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In present study, we investigated jet fuel production process, including the crude oil-based conventional
process, unconventional oil sources-based process, Fischer–Tropsch synthesis (F–T) process and renew-
able jet fuel process and analyzed the details of each jet fuel production process. Among these jet fuel
production technologies, the F–T synthesis and renewable jet fuel process supply alternative fuels with
potential environmental benefit of reduced life cycle greenhouse gas (GHG) emissions and the economic
benefits associated with increased fuel availability and lower fuel costs. The F–T synthesis has a major
advantage with the possibility of accepting any carbon-based input, which makes it suitable for using a
variety of sources such as coal, natural gas and 2nd generation biomass as feedstocks. The renewable jet
fuel process such as Bio-Synfining™ (Syntroleum) and Ecofining™ (UOP) as well as C-L™ (Tianjin
University) is a low capital cost process of producing high quality synthetic paraffinic kerosene (SPK)
from bio-renewable feeds like vegetable oils/fats and waste cooking oils/fats, greases, energy plants of
jatropha and algal. The SPK has superior fuel properties to other options available today, with higher
cetane number, lower cloud point and lower emissions

& 2013 Published by Elsevier Ltd.
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
2. The crude oil-based conventional process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3. Unconventional oil sources-based process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4. Fischer–Tropsch synthesis (F–T) process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.1. CTL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.2. GTL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.3. BTL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5. Renewable jet fuel process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
6. Concluding remarks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
1. Introduction

The world is changing and so is the aviation industry [1–4].
Now with declining petroleum resources and shocking surge in
the price of fuel, combined with the increase in political and
environmental concern and the current economic downturn, it is
imperative to develop renewably clean and energy-efficient tech-
nologies for producing sustainable products of fuels [2,5–7].
lsevier Ltd.

x: þ86 22 8740 2075.
tju.edu.cn (G. Chen).
Aviation is powered by liquid petroleum fuel especially liquid jet
fuel, which requires higher energy contents per unit volume than
gases, and is easier to handle and distribute than solids [8–10].
The consumption of jet fuel has been declining from 191.1 million
gallons per day in 2000 to 189.1 million gallons per day in 2001,
growing up to 198.3 million gallons per day in 2008. However, the
United States is the largest single market around the world,
consuming about 37% of the worldwide total [11]. Statistically,
fuel has represented about 10–15% of airline operating cost.
The large fluctuation in the cost of fuel has promoted a strong
incentive for airlines to shift to use of alternative sources of fuel.
According to previous studies, the fatty acid methyl esters (FAME),
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synthetic alcohols (bio-ethanol or bio-methanol), synthetic hydro-
carbons from sugars, dimethyl ether (DME) and hydrogen could be
possibly used as aviation gas turbine alternative fuels. However,
the high quality requirements for the commercial aviation fuels
strictly limit the wide application of these alternative fuels for all
exiting aircrafts [12,13].

According to the International Energy Agency (IEA), transpor-
tation system contributes about 23% of energy-related carbon
dioxide emissions (CO2) all over the world, and this share will
likely rise in the future [14]. Aviation contributes approximately
2~3% of the world's anthropogenic carbon dioxide emissions, but
has received considerable attention regarding these emissions
[15–17]. In 2007, the European Parliament voted to bring aviation
into the European GHG-emission trading system (EU-ETS) [18,19].
This legislation would require all airlines flying within or into
Europe region decrease their GHG emissions by 10% or buy CO2

allowances on the open market after it takes effect in 2012
[20–22]. The aviation industry is facing billions of dollars of cost
increase from their prospective, requiring carbon credit purchases
via their entry into the EU's emissions trading scheme [6,23,24].
In order to deal with this issue, aviation industries have explored
several improvements on engine & airframe technology, operation
& fleet management and other measures [19,22,24–28]. Moreover,
alternative fuel is an imminent part of the aviation industry's
future [15,29]. Renewable jet fuels could significantly lower GHG
emissions and provide a long-term sustainable alternative to
petroleum jet fuel [30,31]. Following the first successful biofuel
flight of a Virgin Atlantic Airways 747-400, more commercial
airlines conducted successful in-flight tests using sustainable
alternative jet fuel. The fuel was produced from second generation
of biomass sources, including camelina, jatropha and algae, redu-
cing the fuel's carbon footprint by 80% relative to jet fuel without
competing for resources with food production [32].

The most widely used quality standards of conventional
petroleum-derived jet fuel are the ASTM D1655 (US) and DEF
STAN 91/91 (UK Ministry of Defence). A number of other specifica-
tions also exist, such as DCSEA (France) and GHOST (Russia).
The specification of aviation kerosene has changed and developed
in line with safety and security of supply criteria [11,33,34].
In December 2007, DEF STAN 91/91 approved 100% Sasol full-
synthetic fuel, which represented the world's first fully synthetic
jet fuel approved for use in all commercial and military engines
[35]. Besides, The American Society for Testing and Materials
(ASTM) created a new specification ASTM D7566 for blends
containing synthetic jet fuel. This new specification entitled as
“Standard Specification for Aviation Turbine Fuel Containing
Synthesized Hydrocarbons”. This specification certifies a 50%
blend of Jet-A and synthetic paraffinic kerosene (SPK) produced
from biomass using an alternative process. It also provides a
Fig. 1. The conventional route for jet
framework for certifying new alternative fuels as they are
developed.

Aviation liquid fuels would be derived from different materials
by different methods [36]. In the present study, we investigated
four different typical jet fuel production technologies, which
include the conventional process from crude oil, the route from
unconventional oil sources, the Fischer–Tropsch synthesis (F–T)
and the renewable jet fuel process. Besides, the details of each jet
fuel producing technology were analyzed and the comparison
between each other was made.
2. The crude oil-based conventional process

The discovery of crude oil created an inexpensive liquid fuel
source that helped industrialize the world and improve living
standards, while the fossil fuels have contributed to over 80% of
energy expenses. Crude oil, also called petroleum, is a complex
mixture of hydrocarbons. The carbon and hydrogen in crude oil are
thought to have originated from the remains of microscopic
marine organisms that were deposited at the bottom of seas and
oceans and were transformed at high temperature and pressure
into crude oil. Global oil production is approximately 81.5 million
barrels per day, which is equivalent to an annual output of 3905.9
million tonnes in 2008 [37]. The International Energy Agency (IEA)
has estimated that the world's total refinery production in 2006 is
3861 million tonnes. The aviation fuel accounts for 6.3% of the total
amount of oil consumed. Petroleum refining is a process of
separating many compounds present in crude petroleum [38].
This process is called atmospheric & vacuum fractional distillation
where the crude oil is heated and compounds boil at different
temperatures and change to gases. These gases are later recon-
densed back into liquids [39]. Fig. 1 shows the basic flow sheet of
atmospheric fractional distillation.

The lowest boiling fraction, taken from the top of the distilla-
tion column, is called naphtha. It is mainly processed further to
make motor gasoline. The second fraction of about 33% of the
crude oil input contains the raw material for jet fuel production.
This fraction is further processed in the distillate hydrotreater to
become kerosene and special solvents, followed by the so-called
“gas oil” or “middle distillate base oil” fraction which includes
diesel fuel and heating oil. Basically, kerosene is originated as a
straight-run (distilled) petroleum fraction with boiling tempera-
ture ranging from 205 1C to 260 1C. If jet fuel production was to
increase, obviously the production of other products would
decrease [40]. Finally, although the bottoms fractions or residual
fraction can be used as heavy boiler fuel, it is usually vacuum
distilled first to yield more high-value distillate [41].
fuel production from crude oil.
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Jet fuel derived from crude petroleum oil has a wide distribu-
tion of paraffins. A typical jet composition can be described
as 20% normal paraffins, 40% isoparaffins, 20% naphthenes, and
20% aromatics [42]. While the specifications for Jet A set a
maximum limit on total aromatic content of 25%, which could
reduce the hydrogen to carbon ratio and the heat content per unit
mass compared to paraffins with the same carbon number [29,43].
However, the seals in the aircraft and engine would leak if the
aromatic content was too low.
3. Unconventional oil sources-based process

Almost all jet fuel of today is manufactured from crude oil.
A relatively small percentage is made from three unconventional
sources of petroleum—Canadian oil sands, Venezuelan VHOs, and
oil shale [44–47]. Oil sands are deposits of bitumen in sand or
porous rock. Bitumen is a mixture of hydrocarbons that has very
high viscosity and is difficult to flow [48,49]. The world's largest
source of oil sands is located in the province of Alberta, Canada.
The Alberta oil sand deposits contain about 1.6 trillion barrels of
oil, which cover an area of approximately 40,000 km2. Among
these, about 300 billion barrels oil sands are estimated to be
recoverable using current open pit mining and in-situ technologies
[50]. Venezuela's VHOs are similar in chemical and physical
characteristics to Canadian bitumen with a heavier density than
water. Both of them have higher concentrations of oxygen, nitro-
gen, and sulfur than light crude oil. Venezuela holds an estimated
1.2 trillion barrels of VHO resources, of which an estimated 200
billion barrels would be easy to recover via surface mining or
in-situ extraction. Surface mining is usually limited to oil–sand
deposits that are relatively close to the surface. After being
physically separated from the sands, the bitumen is transported
to a central facility for upgrading. In in-situ extraction, steam is
pumped into the oil-sand deposit and VHOs to reduce the viscosity
of the bitumen. Afterwards it can flow to wells and be recovered in
the same manner as conventional petroleum.

There are several patented processes for the separation of
bitumen from oil sands. All of them are based on solvent extrac-
tion and mainly by water [51]. First, the oil sand is extracted with
hot water to remove most of the sand and clay. Then the froth is
diluted with a light hydrocarbon, the water and solids quickly
settle to leave diluted bitumen with traces of water and solids to
float. This process separates most of the bitumen in the tar sand
and produces a product with fairly low solids content [52].
However, water pollution was reported to represent a serious
environmental concern. In addition, because of the consolidated
nature of the deposits and the high viscosity of the bitumen, the
application of this method has not been commercially successful
[53]. In order to deal with these challenges, some researchers
released 90% bitumen from oil sands by the method of employing
ionic liquids together with a nonpolar solvent at ambient tem-
peratures [54]. The upgraded bitumen also could be produced
from Alberta tar sands by vacuum pyrolysis [55]. The oil yield was
10.8% by weight under the reaction conditions of 500 1C and a total
pressure of 1 kPa. Moreover, the major pyrolysis gases like CO2

(the most abundant), CO, H2S, and CH4, and C2–C8 hydrocarbons
were also produced during pyrolysis.

Oil shale is a solid sedimentary rock containing an insoluble
organic matter called kerogen, which can be decomposed by
pyrolysis to form desired oil that can be distilled like conventional
petroleum. Kerogen is a complex substance consisting of large
molecules of carbon and hydrogen with nitrogen, sulfur and
oxygen atoms and an approximate empirical formula would be
C200H300SN5O11. The oil shale resource in the United States is very
large and highly concentrated in the parts of Colorado, Utah, and
Wyoming and the recoverable resources range from 500 billion to
1.1 trillion barrels. Besides, Spain has moderate deposits of oil
shale and it is the only organic natural resource for producing
energy in Israel [56,57]. Due to the work performed by the U.S.
Department of Defense (DoD) in the 1980s, shale oil has been
included in the specification for Jet A as a conventional source of
jet fuel that would be fully compatible with current aviation
systems.

Pyrolysis has been used to extract kerogen from oil shales
[58,59]. This process requires the treatment of large amounts of
solid material, including a method for grinding the rocks down to
a suitable particle size. This technology is involved in mining the
shale, separating the shale oil using a high temperature retorting
process and finally upgrading the shale oil to fuels by hydropro-
cess. Oil-shale production requires significant energy inputs and
the maximum oil yield depends on the properties of the oil shale,
heating rate, and particle grain size by pyrolysis [56,57,60].
The new technology based on the use of water, toluene and
methanol as solvents under supercritical conditions, is still under
development, and their technical and economical viability have
not yet been validated [61–63]. However, some advantages were
reported such as better selectivity, a more efficient energy balance
and better extraction capacity with supercritical technology
[61,64–66]. Considering the technical maturity of oil shale produc-
tion methods, oil shale is unlikely to support appreciable produc-
tion of jet fuel prior to 2020 [67].

Jet fuel produced from these three unconventional oils
currently could meet all specifications for Jet A. However, they
have the largest potential for only supplying several-thousand
barrels jet fuel per day. Therefore, they received a neutral rating
for compatibility. Moreover, their use would result in increasing
GHG emissions [68]. The use of Jet A derived from oil sands and
VHOs would have life-cycle GHG emissions ranging from 10% to
25% greater in life-cycle than conventional crude oil, and use of
oil-shale fuel by 50% higher than conventional crude oil. Once the
fuel reaches the tank, there are no differences in emissions or
effect on air quality.
4. Fischer–Tropsch synthesis (F–T) process

Fischer–Tropsch (F–T) is often regarded as the key technologi-
cal component for converting synthesis gas (or “syngas”) to
transportation fuels and other liquid products [69]. German
researchers Franz Fischer and Hans Tropsch developed this
method bearing their names in 1922 as a method for making
liquid fuels from coal with alkalized iron chips at 673 K and under
high pressure (4100 bar) [70]. The F–T process appears to be on
the verge of a period of expansion. Several major companies have
announced plans to build large plants. If completed, these projects
would yield about 1 million barrels per day of total product by
2020, some of which could potentially be used as aviation fuel. F–T
fuels have several characteristics that make them attractive as a jet
fuel [71,72]. Their higher specific energy leads to a small reduction
in the amount of energy required to fly a given distance with a
given payload and could allow for increased payload capacity [73].
F–T fuels are clean burning without sulfur dioxide (SO2) or sulfuric
acid (H2SO4) aerosol emissions, thus leading to increased combus-
tor and turbine life, and meanwhile their improved thermal
stability should reduce deposits on engine components and fuel
lines [74,75]. Furthermore, this aromatic-free fuel emits fewer
particulates than conventional jet fuel. However, there are two
disadvantages associated with no aromatics in the fuel. First, F–T
kerosene meets all other jet fuel specification properties with an
exception of the minimum density requirement. Second, the
absence of aromatic compounds can cause leaks in certain types



Fig. 2. Major overall reaction in the Fischer–Tropsch synthesis.
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of fuel system. Both of these issues may be resolved by blending
the fuel with conventional jet fuel and may be addressed with the
appropriate use of fuel additives.

After several decades of research and development, F–T tech-
nology has finally come to the stage of full-scale industry and
worldwide commercialization. There has been extensive evalua-
tion of synthetic paraffinic kerosene (SPK) produced from a
starting material of coal using the Fischer–Tropsch process.
A leader in developing and commercializing this technology is
Sasol located in Johannesburg, South Africa, and the Sasol FT-SPK
jet fuel is approved for use in commercial aviation. Since 1999,
blends that are up to 50% F–T liquids have been used by commer-
cial airlines in South Africa. The FT-SPK fuels were composed of a
combination of normal and iso-paraffins with a small percentage
of cyclo-paraffins. The paraffins carbon number and type (iso- and
n-) of the neat FT-SPKs varies from C9 to C15 which is a typical
range found in conventional jet fuel.

The F–T process has four main steps. The first step is the
production of synthesis gas, which is a mixture of hydrogen and
carbon monoxide. The second main step removes undesired com-
pounds such as CO2 as well as impurities from the synthesis-gas
stream. The third step is the F–T synthesis. This process makes
mainly straight chain hydrocarbons. The product composition will
vary depending on the hydrogen to carbon monoxide ratio, the
catalyst and process conditions. This raw product (straight chain
hydrocarbons) of F–T synthesis must be further processed to make
an acceptable fuel. After leaving the F–T section of the facility, the
hydrocarbon product is upgraded to liquid fuels using well-
established methods in common petroleum refineries. This proces-
sing includes cracking the long chains into smaller units and
rearranging some of the atoms (isomerizing) to provide the desired
properties. The outputs of the process can be narrowed to middle
distillates and naphtha, both of which have a near-zero level of sulfur.

According to the temperature applied, the F–T process would be
divided into low-temperature F–T process (LTFT) and high-
temperature F–T process (HTFT), whereby LTFT ranges between
200 and 240 1C and HTFT ranges between 300 and 350 1C [76,77].
The low-temperature F–T process with either iron or cobalt catalyst
is used for the production of high molecular mass linear waxes
[78–80]. The high-temperature F–T process with iron-based catalyst
is used for the production of gasoline and linear low molecular mass
olefins. However, the main difference is that no liquid phase is
present outside the catalyst particles in the HTFT reactors [81].

The F–T reaction with Fe and Co as viable catalysts is highly
exothermic, which is a significant characteristic, thus influencing
the efficiency of the whole process [82,83]. Cobalt-based F–T
catalysts are usually preferred for the synthesis of long-chain
paraffins, as they are more stable towards deactivation by water
[73]. Furthermore, when iron is used as catalyst, the F–T occurs
simultaneously with the water–gas shift (WGS) reaction, which
consumes CO and H2O obtained from the F–T and produces
additional H2 and CO2. The iron catalysts are preferred to Co
catalysts, due to its lower cost, lower methane selectivity, lower
sensitivity to poisons, and higher flexibility to lead the selectivity
to required products according to the operative variables used and
calcination conditions on the catalytic performance [78,84]. The
kinetic process can be expressed by the equations in Fig. 2
[70,85,86]. Here “n” is the average carbon number and “m” is the
average number of hydrogen atoms of the hydrocarbon products.
Eqs. (a) and (b) are the main reactions for the generation of
straight-chain alkanes and 1—olefins; Eq. (c) is the side reaction
for the production of alcohols, aldehydes and other oxygenated
organic compounds; Eq. (d) is the water gas shift reaction (WGS)
with the Fischer–Tropsch synthesis system, it has some regulatory
roles to F–T reaction; Eq. (e) is the reaction to generate methane;
and Eq. (f) is the coking reaction.
From literatures, the three major reaction mechanisms for the
Fischer–Tropsch synthesis are carbide mechanism, oxygenate
mechanism and CO-insertion mechanism [87–89]. None of the
three mechanisms mentioned above is capable of predicting the
whole product spectrum observed for the four Fischer–Tropsch
metals of interest with iron, cobalt, ruthenium, and nickel. Many
researchers assumed that the Fischer–Tropsch mechanism likely
involves more than only one key intermediate [90–92]. From this
respect, they proposed that CO-insertion mechanism is responsi-
ble for the formation of oxygenates, while hydrocarbons are
formed via the O-free carbene mechanism. Acids are formed via
the insertion of CO2. Moreover, a large variety of O-, H-, and
C-containing species are present on the catalyst surface that all
may be involved in this parallel mechanism. However, this
mechanism ignores the role of surface carbide growth in the
carbon chain. Thus, many researchers integrated carbide conden-
sation mechanism with oxygen intermediates and proposed a
dual intermediate condensation mechanism, that the formation
of methane by the carbide mechanism, while the chain growth
according to intermediate condensation mechanism.

The F–T process produces a mixture of hydrocarbons (HC) with
carbon chains corresponding to gases (range from C1 to C4), liquids
(from C5 to C20) and evenwaxes (4C20) [93]. The main products of
this process were olefins, alcohols, and acids, oxygenate and
paraffins of different length depending on a reactor and catalyst
type. The product distribution follows the Anderson–Schulz–Flory
(ASF) distribution as long as there is a constant probability of chain
growth factor. The F–T approach provides a series of production of
liquid fuels (including jet fuel) from various carbonaceous feed-
stocks, of which the most relevant are coal, natural gas, and
biomass [71,86,94]. The first plant used coal as the starting
material; this conversion is called coal-to-liquids or CTL. The current
generation of plants will use natural gas as the starting material;
this is called gas-to-liquids or GTL. Biomass can also be used as the
starting material by going through a gasification step to produce
carbon monoxide and hydrogen; this process is called biomass-
to-liquids or BTL.

4.1. CTL

Information from the Energy Information Administration indi-
cates that since 2004 the use of coal as a global energy source has
caught up with the use of natural gas, and would even surpass it
by 2030 [95,96]. In 2006, global coal consumption rose by 4.5%,
which is well above the 10-year average whereas oil consumption
increased by only 0.7%—the weakest growth since 2001. Coal
liquefaction could potentially be used to make jet fuel. Further-
more, the CTL has been considered as one of the more reasonable
approaches for alternative liquid fuels production since 1940s.
[97,98]. CTL provided 92% of Germany's air fuel and over 50% of
their petroleum supply in the 1940s. Assuming near-term con-
struction of pioneer coal-to-liquids facilities in the United States, it
is estimated that approximately 75,000 barrels of jet fuel could be
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produced daily from coal within the next decade. There are some
unique compositional advantages of using coal-derived liquids for
making advanced jet fuels, with respect to the high-temperature
thermal stability for use in future high performance aircraft [99].
Compared to conventional petroleum-derived jet fuels, the coal-
derived jet fuels display greater thermal stability at temperatures
above 400 1C in terms of much lower degree of decomposition and
significantly fewer solid deposits. This is because coal-derived jet fuels
are rich in cycloalkanes and the aromatic compounds in coal-derived
jet fuels can be dominated by hydroaromatic structures [100].

Current CTL capacity is limited to South Africa. Since the 1950s,
South African Coal Oil and Gas Corporation (Sasol) is operating
the world's two commercial CTL plants, producing about 30%
(160,000 bpd) of South Africa's automotive fuels [101]. The
Chinese government intends to achieve an annual CTL production
capacity of 152 million barrels in the coming 5–10 years in order to
reduce oil imports by 5–10%.

Coal-to-liquids (CTL) is a technology based on the liquefaction
of coal using two basic approaches: direct coal liquefaction (DCL)
Fig. 3. Typical indirect coal liquefaction process.

Fig. 4. The basic flow sheet of
and indirect coal liquefaction (ICL) [102]. In indirect coal liquefac-
tion, coal involves a complete breakdown by gasification to create
a synthesis gas comprised of hydrogen and carbon monoxide. The
synthetic gas is then treated to remove impurities and unwanted
compounds such as mercury and sulfur capable of disturbing
further reactions. With well established technology and lots of
operational experience, Sasol has the only commercial-
scale ICL plants currently and has already produced over 1.5 billion
barrels of synthetic oil. In direct coal liquefaction, coal is pulver-
ized and mixed with oil and hydrogen in a pressurized environ-
ment. This process converts the coal into a synthetic crude oil.
Even though liquid yields can be in excess of 70% of the dry weight
coal, with overall thermal efficiencies of 60–70%, further treatment
is needed before they are usable as a transport fuel and refining
stages are needed in the full process chain [103]. The direct
coal liquefaction technology has been demonstrated in the
United States and is now being commercially deployed in China
and other countries [104,105].

Coal-to-liquids (CTL) technology mainly contains three steps to
get liquid products as shown in Fig. 3: gasification of coal to
produce syngas (CO and H2), followed by F–T reaction, and finally
upgrade the hydrocarbons to the required products and useful
chemicals. During coal gasification, the feedstock is fed into a
reactor (gasifier) where the coal reacts with air or oxygen and
steam. Depending on the type of gasifier, coal gasification involves
pressures of 30–50 bar and temperatures in the range from 500 1C
up to 1200 1C. In order to obtain an optimal gas constitution for
the Fischer–Tropsch synthesis, additional processes need to be
carried out to raise the hydrogen content and to clean the gas from
undesirable by-products, especially SO2 (sulfur dioxide) and CO2.
The gas cleaning procedure is crucial as both SO2 and CO2 inhibit
an optimal performance of the Fischer–Tropsch process. During
this process, chemical reactions between carbon and other com-
pounds will eventually fabricate hydrocarbon molecules of the
desired length. After F–T process, the clean syngas generates a
broad set of hydrocarbons, including liquids such as gasoline,
diesel or jet fuel, gases such as fuel gas or liquefied petroleum gas
(LPG) and waxy substances like soft or hard waxes [100]. The share
of middle distillates produced via Fischer–Tropsch conversion may
reach up to 75% of the obtained product mixture, including 80%
diesel and 20% kerosene.
F–T based GTL technology.
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4.2. GTL

Natural gas is recognized as one of the cleanest and most
abundant fossil fuels, but it is four times more expensive to
transport than oil. Converting remote natural gas into a liquid
before transport is more cost-effective [106]. Liquefied natural gas,
which is mainly composed of methane, can serve as an alternative
source [107]. Allen pointed out that the natural gas would be the
dominant energy source for the next 80 years and a major
question was how best to use it for aviation [108]. As the world
price of oil rises early in the decade, depletion of fossil fuel and
environmental pollution, considerable commercial attention was
directed at the potential of GTL facilities. GTL is a well developed
and proven technology and it is an important option for moving
natural gas to the market place [109]. The key concept of a GTL
process is to chemically convert the gas into longer-chain hydro-
carbons that will typically be in the range of liquid transportation
fuels and other liquid products like more valuable middle dis-
tillates and lubricants. This conversion also takes place on a
surface of catalysts such as cobalt or iron via a technology known
as Fischer–Tropsch (FT) synthesis. This FT-based GTL technology
exhibited great environmental advantages. These include low
content of NOX, aromatics and sulfur compounds that will result
in measurable benefit to the environment in addition to low
particulate matter generation upon combustion.

The surge in need for liquid fuels during World War II
accelerated the research, development, and commercial imple-
mentation of several FT-based GTL technologies [110]. The world's
first commercial-scale gas-to-liquid (GTL) plant based on inte-
grated low-temperature F–T synthesis was built by Shell in
Malaysia, began operating in 1993, and continues to produce
approximately 15,000 bpd with Shell Middle Distillate Synthesis
(SMDS) process. More recently Shell and Qatar Petroleum intro-
duced the Pearl Project which uses multi-tubular fixed-bed F–T
reactors to produce 140,000 bpd capacity of liquid products
primarily naphtha and transport fuel (including 12,000 bpd of
GTL kerosene) in Ras Laffan, Qatar [111]. Another large GTL project
in Qatar is the Oryx GTL plant which uses technology jointly
developed by Sasol and Chevronwhere the F–T process is based on
a slurry phase distillate process (SPD) to produce 34,000 bpd.
Syntroleum's GTL process has been under development since
1980s. The Sweetwater project employed the Syntroleum process
to convert natural gas into ultra-clean, high performance, sulfur-
free synthetic specialty products. Also in Africa, Mossgas (Pty.) Ltd
produced liquid products from syngas using F–T technology
licensed from Sasol and the production potential is around
22,500 bpd. Based on current planned production in Malaysia,
Qatar, and South Africa, they estimated that global production of
GTL in 2017 will be between 200,000 and 300,000 bpd, of which
up to one-quarter, 50,000 to 75,000 bpd, could be economically
dedicated to jet-fuel production. On 12 October 2009, a Qatar
Airways Airbus A340-600 conducted the world's first commercial
passenger flight using a mixture of kerosene and synthetic Gas-to-
Liquid fuel in its flight from London's Gatwick Airport to Doha.

The GTL process is mainly comprised of three steps as shown
in Fig. 4: steam reforming of natural gas to produce syngas (CO
and H2), followed by F–T reaction, and finally upgrading of
the products utilizing cracking and hydro-processing units
for the synthesis liquid hydrocarbons to yield higher valued
chemical products that meet the market specifications. In addition,
Available processes for the production of synthesis gas for GTL
plants are also based on partial oxidation or combinations of
partial oxidation and steam reforming [112,113]. Key GTL products
include liquefied petroleum gas (LPG), gasoline with near zero
sulfur, diesel with high cetane number, lube base-stocks and
waxes, and high quality petrochemicals such as naphtha. In the
syngas reforming process, the feedstock reacts with steam and
oxygen to produce hydrogen, carbon monoxide and carbon diox-
ide. The principal technologies for producing syngas from natural
gas feed were employed, such as partial oxidation (POX), catalytic
steam methane reforming (SMR), two-step reforming, autother-
mal reforming (ATR), and heat exchange reforming [107,114,115].
Each technology has its own features. POX could use pure oxygen
in the presence of a catalyst with greater selectivity and exother-
micity, while SMR does not require oxygen but working in the
temperature range 973–1223 K and under high pressure
(2–4 MPa) [116]. Furthermore, the steam reforming is commercia-
lized in large-scale application even though it is not kinetically
faster than the POX but higher ratio of H2/CO is always required for
further syngas conversion to produce hydrocarbons [117,118]. The
partial oxidation could result directly in the wanted stoichiometry
of the product gas and could be performed at low temperature
[119]. This route provides the desired 2:1 ratio and is the preferred
route in isolation of other needs [120]. There are two routes: one
uses oxygen and produces a purer syngas without nitrogen; the
other uses air creating a more dilute syngas [121]. However,
the oxygen route requires an air separation plant that increases
the cost of the investment [122]. The key influences on their
competitiveness are the cost of capital, operating costs of the
plant, feedstock costs, scale and ability to achieve high utilization
rates in production. The ATR has the most favorable H2/CO ratio for
cobalt-based catalyst and the reduction of the S/C-ratio improves
the syngas composition and reduces the CO2 recycle. Heat
exchange for reforming can use compact equipment and intro-
duces flexibility to increase the overall carbon efficiency of the
plant. The GTL is technically feasible to synthesize almost any
hydrocarbon. And in the past five decades several processes
have been developed to synthesize liquid hydrocarbons from
natural gas.

4.3. BTL

Biomass can generally be defined as any hydrocarbon material
which mainly consists of carbon, hydrogen, oxygen and nitrogen
and less proportion of sulfur [123–125]. Biomass resources cover
various forms but it has a basic structure that it is a mixture of
hemicellulose, cellulose, lignin and minor amounts of other
organics [126,127]. Taking into account the availability of wood
chips and energy crops from forestry and agriculture, aquatic
plants and algae, by-products from downstream agro- and wood
based industries, as well as municipal and industrial waste
streams [128–130], the theoretical worldwide potential for the
production of jet fuel from currently available biomass is
estimated at over 100 million barrels per day, albeit with a high
degree of uncertainty [131]. According to the European Biomass
Industry Association (EUBIA), the worldwide raw biomass energy
potential in 2050 has been estimated to be between 150 and
450 EJ/year, or 25�109 to 76�109 boe (barrels of oil energy
equivalent). Europe, Africa, and Latin America could produce 8.9,
21.4, and 19.9 EJ of biomass per year with an energy equivalence of
1.4�109, 3.5�109, and 3.2�109 boe, respectively [132].

Significant progress has been achieved on biomass production
and conversion technologies over the last decade resulting in the
increase of competitive, reliable and efficient technologies. Also, a
variety of processes exist where biomass can be converted into
biojet via biological conversion, physical conversion and thermal
conversion. These processes contain the pyrolysis, gasification,
anaerobic digestion, distillation, fermentation, etc [133–135]. The
pyrolysis and gasification followed by the Fischer–Tropsch (F–T)
synthesis process is one of the best options for the production of
biojet that is currently commercially available [136]. The advan-
tage of the BTL route to liquid transportation fuels lies in the
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ability to use almost any type of biomass, with little pre-treatment
other than moisture control [137]. Besides, the required products
like heavy waxy hydrocarbons with almost zero aromatics
and sulfur also would be obtained depending on the operating
conditions of the F–T process [138]. It is estimated that over 4 m3

of BTL-fuels can be produced per hectare of land per annum.
Hence, in future if 4–6 million hectares of land were used to grow
energy crops, one could replace 20–25% of the liquid transport fuel
currently used.

Pyrolysis is the direct thermal decomposition of organic matrix
in the absence of oxygen [139]. As input to the pyrolysis process,
almost any dried and granulated feedstock is acceptable.
The outputs of the pyrolysis process are volatiles (mainly contains
CO2, CO, CH4, H2, C2H6, and C2H4), bio-oil (modeled as CH1.9O),
char (carbon) and ash [123]. The pyrolysis process conditions that
favor liquid bio-oil product (mainly is a complex mixture of water
and organic chemicals) are depending on the temperature, resi-
dence time, heating rate and other reaction parameters [126,
139–141]. The most advantage of bio-oil production by pyrolysis
is that it requires only a simple reactor and large percent of
biomass energy can be converted into liquid products. Gasification
is a thermochemical conversion process that forms synthesis gas
or syngas (a mixture of H2 and CO) by reacting pyrolysis products
with air or steam. Gasification takes the products of pyrolysis
as input and requires an oxidizing agent (typically steam). The
outputs of the gasification process are hydrogen gas and carbon
monoxide (that together make syngas), volatiles (represented as
methane) and carbon dioxide [142]. Gasification could take place
in an entrained flow reactor at high temperature [143]. Typical
process conditions for gasification are temperature, T¼1200 K and
pressure, P¼21 bar. Once the gasification process has been com-
pleted, syngas can be further processed into hydrocarbon chains of
varying length, which can be refined to isolate the desired fuel
(jet fuel in this case) using techniques similar to those employed in
petroleum refineries. The International Air Transport Association
and McGill University investigated fundamental efficiencies of
several different processes. They pointed out that the maximum
energy efficiency of F–T fuel from biomass, especially hardwood,
is greater than from coal or natural gas (77%, 64%, and 68%,
respectively) with the reason of that biomass is more reactive
than coal and natural gas and biomass gasification can occur at
lower temperature [144]. However, the biomass gasification could
cause slagging and fouling problems in the conventional equip-
ments because it contains sodium, potassium and other alkali.

The FT-based BTL technology is currently in the demonstration
phase. NSE Biofuels (in partnership with Foster Wheeler and VTT)
is planning to develop a commercial production plant at one of
Stora Enso's mills with a project output capacity of 100,000 t/year
in 2016. A German firm, CHOREN, is now constructing a small
commercial BTL plant with a capacity of almost 300 bpd of liquid
product that began start-up operations in 2008. In December
2009, CEA (Atomic and Alternative Energy Commission) France
announced the construction of a pilot BTL plant in Bure Saudron.
The plant will use forestry and agricultural residues to produce
about 23,000 /year of biofuel (diesel, kerosene and naptha). Solena
Group, in partnership with Rentech, has announced plans to
develop and build a BTL facility that would produce 1800 bpd of
fuel (70% of which is JP-8 intended for the U.S. Air Force) by
agricultural, forestry, and municipal waste from northern and
central California; the facility is scheduled to begin construction
in Gilroy, California, in 2009.

Many recent studies have investigated the potential to use a
combination of coal and biomass as a feedstock for the production
of coal-biomass-to-liquid (CBTL) fuels [145]. The U.S. Department
of Energy's Savannah River National Laboratory has developed a
new and efficient process to produce biofuels from coal and other
biomass. The new single-step hydrolysis process co-converts coal
and any biomass to a liquid fuel while generating a high purity
carbon dioxide as a byproduct [146–148]. A coal and biomass-to-
liquid pilot (CBTL) project in the US state of Montana is likely to be
the recipient of funding under a recent Energy and Water Appro-
priations bill that has released $20 M in financing to be allocated
by the Department of Energy. Montana Coal-and-Biomass-To-
Liquids (CBTL) pilot project will be projected to bring hundreds
of new jobs to Montana and create new markets for Montana coal
and camelina. However, there is very limited information regard-
ing the economic potential and environmental impacts of CBTL,
because of no commercial-scale CBTL facility operates to date.
5. Renewable jet fuel process

With peak oil is approaching and environment issue continuing
to gain momentum throughout the industry, everyone focused on
reducing emissions, increasing efficiency and developing alterna-
tive fuels [23,30]. Also, the reduction of GHG emissions is a top
objective in the fight against global warming. Alternative fuel is an
imminent part of the aviation industry's future [15]. The aviation
industry is hopeful about alternative fuels for the potential
environmental benefit of reduced life cycle greenhouse gas emis-
sions and the economic benefits associated with increased fuel
availability and lower fuel costs [31]. Vegetable oils and animal fats
would be hydrotreated to produce high cetane number and
straight chain alkanes ranging from C9 to C18 that can be used in
the aviation industry [149–152]. The hydrotreating process condi-
tions are with temperature of 350−450 1C, pressure of 40
−150 atm, liquid hourly space velocities 0.5−5.0 h−1, and sulfided
NiMo/Al2O3 catalysts. Then the alkanes can also be isomerized
using molecular sieve or zeolite catalysts [132].

Syntroleum has licensed its Bio-Synfining™ process to
Dynamic fuels. Bio-Synfining™ SPK is a low capital cost process
for producing high quality synthetic paraffinic kerosene (SPK)
from bio-renewable feeds such as the triglycerides and/or fatty
acids from animal fats, greases, vegetable and algae oils. Fig. 5
shows the basic flow sheet of Bio-Synfining™ SPK process. In Bio-
Synfining™ SPK process, fatty acids and glycerides are converted
to SPK in three steps. First, the raw feedstocks are pretreated to
remove catalyst contaminants and water. 98þ% of the metal and
phosphorus contaminants will be removed from opportunity fats
and greases. In the second step, fatty acid chains are converted
into n-paraffins via exothermic hydrogenation and deoxygenation
reactions in a hydrotreater. In the last step of the process, the long
straight-chain paraffins are hydrocracked into shorter branched
paraffins. The hydrocracked products fall mainly in the kerosene
and naphtha boiling range (mainly C15–C18 n-paraffin composi-
tions). During the first half of 2008, Syntroleum successfully
produced over 600 gal of Bio-Synfining™ SPK for the U.S.
Air Force. The feedstock was a blend of low quality and waste fats
and greases. The 50/50 venture – known as Dynamic Fuels – was
formed to construct and operate multiple renewable synthetic
fuels facilities, with production on the first site beginning in 2010.

Honeywell's UOP also has successfully commercialized the
deoxygenating process to convert vegetable oils and wastes to
green jet fuels by Ecofining™ SPK process. UOP has produced
several thousand gallons of renewable jet fuel from a variety of
feedstocks, including first generation oils such as palm and
soybean oils, as well as second generation oils like camelina,
jatropha and algal oils [153,154]. Working with feedstock partners
Sustainable Oils, Solazyme and Cargill, Honeywell's UOP will
produce up to 190,000 gallons of fuel for the Navy and 400,000
gallons for the Air Force from sustainable, non-food feedstocks
including animal fats, algae and camelina.
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UOP's green jet fuel process technology (Ecofining™ SPK
process) consists of two main sections, deoxygenation section
and isomerization/cracking (or hydrocracking) section. Both of
them are based on hydroprocessing technology commonly used
in today's refineries to produce transportation fuels. In the first
section, hydrogen is added to remove oxygen from natural oils
produced from sustainable feedstocks. The deoxygenation is
highly exothermic and after this process stream enters the second
section where cracking reactions occur. In the second section, the
stream was selectively cracked and partially isomerized to yield a
paraffinic product in the jet range. The resulting SPK can be used
as a blending component with petroleum-derived JP-8 or com-
bined with aromatics from either a renewable or petroleum
source.

To meet the complete jet fuel specifications, it is necessary to
have a certain percentage of aromatics in the fuel. The SPK should
Fig. 6. The UOP renewa

Fig. 5. The basic flow sheet of
be blended with conventional jet fuel or with aromatics from a
renewable source. In collaboration with the National Renewable
Energy Laboratory and Pacific Northwest National Laboratory,
UOP has obtained aromatics derived from pyrolysis oil by Rapid
Thermal Processing (RTP™ process) and the resulting fuels meet
the key freeze point, flash point and density specifications.
The pyrolysis oil was mainly generated from two types of cellulosic
biomass: corn stover and woody materials. The RTP process is a
fast thermal process where biomass is rapidly heated in the
absence of oxygen. The biomass is vaporized and then rapidly
cooled to generate high yields of pyrolysis oil. The process utilizes
a circulating transported fluidized bed reactor system similar to
that used in the UOP Fluid Catalytic Cracking (FCC) technology
from the petroleum industry. The process typically yields between
65 wt% to 75 wt% pyrolysis oil from dried woody biomass that can
be utilized as fuel for industrial heat and electrical power
ble jet fuel process.

bio-synfining SPK process.
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generation. The deoxygenation involves treating pyrolysis oils at
moderate temperature with high pressure H2 in the presence of
heterogeneous catalysts such as sulfided CoMo and NiMo-based
catalysts. During the deoxygenation, the oxygen in the pyrolysis
oils reacts with H2 to form water and improves the formation of
saturated C–C bonds. The deoxygenated pyrolysis oils were then
blended with UOP's renewable SPK. The basic flow sheet of UOP
renewable jet fuel process as shown in Fig. 6.

Fatty acid methyl esters (also called biodiesel) are renewable
fuels manufactured by the transesterification of vegetable oils or
animal fats. It was also considered as an alternative to jet fuel
components with the reason that it can be used as a substitute for
or as an additive to mineral diesel. However, its poor low-
temperature properties and high oxygen content limit its wide
commercial application as jet fuel component. Tianjin University
developed a new method (C–L™ process) to produce wide-cut
aviation biofuel (carbon number ranged from 5 to 15) from fatty
acid methyl esters (as shown in Fig. 7). There are three main steps
in this technology. First, the feedstock fatty acids or fatty acid
methyl esters were hydrotreated to eliminate the side effect of
double bonds. The products from the hydrotreating process
undergo the Kolbe reactions to convert into long chain hydro-
carbons. The optimum conditions for Kolbe reaction were that the
potential was higher than 7.5 V and 20 wt% of KOH was used as the
support electrolyte with temperature of 4575 1C, while the
methanol as solvent. At last, the hydrocracking process was used
to change long chain hydrocarbons into desired jet fuels, which
have similar properties with bio-SPK obtained from UOP's Ecofin-
ing™ SPK process. However, this process could undergo effectively
at lower hydrogen pressure and the hydrogen consumed during
the whole process would be supplied by this closed system itself
(hydrogen was byproduct during Kolbe electrosynthesis).
6. Concluding remarks

Recently, aviation industries are looking for new methods and
technologies to address the growing pressures on the environ-
mental and economical aspects. Although pollutant emissions
from aircrafts and high operating costs are mainly determined
by the company managements and technology of the engines,
aviation fuel composition also plays a significant role. The devel-
opment of sustainable alternative aviation jet fuel would be an
imminent part of the aviation industry's future. In this paper, four
types of jet fuel production technologies, including the crude oil-
based conventional process, unconventional oil sources-based
process, the Fischer–Tropsch synthesis (F–T) process and the
renewable jet fuel process, were performed.

The crude oil-based conventional process is still the dominant
technology for the production of aviation jet fuels all over the
world. However, the large fluctuations in the cost of fuel and great
concerns on emission as well as reduction of crude oil production
have provided a strong incentive for airlines to consider alter-
native sources of fuel. Even though the Jet fuels produced from
unconventional resources (oil sands, VHOs, and oil shale) currently
have certain potential supplement and could meet all specifica-
tions for Jet A, high investment and CO2 collection (or storage)
would be the biggest obstacle for the wide application of this
technology. Among these jet fuel technologies, the F–T synthesis
process and the renewable jet fuel process will supply alternative
fuels for the potential environmental benefit of reduced life cycle
greenhouse gas (GHG) emissions and the economic benefits
associated with increased fuel availability and lower fuel costs.

The F–T approach provides a method of producing liquid fuels
(including jet fuel) with similar characteristics from various
carbonaceous feedstocks, of which the most relevant are natural
gas, coal, and biomass. It is often regarded as the key technological
component for converting synthesis gas to transportation fuels
and other liquid products. However, syngas production itself
accounts for more than half the capital investment. The availability
of F–T jet fuels within the next decade depends on feedstock, the
world price of oil, resolving uncertainties in production costs, and
regulatory and technical issues associated with capturing and
sequestering large quantities of CO2.

All renewable jet fuel processes such as Bio-Synfining™ (Syn-
troleum) and Ecofining™ (UOP) as well as C-L™ process (Tianjin
University) are low capital cost processes for producing high
quality synthetic paraffinic kerosene (SPK) from bio-renewable
feedstocks like vegetable oils, animal fats, greases, jatropha, algal
and wastes. The SPK has superior product properties to other
options available today, with higher cetane number, lower cloud
point and lower emissions. The renewable jet fuel SPK can be used
in today's tanks, pipelines, pumps and automobiles without any
changes that it will safe significant expense as demand for
renewable grows.
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