0.5−0.6 4.1−6.3 2.92 2.6−4.1
autoignition temp. (°C) 423 257 315
flash point (°C) 13 >93/130 52
lower heating value (MJ/L) 21 32 36 38 39
specific heat (kJ/kg °C) 2.5 2.4 2.0 2.0−2.2 2.2
critical temp. (°C) 249 296−308 448−492 458 439−467
critical pressure (MPa) 6.3 2.5 1.3 1.3−1.4 1.4

aApproximate molecular formula and property values are given, because the compositions of these fuels are widely variable. b90% (v/v) distilled.
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new biofuel production technologies quantified the intrinsic
benefits of the fit-for-purpose properties of renewable jet/diesel
fuel production over the current practice of converting various
forms of lipids to FAMEs.63

Biofuel Purification/Refining and Blending. Product
Purification/Refining. Products of biofuel processing include
not only the biofuel but also some other by-products. For
example, TE products contain, along with FAMEs, several by-
products in different phases such as soap, glycerin, excess
alcohol, catalyst, and various amounts of water. For a biofuel
to meet the standard specifications, all of these by-products
must be removed, although the order of removal is process-
dependent. Because the glycerin-rich phase is denser than
that of biodiesel fuel, it settles out and can be removed from
the bottom of the product vessel. Once separated from the
glycerin, the residual biodiesel phase goes through a cleanup
or purification process to remove excess alcohol, catalyst, and
soaps. Residual methanol is typically removed through
distillation and reused, though it can be washed out with
water as aqueous waste. Soaps can be removed by one or more
washings with clean water. The fuel is then dried and sent
to storage. Residual water must be removed from the fuel to
<0.05 vol %. The biodiesel phase can also go through an addi-
tional distillation step to produce a colorless, odorless, zero-
sulfur biodiesel fuel.
Bioethanol aqueous solutions obtained by feedstock

fermentation require both time- and energy-consuming steps
to yield an acceptable fuel. These issues are due to the fact that
ethanol forms an azeotropic solution with water at 96% (v/v)
ethanol concentration. To break the azeotrope, significant
energy is required. Distillation, followed by molecular sieve
separation for anhydrous ethanol, is the method of choice for
the recovery of ethanol from fermentation broth at an industrial
scale.72,78 Distillation is an energy-intensive process, and the
ethanol concentration that can be obtained in the fermentation
broth is limited by ethanol inhibition of the fermenting strains.
To overcome this problem, in situ ethanol separation can
be used by integrating the reaction-separation processes.159,160

Ethanol removal by vacuum has reportedly increased the
ethanol productivity 12-fold, as compared to conventional
systems.161,162 Other methods of ethanol removal include gas
stripping by CO2 (generated during fermentation), pervapora-
tion, solvent extraction, membrane distillation, the use of
hollow fiber fermentors and membrane bioreactors, etc.9,10,78

As was said in a previous section, the properties that most
negatively affect bio-oil fuel quality are low heating value,
incompatibility with conventional fuels, solid content, high
viscosity and acidity, low volatility, and chemical instabil-
ity.10,163,164 Bio-oils can be upgraded into a liquid trans-
portation fuel by three different routes: (1) hydrodeoxygena-
tion with typical hydrotreating catalysts (sulfided CoMo or
NiMo), (2) zeolite upgrading, or (3) forming emulsions with
the diesel fuel.10

Blends of Petroleum-Derived Fuels with Biofuels. Biodiesel
fuel compositions vary significantly due to the various
feedstocks used in fuel production. Many of these compositions
render fuels unsuitable for specific applications. However, if
these fuels of different origins are blended together and/or with
petroleum-derived diesel fuels, their properties can be improved
to meet specific fit-for-purpose requirements (Table 6).58,165

Oil companies and vehicle manufacturers are actively working
with biofuel extender producers to have agreed standards for
biodiesel fuels suitable for blending with conventional diesel

fuels to ensure that the product meets the technical
requirements of modern diesel engines. The minimum test
requirements for biodiesel blend extenders are specified in
ASTM D675158 in the United States and EN 1421459 in
Europe.
EN 590166 and ASTM D975167 fuel specifications for

petroleum-based diesel fuels currently permit a biofuel extender
content of up to 5 and 20% (v/v), respectively. Biodiesel fuel is
usually blended with petroleum diesel to form a B20 blend,
although other blends can be used up to B100. B20 fuel blend
can be used in existing engines and fuel injection equipment
with little impact on operating performance. In a NREL
nationwide survey of the quality of B20 samples (mainly from
soybean- and fat-derived B100), the B20 samples were tested
against multiple properties.168 25% of the samples were
below the 6-h proposed limit for the induction period, while
the average of 8.4 h was well above the 6-h limit. Every
sample except one met the proposed acid-value specification
of 0.3 mgKOH/g. The average cloud point was −12.6 °C,
and all the samples met the flash point minimum of 38 °C.
The range of cetane number for the blends was 46 to 52.
As expected by its higher polarity, the average Karl Fisher
water content of the B20 samples was about 30% higher
than that of conventional diesel fuel. The metal content
of the blends was low. Moreover, B20 has a heat content
that falls in the range between those of no. 1 and no. 2 diesel
fuels. The parent B100 stock was typically on-specification
for glycerin.
Ethanol contains only ∼67% (v/v) of the energy of gasoline,

but it has a higher antiknock index. Ethanol is typically blended
with gasoline to form an E10 blend (5−10% (v/v) ethanol),
but it can be combined with gasoline in higher concentrations
within modified spark-ignition engines (so-called flexi-fuel
vehicles). There has been some testing of the volatility (Reid
vapor pressure and distillation curves) of alcohol-gasoline
blends containing 5−85% (v/v) of methanol, ethanol,
propanol, and butanol.169−171 E85 is nominally 85% (v/v)
ethanol in gasoline, although the ethanol content is <83% (v/v)
by the specification (ASTM D5798172). E85 properties, such as
ethanol concentration, water content, sulfur, vapor pressure,
acidity, pH, inorganic chloride, and sulfate, vary with time of
year, geography, and ambient temperature. Results showed

Table 6. Main ASTM Properties of Biodiesel (B100)58 and a
B20 Blend165 Compared to DF2

property
DF2 ASTM

D975
B20a ASTM

D7467
B100 ASTM

6751

flash point, minimum (°C) 52 52 93
cetane no., minimum 40 46 47
viscosity (mm2/s at 40 °C) 2.6−4.1 1.9−4.1 1.9−6.0
cloud point (°C) −17 −14 report
distillation, T90 (°C) <343 <343 <360
acid no. (mg KOH/g) <0.005 <0.3 <0.50
free glycerin (% mass) <0.020
total glycerin (% mass) <0.240
methanol (% vol) <0.2
water and sediment (% vol) <0.05 <0.05 <0.05
sulfur (ppm) <15 <15 <15
phosphorus (% mass) <0.001
oxidation stability (h) >6.0 >3.0
aDF2 and B100 in this blend have to meet the specifications of neat
fuels.
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significant problems with the ethanol content and volatility.171

Selected samples were also tested for stability, octane,
peroxides, and silver corrosion.171 Most alcohols form near-
azeotropic mixtures with hydrocarbons in gasoline that affect
the vapor pressure and distillation curves of the blends.
Both bioethanol and biodiesel fuels are used as oxygenate

additives to improve combustion characteristics of gasoline and
diesel fuels, respectively. When blended together, the fit-for-
purpose physicochemical properties of ethanol−biodiesel
blends could significantly influence the fuel injection and com-
bustion characteristics, and subsequently, the exhaust emis-
sions. In this context, the following properties have been
investigated experimentally: fuel stability, density, viscosity, cold
filter plugging point (CFPP), cloud point (CP), pour point
(PP), flash point, filter plugging tendency (FPT), corrosiveness,
lubricity, Fourier transformation infrared (FTIR) analysis,
C−H−N composition, and water content.173 The tested fuels
were pure biodiesel (B100) and 5, 10, and 15% (v/v) ethanol−
biodiesel blends. In general, the results showed that ethanol
in biodiesel influences beneficially the most important fuel
properties of the blended fuel. Biodiesel fuels could also contain
glycerol ethers from in situ etherification during SC-TE86−88 or
catalytic reactions of glycerol with alcohols.43,174

As we have mentioned earlier, the most important
application of high precision thermophysical property measure-
ments is for the development of reliable predictive models. We
have also noted that the models are only as good as the data
that are used in the formulation of those models. We caution
the reader further to avoid the use of predictive results that are
far outside the temperature and pressure range of available
measurements. It is clear that models based on measurements
performed at atmospheric pressure have limited utility when
tasked with predictions at elevated pressure. There are two
aspects to this limitation. Surrogate mixture models require
measurements not only of the target fuel (for example, a bio-
diesel fuel) but also of the pure components that compose the
surrogate slate. Thus, a model developed for a fuel might
include measurements in the compressed liquid state for the
fuel itself, but the pure components used in the surrogate might
have limited data. The conclusion here is that progress will
only be possible if measurements on pure components are
performed along with measurements on the finished fuels.
A blend of a biofuel with gasoline or diesel fuels involves

hundreds of chemical components, mostly hydrocarbons and
oxygenated compounds. The bioalcohols and biodiesel fuels
have fundamentally different chemical characteristics com-
pared to petroleum-derived hydrocarbons. Biofuel molecules
(alcohols, esters, and/or carboxylic acids) are all polar and
associating. This is a great challenge for property science, which
is currently focused on pure fluids and simple mixtures. The
successful implementation of biofuels demands accurate
property data for mixtures with hundreds of components,
which may chemically be very dissimilar. Meeting this challenge
requires new approaches to modeling and measurements. Rapid
experimental methods are needed to characterize the multitude
of molecular interactions present in complex mixtures.
Measurements have to be performed over wide ranges of
thermodynamic conditions that are required for a successful
model development. Modeling approaches must be expandable
to many components and to the various types of molecular
interactions.

■ STABILITY OF BIOFUELS DURING TRANSPORT
AND STORAGE

Overview. Once a fuel is produced, it must be transported
from the refining/blending site to the storage facilities, either
locally or remotely. Liquid-fuel systems can integrate biofuels
for transport applications or for other applications. Pure
(100%) biofuels, or more usually those blended with
petroleum-based fuels, must meet technical standards con-
sistent with vehicle-engine fuel specifications. It is likely that
distribution of neat or blended biofuels can be accommodated
with the existing fuel infrastructure, including pipeline trans-
port.
Because biofuels come from biofeedstocks, they are more

prone to oxidation than fossil fuels. Aging in air can produce
insoluble gums and acids that may plug and corrode engine
components. The storage stability of fuels based on FAMEs is a
critical issue. Practical methods to define minimum stability
requirements and assess biodiesel fuel shelf life are needed.175

Standardized chemical analysis indicates that pure biodiesel
fuels obtained from different sources range widely in shelf life
from 4 weeks to 4 months. Replacing natural antioxidants
removed in refining extended shelf life by mitigating formation
of insoluble materials and acids.175,176

Thermal and Oxidative Stability of Biofuels. The
thermal/oxidative stability of finished biofuels depends upon
the feedstocks used for production. For example, the stability is
much greater for biodiesel fuels with high saturated fatty acid
content and decreases with the degree of fatty-acid unsatura-
tion. FAMEs containing fatty acids with no CC bonds and
with multiple CC bonds will have stability in the sequence:
palmitic (0) > oleic (1) > linoleic (2) > linolenic (3). A review
of current technology regarding the oxidation stability of
biodiesel fuels is available in the literature.144,177,178 Long-term
thermal and oxidative stability of biodiesel fuel becomes
significant particularly when the fuel is exposed to air, heat,
light, or trace metallic species.179 As a result, different polymers,
oligomers, acids, aldehydes, etc. are formed with negative
consequences on fuel pump components, combustion profile,
and overall engine performance. Accordingly, the long-term
oxidative stability of biodiesel fuel in the presence of stabilizers
has been evaluated.176,180

Various analytical and instrumental techniques to assess
biodiesel fuel quality under normal and stressed conditions
have been investigated. The properties measured include
peroxide values (ASTM D-3307), induction period Rancimat
(EN 14112), level of insolubles and gum formation (ASTM
D-2274), acid value (ASTM D-664), viscosity (ASTM D-445),
etc.180 Using DSC to study the stability to oxidation of samples
generally requires an airtight sample chamber. Usually, such
tests are done isothermally (at constant temperature) by
changing the atmosphere of the sample. First, the sample is
brought to the desired test temperature under an inert
atmosphere, usually nitrogen. Then, oxygen is added to the
system. Any oxidation that occurs is observed as a deviation in
the baseline. Such analysis can be used to determine the
stability and optimum storage conditions for a biofuel. Other
methods quantify the oxidative stability of biodiesel fuels by
measuring the level of insolubles, polymerized postoxidation
gum, or sediment.181 Wet-chemistry methods are currently
used to determine the peroxide and acid values of the fuels.
However, oxidative stability measurements cannot always
predict the formation of insolubles that plug filters. It was
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observed that the induction period, peroxide value, viscosity,
and acid value all were affected by this phenomenon. Research
on this topic led to relatively good results on product stability
versus time.176

Because the oxidative stability of biodiesel fuels has a major
impact on fuel quality, this issue has been addressed by various
international standardization bodies such as the American
Society for Testing and Materials (ASTM) and the European
Committee for Standardization (CEN). Specifications have
been established and included in the ASTM D-6751 as well as
the EN 14214. Currently, the European standard EN 14214
prescribes the use of EN 14112 with 6 h minimum determined
by this method. On the other hand, the ASTM biodiesel fuel
standard D-6751 requires a minimum 3 h. Both organizations
are considering raising the minimum oxidative stability
requirements to address longer storage time and handling for
biodiesel fuels.
Another chemical property of the biodiesel fuel that can be

used to predict the oxidative stability is the iodine value. This
property is a quantification of the number of double bonds of
the fatty acids in FAME. The EN 14111 specifies a value of 120,
which is reflective of canola or rapeseed-based biodiesel fuel,
while for soybean-based biodiesel fuel the iodine value is about
130. The ASTM D-6751 does not include the iodine-value
specifications. Unlike the Rancimat or peroxide value, the
iodine value does not discriminate between the sources of
double bonds. There are several approaches to improve the
oxidative stability of biodiesel fuels that can be applied. One of
them is to avoid contact of the biofuel with oxygen (air).
Another is to prevent contact with materials and substances
that promote or catalyze the reaction of oxidation such as pro-
oxidants, trace metals, higher temperature, light, etc. These are
mostly preventative measures, but they may not be fully
applicable to the real transport/storage environment. Thus, the
use of antioxidants becomes indispensable. From a functional
stand point, antioxidants decelerate the kinetics of the
autoxidation reaction initiated by free radicals. Therefore, the
induction period (Rancimat) is extended by the addition of
antioxidants until they are totally consumed by the reaction.
The overwhelming majority of antioxidants used by the
biodiesel fuel industry are synthetic antioxidants known for
their robustness, superior chemical and thermal stability, and
cost-effectiveness.144,176,182,183

Bacterial Degradation of Biofuels. Biodiesel fuel is
subjected to facile both aerobic and anaerobic biodegradation
by wild-type bacteria commonly present in natural environ-
ments.184,185 This result should lessen any environmental
concern for its use as alternative fuel, solvent or lubricant.
However, when this degradation occurs during fuel storage, it is
obviously detrimental to fuel quality. The susceptibility of
biodiesel fuel to biodegradation and its propensity to stimulate
biocorrosion via hydrolysis to FFA suggest caution when
integrating this fuel with the existing infrastructure.185 Biodiesel
fuel must have a low moisture content resulting in less
biological growth and fuel-filter plugging. This requirement is
among listed ASTM specifications for biodiesel fuel and is
imposed at less than 0.05 vol %.
Sustained efforts have been dedicated to the methods being

utilized to study oxidation and bacterial stability of biodiesel
fuels.177,181,185 These methods have directed to improve the
long-term storage of biodiesel fuels. As the biodiesel industry
continues to develop, the need for better testing equipment will
steadily increase. The next generation of testing instruments

will need to be far more accurate and faster than instruments
currently available. For this reason, the photochemiluminesence
method appears to be a promising way forward, but more
research is required.177

■ COMBUSTION QUALITY AND FUEL PROPERTIES
Overview. This section deals with the practicality of using

biomass-derived fuels in current-day engines. Fuel combustion
is the central process of engines and the ultimate use of the
energy that a fuel contains. Along with hardware improvements,
the analysis of engine performance also demands reliable fuel-
property data. The thermodynamic and transport properties of
the fuel are relevant for the design of engines involving
injection timing, duration, spray characteristics, and combustion
quality. The differences in the fuel ignition/combustion are due
to significant differences in chemical composition and physical
properties of the fuels. The majority of the reported data and
models on fuel combustion refer to phenomena associated with
fuel-droplet vaporization (e.g., volatility), fuel−air diffusion,
flame propagation, and emission formation.56,186−199 However,
due to the potential benefits of combustion based on homo-
geneous charge compression ignition (HCCI), studies have
been focused on SC combustion (the fuel−air mixtures are in
SC states at the time of ignition).200−203 While HCCI offers a
potential path toward high fuel efficiency and low emissions,
but requires careful attention to the nature of the fuel and
the unsolved issue of the ignition control, SC combustion
eliminates fuel vaporization, diffusion, and flame propagation.
Consequently, the reaction kinetics of the combustion process
is the main player in these methods, though one not easy to
control.57,199−207

For conventional combustion, the subsystem of modeling
transport phenomena must be coupled with chemical kinetics
mechanisms. Direct integration of computational fluid dynam-
ics (CFD) with a detailed chemistry autoignition model (KIVA-
CHEMKIN) performs reasonably well for predicting ignition
delay, combustion, emissions, and flame structure for engine
operations.198,203 To extend the range of the existing models, a
hybrid model (KIVA-CHEMKIN-G) was proposed, validated
and applied for both a stratified diesel engine and partially
premixed dual-fuel engine operation.203 Difficulties of the
detailed combustion studies based on reaction kinetic, path-
ways, and mechanisms arise from the high diesel-fuel reactivity
under engine conditions, particularly from very high temper-
atures.57,198,202−207 At these conditions, no significant amounts
of combustion intermediate products are available for the
current analytical methods. Despite these difficulties, in the
presence of reaction moderators such as CO2, H2O, or exhaust
gas recycled (EGR) and under lower temperatures, useful infor-
mation can be acquired under common experimental condi-
tions for oxidation reactions.96

The differences between modern diesel and gasoline engine
configurations are now becoming smaller and smaller.186,196,200

The trend in engine design is toward high compression ratios
and complex direct injection strategies. The HCCI/SC
combustion mode is likely to lead to the merging of gasoline
and diesel engine technologies to handle the challenges they are
facing, offering a number of opportunities for the development
of the fuels and engine control.196,200,201

Renewable Gasoline and Bioalcohols. These fuels are less
reactive than fuels with higher molecular mass components
such as jet and diesel fuels. Accordingly, a spark is required
to trigger their timing-controlled ignition in a combustion
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chamber. This mode of ignition leads to flames with high
temperature at the propagation front, thus generating NOx
pollutants. On the other hand, the chemical stability of gasoline
and alcohols is not high enough to prevent uncontrolled
autoignition at higher compression ratios associated with
knocking. To avoid this problem, gasoline engines are built
with low compression ratios, and hence, they are less efficient
than diesel engines. The heat needed to vaporize ethanol is
higher than that of gasoline, and its low vapor pressure and high
boiling point generally cause poor performance in cold
conditions. More specifically, the heating value and stoichio-
metric air−fuel ratio of ethanol are relatively lower compared
to those of gasoline. To achieve the same power or torque
as gasoline, a larger amount of ethanol fuel must be supplied
to the combustion chamber, resulting in a higher fuel con-
sumption rate.
Lean combustion and exhaust emission characteristics in a

spark-ignition engine with variation of the bioethanol−gasoline
blending ratio and the excess−air ratio were recently
investigated.187 The results showed that the peak combustion
pressures and the rate of heat release linearly decreased as the
excess-air ratio increased. Compared to gasoline at each given
excess−air ratio, there were slight improvements in combustion
pressure for bioethanol−blended fuels. All of the ethanol blends
emitted slightly less NOx compared to gasoline.
Renewable Jet and Diesel Fuels. As shown earlier, the

chemical composition of these biofuels can be closely tailored
to mimic that of petroleum jet and diesel fuels. Thus, the
properties involved in combustion processes of these fuels are
similar to those of the petroleum-derived fuels, which are well
studied. Accordingly, no further discussion on the combustion
of these fuels is provided here.
Bio-oils. The main concerns for burning bio-oils in diesel

engines have to do with difficult ignition (due to low heating
value and high water content), corrosiveness (acids), and
coking (thermally unstable components). Bio-oils must be
upgraded or blended to be used in diesel engines.10,208 The
effect of swirl, atomization quality, ignition source energy, air/
fuel preheat, and equivalence ratio on the particulate matter
emissions of bio-oil spray flames was investigated in a swirl
burner.190

Biodiesel Fuels. As we have discussed, there are significant
differences in petroleum-derived and biodiesel fuel combustion,
related to the different properties. In general, a biodiesel fuel
has higher viscosity, lower volatility, higher cetane number,
higher cloud/pour points, etc. While exhaust emissions from
biodiesel fuels contain less smoke/PM, as a result of a higher
combustion temperature, this same effect leads to higher
NOx content of the exhaust gases. Particular compositions of
biodiesel fuels when higher in saturated FAMEs confer poor
behavior of these fuels in cold-weather conditions. The
corrosive/solvent properties also require engine gasket/seal
replacements for fuel blends with higher biodiesel content.179

In addition to ignition quality as expressed by the cetane
number,209−211 several other properties are important for
determining the suitability of biodiesel as a fuel: heat of
combustion, pour/cloud point, viscosity, oxidative stability, and
lubricity.12,210−212 Modeling FAME combustion requires
enthalpies of formation, entropies, and specific heats of the
species involved in the free-radical reactions.57

Biodiesel fuels derived from different feedstocks may have
significantly different fatty acid profiles and physicochemical
properties. To gain further insight into the effect of the

biodiesel chemical structure, specifically its degree of
unsaturation, on engine performance, combustion character-
istics, and emissions, experimental investigation have been
conducted with diesel engines fueled with mixtures of fatty acid
methyl esters.178,191−194,197 The effect of the degree of
unsaturation of the tested biodiesel fuels was isolated.178 This
allowed for the maximization of the effect of the cetane
number, while the other properties, such as the chain length,
oxygen content, density, viscosity, and volatility, varied within a
small range. Results indicated that the degree of unsaturation of
biodiesel fuels did not significantly affect engine performance
and the start of injection, but it had a noticeable influence on
combustion characteristics and emissions, via its effect on the
cetane number. A higher degree of unsaturation of biodiesel
fuels led to a longer ignition delay and, consequently, a more
retarded start of combustion. The premixed portion of
combustion, peak heat release rate, maximum pressure gradient,
peak in-cylinder bulk-gas-averaged temperature, total hydro-
carbon (THC) emissions, smoke opacity, and NOx emissions
increased with the degree of unsaturation.178

Spray/Jet Quality and Fuel Properties. High thermody-
namic cycle efficiency for diesel engines requires the fuel
injection event to be near top dead center (TDC) for the heat
release to take place shortly after TDC of the engine power
stroke.186 In order to achieve these events, the injection must
be followed by rapid air−fuel mixing with a short ignition delay.
The spray/jet quality of fuels injected into a combustion
chamber is the main factor affecting combustion phenomena
and, hence, the engine efficiency and emission cleanliness. The
main issue with fuel sprays and jets is their level of mixing with
air under tight engine conditions (i.e., thermodynamic cycles of
a few milliseconds). Obviously, in the case of sprays, the level of
mixing is much lower compared to that in jets. From injection
to ignition/combustion, the fuel is subjected to a sequence of
complex events such as fuel atomization, heating, vaporization,
and diffusion within the air charge.
The different properties of biodiesel fuel compared to those

of petrodiesel fuels lead to different injection characteristics
and, consequently, to different fuel spray geometries. The bio-
diesel fuel spray angle is narrower and the penetration length is
larger.192,213 Some of the most important reasons for these
characteristics are low fuel vaporization, worse atomization, and
higher injection pressure of biodiesel fuel. Worse atomization is
a consequence of high surface tension and viscosity, which
lead to deeper spray-tip penetration and to larger mean drop-
let size. Higher injection pressure causes a higher injection
rate, resulting in higher spray velocities as well as narrower
and longer sprays. Liquid lengths are always longer for
biodiesel fuel because of its higher heat of vaporization.
Ambient air entrainment is also lower for biodiesel mainly
because of slower atomization and breakup.189 For this reason,
recent research is devoted to replacing fuel sprays with
homogeneous fuel−air mixtures such as those in the HCCI
and SC methods.199−207 Superior ignition-combustion char-
acteristics can be achieved by injecting the fuel in the form of
a SC fluid.200,201

Figure 8 shows shadowgraph images of ethanol injected in
open space from 105 bar and various temperatures, taken with a
high-speed digital camera (at 1000 frames/s).214 The temper-
ature effect on sprays/jets shape and size is significant and can
be exploited for combustion of better quality. Fuel injected
under SC conditions can achieve the highest level of mixing
with air upon injection. On the basis of the above observations,
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it could be possible to implement an experimental method to
determine fuel quality by studying its sprays/jets. Of particular
interest will be to map the fuel concentration gradient in air
upon injection. This is a difficult task, however, because of the
harsh conditions in combustion chambers. An easier task could
be to determine the spray/jet cone angle. A larger spray/jet
cone angle indicates a better fuel−air mixing process. This
method could well complement the volatility property of fuel
determined by the ADC method.30−35,145−148

Fuel Properties and Combustion Quality. The quality
of fuel combustion is obviously closely connected with fuel
properties. The highest useful work and engine efficiency
require a rapid heat release after TDC. Combustion that takes
place either before or late after TDC results in increased heat
loss. The former has energy loss on the piston moving up while
the latter has energy loss within exhaust gases. Under the tight
conditions of an engine cycle, the fuel has to follow a complex
sequence of events from injection to the evacuation of the
exhaust gases. Figure 9 compares the main pathways of a typical
volume of air−fuel in a plot of the local equivalence fuel−air
ratio versus temperature.211 It includes fuel−air mixing, ignition
and combustion events relative to two regions of major interest,
zones of soot and NOx production. To have clean combustion,
the fuel events have to avoid these regions. While for
conventional combustion it is almost impossible to reach
such a performance over various engine loads, for the SC
injection-combustion method this task is achievable both
theoretically and technically. We note that the two curves in
the plot above are not temporal profiles but are only pairs of
fuel−air compositions under various temperatures from
injection to the end of combustion. A temporal profile of the
injection-combustion events for a HCCI mode is in the public

domain.215 The profile shown in the above reference could be
close to that for SC fuels shown in Figure 9. Both of these
profiles show just a few spikes of fuel-rich events.
The fluid properties needed to model the phenomena

involved in fuel injection and combustion include fuel volatility,
viscosity, thermal stability, reactivity with air, ignition delay,
ignition T, heat of combustion, density, critical P−T, thermal
conductivity, rate of heat release, Cp, etc. The influence of
biodiesel fuel on the injection, spray, and engine characteristics
with the aim to reduce harmful emissions is discussed in the
literature.179,188,191−194,197,202,207 The injection, fuel spray, and
engine characteristics obtained with biodiesel fuels are
compared to those obtained with petrodiesel DF2 under
various operating engine regimes. Ignition delay and
combustion duration of biodiesel fuels, in accordance with
the literature, are consistently shorter than those of petroleum-
based diesel fuels.193,216 Biodiesel fuel density, viscosity, surface
tension, and sound velocity, determined experimentally, are
also compared to those of DF2. The results are used to analyze
the most important injection, fuel spray, and engine character-
istics. The injection characteristics are determined numerically
under the operating regimes, and the fuel spray is obtained
experimentally under peak torque condition. The results
indicate that, by using biodiesel fuel, harmful emissions
such as PM, NOx, CO, and HC can be reduced to some
extent by properly adjusting the timing of the injection
pump.179,191−193,197,213−219

■ SUMMARY

There is a remarkable amount of research on the trans-
formation of various biomass feedstocks into potentially viable
biofuels, chemicals, and other valuable products. In some cases,
impressive results were obtained, while in many other cases
there is the necessity to improve conversion and combustion
to make possible a commercial implementation. With the
concurrent advances made in fluid-property determination, it
should be possible to better design processes that give the
necessary improvements in a biofuel chain from feedstock
logistics to fuel combustion. Moreover, these advances should
allow for production of more environmentally friendly pro-
cess than those previously reported and even used today.

Figure 8. Shadowgraph images of ethanol injected into ambient
atmosphere from 105 bar and various temperatures. The last two
images are for supercritical ethanol.214

Figure 9. Local fuel/air equivalence ratio versus temperature. A
comparative drawing.214
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Meanwhile, new comprehensive modeling tools will open
more efficient synthetic routes to achieve the final products.
The possibility that several reaction steps could be performed
simultaneously will avoid costly intermediate separations with
the current processes. Most biomass conversion processes
have emerged with the goal of rapidly developing commercial
technologies. The fundamental physicochemical character-
istics of most of these reactions are not well understood;
however, we contend that further fundamental understanding
(including aspects of measurements and theory) will lead to
improved processes. As we have discussed above, this must
include not only additional work on the feed stocks,
intermediates, and finished fuels (all of which are complex
mixtures) but also on the constituents of them as well (in as
pure a form as possible). Only such an approach will facilitate
mixture modeling work which is important in process design.

Glossary
ΔrH(T) = heat of reaction (reaction enthalpy).
Cp,i = constant-pressure molar heat capacities of reactants
and reaction products.
A, B, C = fluid constants in eq 10.
ABE = acetone−butanol−ethanol.
ADC = advanced distillation curve.
ASTM = American Society for Testing and Materials.
B100 = unblended biodiesel fuel (100% biodiesel).
B20 = blend of 20% biodiesel fuel and 80% petroleum
diesel (v/v).
BOB = blendstock for oxygenate blending.
c = specific heat capacity.
CEN = European Committee for Standardization.
CFD = computational fluid dynamics.
CN = cetane number.
CP = cloud point.
Cp = heat capacities at constant pressure.
DF2 = diesel fuel no. 2.
DG = diglyceride.
DIPPR = Design Institute for Physical Properties.
DSC = differential scanning calorimetry.
E10 = blend of 10% ethanol and 90% gasoline (v/v).
Ea = energy of activation.
EN = European Standard (Norm).
EOS = equation of state.
FAMEs = fatty-acid methyl esters.
FFA = free fatty acid.
FID = flame-ionization detector.
FP = flash point.
FR0 = total volumetric flow rate at the reactor inlet.
FTL = Fischer−Tropsch liquid.
GDP = glycerol decomposition products.
GHG = green house gases.
HC = hydrocarbon.
HCCI = homogeneous charge compression ignition.
L = liquid phase.
m = mass.
MG = monoglyceride.
MSD = mass selective detector.
NIST = National Institute of Standards and Technology.
NREL = National Renewable Energy Laboratory.
NOx = nitrogen oxides (noxes).
PM = particulate matter.
PP = pour point.
PR = Peng−Robinson

P−V−T−X = pressure−volume−temperature−molar compo-
sition.
Q = heat.
REFPROP = The NIST Reference Fluid Thermodynamic
and Transport Properties.
SC = supercritical.
SC-TE = supercritical transesterification.
SPR = structure−property relationships.
TDC = top dead center of an engine cylinder.
TDE = the NIST ThermoData Engine.
TE = transesterification.
TG = triglyceride.
Tnb = normal boiling temperature.
V = volume of the reactor, vapor phase.
VLE = vapor−liquid equilibrium.
X = mole fraction, liquid phase.
x = mass or volume fraction, liquid phase.
β = average heat flow-rate; chemical-bond position.
η = kinematic viscosity.
νi = stoichiometric numbers.
ξ = extent of reaction.
ρ = fluid density.
τ = residence time.
Φ = heat flow-rate.
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