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Drop-In Fuels

Fuels referred to as “drop-in” fuels can be substi-
tuted directly for conventional fuels without any
changes to aircraft or engines required. Currently,
synthetic jet fuels are manufactured using a
FischerTropsch process, from coal, natural gas,
oil shale or tar sands, or other hydrocarbon feed
stocks (even biomass). The base feed stock is
gasified to create a mixture of carbon monoxide
and hydrogen. These particular gasses are then
recombined to form a liquid hydrocarbon fuel.

Synthetic fuels are very similar in chemistry and
performance to conventional jet fuel, but have
almost zero sulfur and aromatics, and have a
slightly higher hydrogen-to-carbon (H/C) ratio. This
may result in lower particulate exhaust emis-
sions, and slightly lower carbon dioxide (CO,)
emissions. In addition, synthetic fuels exhibit
excellent low-temperature properties, maintain-
ing a low viscosity at cold ambient temperatures.
High temperature properties are also better,
resulting in improved heat sink capabilities with
less fuel system carbon deposits. Synthetic fuels
have very good performance, and have already
been in use for many years in the Johannesburg
South Africa airport (Sasol fuel), hence it should
be relatively easy to supplement current jet fuel
supplies with synthetic derived fuel. If the addi-
tional CO, that is produced during the manufac-
turing process (1.8 times more than crude oil
derived jet fuel) can be captured and permanent-
ly sequestered, synthetic fuel may be an accept-
able nearterm supplement. Some “drop in” fuels
may be renewable (i.e., if produced from bio-
mass).

Non Drop-In Fuels

The second category of alternate fuels is “non-
drop-in” fuels!. Among other things, these fuels
often provide less combustion energy per unit of
volume, and consequently, aircraft using these
fuels require larger fuel tanks. These fuels typical-
ly include cryogenic liquids such as liquid
methane and liquid hydrogen. Cryogenic liquids
have the added complication of being com-
pressed and at very low temperature.

Renewable Fuels

Renewable fuels can fall under either category.
Renewable fuels are typically made from biologi-
cal sources, such as plants that can be grown
year after year. The plant material — typically soy
beans, canola, or palm — is generally made up of
oils that are obtained from squeezing the plant's

seeds. These lipids, or hydrocarbon containing
organic compounds, contain long-chained carbon
and hydrogen molecules. The properties of some
renewable fuels fall outside conventional jet fuel
specifications. Through additional processing,
such as transesterification or hydrotreating, these
molecules can be structured to be somewhat
similar to diesel or jet fuels. Also, renewable fuels
can be blended with other feedstocks to meet jet
fuel specifications.

A drawback of renewable fuels is that, because of
limited excess farmland, biofuels are currently not
capable of supplying a large percentage of fuel
without displacing food production. However,
some believe that higher vyielding future feed
stocks, such as algae, may dramatically improve
supply capability and eliminate the food versus
fuel competition. The advantages of using biofu-
els would be their reduced overall life cycle (over
fossil fuels), their lower CO, impact, and the
potential to reduce engine emissions. If the per-
formance and cost issues can be overcome, bio-
fuels are envisioned to be blended with synthetic
or conventional jet fuels, which could lead to a
longerterm sustainable aviation fuel.

Comparing Alternative Fuels

Figure 1 shows relationships between the fuel,
the tank needed, and the aircraft weight. The fig-
ure shows the correlation with the heavier weight
of the fuel and the increase of the aircraft weight.
Conventional jet fuels are optimum, as are syn-
thetics. However, there are bio-diesel fuels which
are very close.

increasing aircraft weight

Increasing tank volume and aircraft drag via whetted area

Figure 1 — Relationship between type of alternate fuel and the aircraft weight. From
presentation by Lourdes Maurice - ICAO Colloguium on Aviation Emissions, 14 - 16

May 2007,

1 Non Drop in Fuel means fuel which does not meet the specification to be a drop-in fuel.
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An examination of the fuels other than the cryo-
genic liguids shows that as we move from con-
ventional fuels through synthetic fuels and bio-
diesel to alcohols, the carbon fraction in the fuel
decreases, leading to reduced carbon dioxide in
the products of combustion for unit mass of fuel
burned. The synthetic and biomass-derived fuels
have the advantage that they contain no sulphur.
Synthetic fuels also have no, or very little, aromat-
ic compounds (as a result of blending), which
greatly reduces the amount of particulate matter
emitted. However, aromatic compounds are use-
ful in engine operation as they help to preserve
engine seals, and the sulphur compounds are
good lubricants. It is therefore likely that synthet-
ic fuels would not be used alone but would have
to be mixed with conventional fuels or additives
to provide for these otherwise lacking properties.

Some recent tests have shown that synthetic
fuels (from coal or natural gas) can provide around
1.6% reduction in carbon dioxide emissions, 50 to
90% less particulate matter, 100% less sulphur
dioxide, as well as possibly a 1% reduction in fuel
consumption due to a greater gravimetric energy
density. The reduction in particulate matter is
seen as being especially helpful, since this mate-
rial is believed to be significantly implicated in
both global and local air quality issues.

Fischer-Tropsch Fuels Environmental
Implications
Less Emissions

® ~ 1.6% less CO, created during fuel com-
bustion

e 50% to 90% less particulate matter (PM)
(measured)

® 100% reduction in SOy

¢ ~ 1% less fuel burn (increased gravimet-
ric energy density)

Development work is well advanced in the case
of synthetic fuels derived from coal and natural
gas. New initiatives have recently been
announced in the area of biomass and other
renewable fuels, although there remain concerns
about the availability of feedstocks and the possi-
ble interruption of food production.

When considering the total impact of any type of
aviation fuel it is important to examine the emis-
sions arising from the production process in addi-
tion to the emissions arising from the actual burn-
ing of the fuel by aircraft. These production
processes include the mining/drilling operations,

the refining/gasification/liquidation processes and
the transporting of the products both before and
after processing. Initial studies of this area have
been undertaken and show, for example, that
synthetic fuel from coal, after burning in an air-
craft engine and in the absence of carbon seques-
tration, would have produced 80% more carbon
dioxide than similar fuels derived from crude oil.
This type of study shows a significant advantage
for biomass-derived fuels. There is clearly a need
for more studies of this type before a commit-
ment is made to any alternative fuel for aviation.

Figure 2 offers some insight into the relative CO,
emissions for various alternative fuels. Standard
Jet Fuel is considered the baseline. Clearly the
Bio Jet Fuel is worth investigating further.

Reasons for Optimism and Caution

There are reasons for optimism about the future
use of alternative fuels. The current high price of
crude oil encourages the search for alternative
aviation fuels. These fuels could have environ-
mental benefits, especially in relation to particu-
late matter and sulphur compounds emissions.
They may offer security and price stability in fuel
supply, provided that the alternative sources
themselves, e.g., coal, natural gas, biomass, etc.
are available. Work on developing alternative fuels
for aviation is already under way and aviation
could well become a leader in the field.

However, there are also reasons for caution.
Firstly we should not underestimate the technical
difficulties we might encounter even with “drop-
in” fuels and the constant need to ensure the
safety of aviation operations. It may therefore be
easier to make a transition to alternative fuels for
ground use before using them in aviation. It has
always been difficult to predict the crude oil mar-
ket and, although it may seem unlikely at the
present, a decrease in oil prices might remove
one of the major incentives for the further devel-
opment of alternative fuels. Finally the emissions
of carbon dioxide during the production process
may be a problem with some alternative fuels.

Future Developments

Before we embark on a transition plan towards
the development of alternative fuels, it is impor-
tant to establish whether we can and should
develop alternate fuels. To do this it is necessary
to establish the net environmental benefits of
these fuels, taking fully into account the environ-
mental costs of producing the fuels. It is also nec-
essary to identify the framework and policies
required to facilitate the introduction of alterna-
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Figure 2 — CO, emissions from various fuels compared with Jet Fuel . From presentation by Lourdes Maurice; ICAO

Colloquium on Aviation Emissions, 14 — 16 May 2007

tive fuels. For example, in the United States all
sectors of the aviation industry, including opera-
tors, manufacturers, and the government, have
established the Commercial Aviation Alternate
Fuels Initiative (CAAFI) to examine this subject
and chart the way forward.

Conclusions

In summary, alternative fuels are not an abstract
concept — they are already in use today. The avia-
tion industry is interested in the possible savings
and price stability offered by alternative fuels. The
fuel industry is willing to start producing these
fuels if given market guarantees (i.e., protection
from drastically falling oil prices) to do so.
Alternative fuels may provide environmental ben-
efits and could become an element of the envi-
ronmental strategy for sustainable future growth
of aviation. We may be able to use alternative
fuels to deal with some local air quality issues,
allowing us to focus engine design on noise
reduction and other environmental issues such as
greenhouse gases. Alternative fuels efforts may
offer future opportunities to ICAO's CAEP as it
seeks balanced and robust strategies to mitigate
aviation's environmental impact.

Drop-in fuels are quite feasible in the near term,
but there is a need to consider the environmental
impact of the whole chain of events, from mine or

well to the aircraft's wake. Renewable fuels are a
longer term prospect. Again, it must be stressed
that the whole chain of events must be taken into
account, not just the engine emissions. \WWe must
also understand that history has shown the diffi-
culty of predicting energy markets and we must
be cautious about pursuing alternative aviation
fuels solely as a short-term response to high
prices or an impending energy crisis. We must
note that we have been down a similar road
before in the late 1970s and early 1980s. Heavy
investment in alternative fuel options was strand-
ed by the oil glut of the mid 1980s. Ultimate suc-
cess will require a long-term vision and the will of
all stakeholders to see it through
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Alternative Jet Fuels for

Today’s Airline Fleet’

Petroleum products have always been the pre-
ferred aviation fuels because they offer the best
combination of energy content, performance,
availability, ease of handling, and price. However,
concerns about energy security, climate change,
the long-term availability of petroleum, and the
recent increase in the price of oil have prompted
the industry to search for alternatives.

Besides price, other factors must be taken into
account when considering alternative aviation
fuels. Of course, safe and reliable operation of the
engine and aircraft must not be compromised in
any way. The environmental effects of any alterna-
tive fuel must also be considered. This includes
both emissions from the engine and also life-
cycle effects associated with production and use
of an alternative fuel.

When considering the possibility of alternative
aviation fuels, the following questions arise; Are
there viable alternatives to conventional jet fuel
available today? What are some of the issues
associated with alternatives to conventional jet
fuel? This article will focus on potential “drop-in2”
fuels for today's fleet, and discuss the successful
use of an alternative jet fuel in South Africa.

Today’s Jet Fuel

The kerosene-type jet fuel used in today's aircraft
engines is a complex mixture of hundreds of dif-
ferent hydrocarbons. Hydrocarbons can be
grouped into just a few classes, each of which

has certain characteristic properties: paraffins,
cycloparaffins, olefins, and aromatics. They differ
in the geometry of the carbon backbone and the
hydrogen/carbon ratio. The paraffin group is often
subdivided into normal-paraffins (straight-chain)
and iso-paraffins (branched-chains). The olefins
are the most chemically reactive class of hydro-
carbons and are effectively excluded from jet fuel
by the demanding thermal stability requirement.
Figure 1 shows the relationship between hydro-
carbon class and some jet fuel properties.

Petroleum products are defined mainly by their
density and boiling range distribution. Jet fuel
boils over the temperature range of about 150°C
to 300°C and includes hydrocarbons between
about 8 and 16 carbon atoms as shown in Figure
2.

Petroleum-derived jet fuel will also has trace
amounts of sulfur-containing compounds. The jet
fuel specifications limit sulfur to a maximum of
3,000 ppm, although the average sulfur content
of jet fuels is thought to be between 500 and
1,000 ppm.

This is the aviation fuel in use today. The fuel
specification requirements reflect its properties.
When we consider alternative fuels for today’s
aircraft engines, we are really limited to alterna-
tive sources of fuels that are very much like
today's petroleum-derived kerosene-type jet fuel.

Hydrocarbon Class
Jet Fuel Property n-Paraffin Isoparaffin Cycloparaffin Aromatic
Energy Content
Gravimetric + + 0 -
Volumetric - - 0 +
Combustion Quality + + + -
Low Temperature Fluidity — 0/+ + 0/-

* "4+" indicates a beneficial effect, “0" a neutral or minor effect, and

won

a detrimental effect.

Figure 1 — Potential contribution* of hydrocarbon classes to selected jet fuel properties.

1 This article is based on the “Alternative Jets Fuels” publication by Chevron. It is available from the author or at
http://www.chevronglobalaviation.com/docs/5719_Aviation_Addendum._webpdf.pdf
2 "Drop-in" is a term used to describe fuels that fit today's fuel specifications and can be handled in the existing supply

chain.
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When we consider alternative fuels with proper-
ties that go beyond the bounds of the current fuel
specifications, whether they are intended for cur-
rent or future engine technology, we have to deal
with such issues as: potential certification issues,
compatibility with conventional jet fuel, and the
fuel handling infrastructure. These are significant
obstacles to the introduction of an alternative
fuel.

Potential Sources of Alternative Fuels
The following paragraphs describe the primary
fuel sources that are currently considered to be
possible alternative fuels for aviation.

Fuels from Fossil Sources

Almost all jet fuel today is manufactured from
petroleum (crude oil). A relatively small percent-
age is made from oil sands, mainly from Canada
and Venezuela. There are also other fossil fuel
sources that could potentially be used to manu-
facture jet fuel, namely: natural gas, shale oil, and
coal. If practical and economical conversion
processes can be developed, these reserves
could provide alternate sources for jet fuel that
would be essentially the same in composition as
conventional, petroleum-derived jet fuel.

Fischer-Tropsch Synthetic Fuel
FischerTropsch (FT) synthesis3 converts a mix-
ture of carbon monoxide and hydrogen, called
synthesis gas, into higher molecular weight
hydrocarbons. It can be thought of as a catalytic
polymerization of carbon monoxide accompanied
by reaction with hydrogen to make the CH, meth-
ylene units of paraffins.

CO + Hy & -(CHy,- + H,0

The process makes mainly straight chain hydro-
carbons. The product composition will vary some-
what depending on the hydrogen to carbon
monoxide ratio and the catalyst and process con-
ditions. This raw product of FT synthesis must be
further processed to make an acceptable fuel.
This processing includes cracking the long chains
into smaller units and rearranging some of the
atoms (isomerizing) to provide the desired proper-
ties. This upgrading process produces a wide boil-
ing range material encompassing naphtha (gaso-
line boiling range), kerosene, and diesel. This
material is then distilled into final products.

Temperature, C
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Figure 2 - Typical carbon number and boiling range distribution for jet fuel.

FT synthesis produces a product that is virtually
free from the trace sulfurcontaining compounds
found in conventional jet fuel. The product is also
free from aromatic compounds, but this property
has both advantages and disadvantages. The
main advantage of the aromatic-free fuel is that it
is cleaner burning; FT fuel emits fewer particu-
lates than conventional jet fuel4, and, because it
is sulfur-free, there are no sulfur dioxide (SO,) or
sulfuric acid (H,SO,) aerosol emissions.

However there are two disadvantages to not hav-
ing aromatics in the fuel. First, FT kerosene that
meets all other jet fuel specification properties
will be below the minimum density requirement.
Second, the aromatics in conventional fuel cause
some types of elastomers (O-rings) used as seals
in aircraft fuel systems to swell. There is concern
in the industry that switching from conventional
jet fuel to aromatic-free FT synthetic fuel will
cause some of these elastomers to shrink, which
may lead to fuel leaks. The effect of aromatics on
elastomers is being actively researched in the
industry. A possible solution may be to find an
additive that would ensure elastomerswell even
in the absence of aromatics.

3 “FischerTropsch Technology” A.P Steynberg and M.E. Dry eds. Elsevier, 2004.
4 E. Corporan et. al. “Reduction of Turbine Engine Particulate Emissions using Synthetic Jet Fuel” American Chemical
Society Division of Fuel Chemistry Preprints 2005, 50(1), p. 338. This work was done by the US Air Force on a military
engine. Similar testing has not been done using a modern commercial engine.
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These two disadvantages disappear when FT
synfuel is blended with conventional jet fuel,
although the advantage of lower emissions is
reduced. The conventional jet provides the aro-
matics that cause elastomer swell and also
increase the fuel density to meet the minimum
requirement. The industry is using 8 percent aro-
matics content as a guiding minimum. This mini-
mum is based mainly on experience and could be
revised, up or down, in the future.

Since the FT synthesis starts with carbon monox-
ide, any source of carbon can potentially be used.
The first plants 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 (GTL). Biomass can
also be used as the starting material going
through a gasification step to produce carbon
monoxide (BTL). In going through the gasification
step, the connection to the starting material is
lost, so FT liquids produced from any starting
material will be essentially the same.

The FT industry appears to be on the verge of a
period of expansion. Several major companies
have announced plans to build large production
plants. If completed, these projects could yield
about 1 million barrels per day of total product by
2020, some of which could potentially be used as
aviation fuel. These projections tend to be opti-
mistic, so the industry may grow more slowly.

Jet fuel made from coal by the Fischer
Tropsch (FT) synthesis is currently being
supplied to the Johannesburg South Africa
airport. A blend of up to 50% FT synthetic
fuel with conventional fuel was approved by
specification authorities after an extensive
review. This synthetic jet fuel was approved
in 1999 by the UK Ministry of Defence in
Defence Standard 91-91, the international
Jet A-1 specification, and is being used by
every commercial airplane that passes
through that airport, although the fuel typi-
cally contains much less than 50% synthet-
ic.

Blends of synthetic FT fuel with conventional jet
fuel are probably the easiest technical solution to
the alternative aviation fuels quest. A streamlined
approval process is being developed to facilitate
their use. The US Department of Defense is
aggressively pursuing this type of fuel.

Bio-Derived Jet Fuels

Biomass® is being increasingly considered as an
alternative source of transportation fuels.
Ethanol and biodiesel have been used in recent
years as blend components for gasoline and
diesel fuel respectively, and this use is likely to
continue to expand as a result of government
mandates in many countries and a desire to diver-
sify energy sources.

One thing that all biomass has in common is that
it has a significant amount of oxygen incorporated
into its molecular structure. This is a disadvantage
when considering biomass as a source of fuel.
The primary function of fuel is to provide a source
of energy to propel the aircraft. The turbine
engine converts the chemical energy stored in
fuel into mechanical energy, providing the thrust
that powers flight. The chemical energy in fuel is
released by combustion, a rapid reaction with
oxygen at high temperature. For hydrocarbon
fuels, combustion is described by the following
equation. The energy released during this reac-
tion is called the heat of combustion.

CyHy + (x +y/4) Oy m x CO, + y/2 HyO + heat

Bio-derived fuels containing oxygen have lower
energy content than hydrocarbons because the
oxygen in the fuel molecule doesn’t contribute
any energy during combustion. Energy is
released by breaking carbon-carbon and carbon-
hydrogen bonds in hydrocarbons and converting
them to carbon-oxygen and hydrogen-oxygen
bonds; starting with carbon-oxygen bonds in the
molecule doesn't gain anything. It's like carrying a
little air in with the fuel; instead of all the oxygen
needed for combustion coming from air, some of
the oxygen is already in the fuel molecule.
Oxygen in the fuel molecule is just dead weight
in the fuel tank. As a result, these fuels have
lower energy content than hydrocarbon fuels,
which can lead to reduced flight range.

5 The term biomass means any plant-derived organic matter. Biomass available for energy includes herbaceous and
woody crops, agricultural crops, aquatic plants, and other wastes materials including come municipal wastes. Definition
from National Renewable Energy laboratory, US Department of Energy.
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Biodiesel Fuels

Biodiesel has been in the news in recent years as
a possible alternative to conventional, petroleum
derived diesel, and is being considered as an avi-
ation fuel as well. In general usage, the term
biodiesel covers a variety of materials made from
vegetable oils or animal fats. Various crops are
used in different parts of the world to make
biodiesel. In the US, soybean oil is the largest
source for biodiesel. In Europe, rapeseed oil is
commonly used while in Asia, palm and coconut
oil are used. Research is being conducted into
using algae as a source of biodiesel. This is a
promising option since algae can give much high-
er yields of feedstock oil per unit area cultivated
and avoid the food vs. fuel tradeoffs associated
with agricultural products.

Vegetable oils or animal fats themselves are not
generally used as fuels. However, the oils and
fats can be combined with methanol in a process
known as transesterification to produce a materi-
al with better properties. The oils and fats are
triglycerides of fatty acids. The process known as
the transesterification reaction converts triglyc-
erides into the fatty acid methyl esters (FAMEs).

These esters have chemical and physical proper-
ties that are similar to conventional diesel fuel,
but not jet fuel. Biodiesel properties depend on
the starting material. Triglycerides from different
sources have different numbers of carbon atoms
and varying degrees of unsaturation (number of
carbon — carbon double bonds). These differences
are reflected in the properties of the derived
FAMEs. Some typical properties for biodiesel are
compared to conventional jet fuel below.

The primary concern about using biodiesel is its
low temperature properties. Biodiesels have
freezing points near 0°C, much higher than the
maximum freezing point of jet fuel, -40°C for Jet
A and -479C for Jet A-1. This has definite safety
implications since fuel is exposed to very low
temperatures at cruise altitude, and it must
remain fluid in order to be pumped to the engine.
Even blends of biodiesel with jet fuel have much
higher freezing points than jet fuel. Additives
could potentially improve low temperature oper-
ability of biodiesel blends, but only by a few
degrees C. Any new additive would have to go
through an extensive approval process.

Another important jet fuel property is thermal sta-
bility. The thermal stability of FAMEs and blends
of FAMEs with conventional jet fuel has not been
reported, but is an area of concern. The higher
carbon number and viscosity of FAMEs compared
to jet fuel could affect atomization and vaporiza-
tion in the combustion chamber. All of these
issues would have to be studied thoroughly and
all issues resolved before FAMEs could be used
in aviation.

Triglycerides and the resulting FAMEs are the
most fuel-like biological products. But even the
FAMEs are not a good match for jet fuel proper-
ties. Another approach being used is to
hydroprocess these materials using conventional
refinery technology. This processing removes the
oxygen from the molecule and saturates any dou-
ble bonds. The resulting hydrocarbons, typically
paraffins with 15 and 17 carbons, fall into the high
end of the jet fuel range. A jet fuel can probably
accommodate only small amounts of these com-
pounds without exceeding the maximum freezing
point.

Fuel Property Biodiesel (typical) Conventional Jet Fuel
Viscosity 400C, Cst 4.7 1.2

Net Heat of Combustion, MJ/kg 36 — 39 43.2

Density, 150C 0.87 - 0.89 0.80

Freezing Point, oC ~0 < -40

Approximate Carbon Number Range 16 — 22 8-16

Source: National Soy Diesel Development Board and National Biodiesel Board

Figure 3 — Properties of biodiesel and conventional jet fuel.
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Another option is gasification, especially of waste
biomass, followed by FT synthesis. It may also be
possible to develop new processing technologies
to achieve the molecular transformations required
to convert biomass into kerosene. Significant
molecular changes are required to transform
triglycerides or any other biomass into “jet fuel
molecules”

Environmental Considerations
Although today’s interest in alternative fuels
seems to be driven mainly by price and supply
concerns, any environmental effects of an alter-
native fuel must also be considered. The industry
and the general public will only accept improve-
ments when it comes to environmental quality
and stewardship.

Emissions testing has been conducted on FT syn-
thetic fuel in combustor rigs. FT fuels emit much
lower concentrations of particulates and because
they are sulfur-free, they emit no sulfur oxides
(SO,) or sulfuric acid (H,SO,4) aerosols. When
blended with conventional fuels, the emissions
benefit is roughly proportional to the synthetic
fuel content.

There are no data available on emissions from
biodiesel fueled turbine engines, but these are
potentially a concern. FAMEs are more viscous
than conventional jet fuel and have higher molec-
ular weight. These properties could affect atom-
ization and vaporization in the combustor and
result in incomplete combustion and particulate
emissions, especially at low engine power set-
tings.

Emissions from the engine are not the only envi-
ronmental concern. The whole life-cycle of fuel
exploration, development and production must be
studied. When considering bio fuels, issues such
as land use, fertilizer and pesticide use, water for
irrigation, waste products etc must be addressed.
This type of analysis is called “cradle to grave” or
“life cycle assessment” and has been conducted
for several fuels.6 7

Similarly, with use of coal or shale there are
issues with mining, both deep-hole and strip min-
ing, water use, run-off from mine sites, and
waste material.

Also, any processing of raw material into finished
fuel is energy intensive, resulting in emissions of
carbon dioxide, a significant greenhouse gas. In
contrast, growth of biomass removes carbon
dioxide from the atmosphere so use of biomass-
derived fuel in place of fossil-derived fuel can
potentially result in a net decrease in carbon diox-
ide emissions.

Conclusions

There are no easy answers in the search for alter-
natives to conventional jet fuel. This is partly
because safety and reliability cannot be compro-
mised. Also, there are unique requirements for
operation of the conventional turbine engine in
commercial service that make a rigorous approval
process necessary for any alternative fuel.

As mentioned above, bio-derived fuels for today’s
fleet face significant challenges because of the
molecular transformations required to convert
biomass into kerosene-type hydrocarbons. It will
be easier to develop bio-derived fuels that can be
used in blends with conventional jet fuel than to
develop a stand-alone bio-jet fuel. From an envi-
ronmental perspective, bio-derived fuel could
help to reduce aviation’s carbon footprint.

While there continues to be significant invest-
ment in the research and development of alterna-
tive jet fuels, the only alternative to conventional
jet fuel on the nearterm horizon is synthetic FT
jet fuel used in a blend with conventional jet fuel.

6 "Gas to Liquids Life Cycle Assessment Synthesis Report” Five Winds International, 2004.
http://www.sasolchevron.com/pdf/publication/GTL_LCA_Synthesis_Report.pdf#search=%22life %20cycle % 20assess-

ment%20fuel %22.

7 Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation (GREET) Argonne National Laboratory.

http://www.transportation.anl.gov/software/GREET/index.html
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Alternative Fuels for Commercial

Transport Aircraft

Alternative fuels, such as kerosene-type hydro-
carbon jet fuels, have the potential to provide
enhanced environmental performance over con-
ventional jet fuels. This is possible due to the
lower sulfur and aromatic content of alternate
fuels. Depending on the hydrocarbon source for
the alternate fuel, and the manner in which it is
processed, life-cycle carbon dioxide emissions
could dramatically increase or decrease. Other
fuel performance characteristics, life cycle issues,
and costs must be addressed before suitable can-
didates can be chosen. This article primarily
addresses environmental issues associated with
alternate fuels.

Background

Synthetic FischerTropsch (FT) jet fuel or synthet-
ic kerosene can be made from coal, natural gas,
or other carbon-containing resources and can be
produced by first turning the resource into gases,
which are then processed to form desired hydro-
carbon liquids. Synthetic kerosene can be tailored
to have similar properties to petroleum jet fuel
and can thus be thought of as a “drop-in" replace-
ment fuel. Synthetic jet fuel derived from coal is
currently used at one airport as a supplement to
current petroleum supplied jet fuel. In the future,
coal-based kerosene will be approved as a total
replacement for petroleum jet fuel. Synthetic FT
jet fuels are actively being tested and certified in
actual aircraft used by the U.S. military (see arti-
cle U.S. Air Force Department of Defense
"Assured Fuels” Program).

Licuid Ethanol JetA
hydrogen

Volume

Kerosene fuels are best per unit volume

Biofuels are combustible liquids that are manu-
factured from renewable resources such as plant
crops or animal fats. Crops with high oil content
such as soybeans, canola (rapeseed), sunflowers,
and palm nuts are typically used as starting mate-
rials. Biofuels start with oil squeezed out of these
crops/feedstocks and is then converted into biojet
fuel through one of many different processing
methods currently being developed by the fuel
industry. Biojet fuel samples are being gathered
by Boeing from suppliers and tested in collabora-
tion with manufacturers, industry groups, and
governments. Future high-yielding biofuel feed-
stocks, such as algae, are being investigated for
their feasibility, sustainability, and cost.

Required Performance

The ideal fuel for commercial aviation is one that
does not: become solid at very cold tempera-
tures, break down under high temperature engine
conditions, or evaporate easily As shown in
Figure 1, other fundamental requirements for
commercial jet fuel are that it: 1) has a low weight
per unit heat of combustion to allow the transport
of revenue-producing payload, and 2) occupies a
small volume per unit heat of combustion to allow
fuel storage without compromising aircraft size,
weight or performance. Jet fuel and similar alter-
natives have the best performance in terms of
requiring the least volume. Hydrogen is the best
in terms of weight; however, hydrogen, along
with methane, alcohols, and liquefied petroleum
gases - all require new aircraft with new fuel
delivery systems.

Liquid Jet A Ethanol
hydrogen

Weight

Liquid hydrogen is best per unit weight

Figure 1 - Alternative fuel comparison for commercial transport aircraft.
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Emissions Reduction Potential
Elimination of fuel-borne sulfur in alternate fuels
would cut sulfur dioxide (SO,) and other sulfur-
based emissions.

There is the possibility that elimination and along
with reductions in fuel aromatics, could possibly
also offer reductions in soot emissions.
Elimination of aromatics would significantly

12 13 14 15
Fuel Hydrogen, %

Figure 2 - lllustrates the impact of reduced aromatics and naphthalene, by
way of hydrogen content, versus the smoke number for a modern CFM56 air-
craft gas turbine engine.
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Figure 3 - Particulate emissions from helicopter engine compared to percent-
age of FT fuel blend (Chart compliments of Bill Harrison, AFRL, 2006.)

reduce Polycyclic Aromatic Hydrocarbon (PAH)
emissions, which have been observed in diesel
engines. These species contribute to the degrada-
tion of air quality. Reductions in fuel aromatics
and naphthalene could also possibly reduce soot
emissions. As aromatics and naphthalene
decrease, fuel hydrogen content increases.

When biodiesel, which can have similar make-up
to biojet fuel, is used in ground vehicles, a reduc-
tion in particulate, carbon monoxide (CO) and
hydro carbon (HC) emissions has been observed.
Nitrogen oxide (NO,) emissions can increase in
certain instances. Boeing plans to work with
other stakeholders to quantify the emissions
impact of biojet fuels when used in modern air-
craft engines.

CO, Impact

The driving force for using biofuels in aviation is
environmental. Finding an alternative drop-in fuel
that can reduce the carbon footprint of aviation
operations is very desirable.

Due to the carbon uptake during the growth cycle
of biomass feedstock, biojet fuels are expected to
be approximately carbon neutral over their life
cycle, offsetting about the same amount of car-
bon as is produced when the fuel is burned in a
jet engine. Depending on the feedstock, growing
and harvesting practices, as well as fuel process-
ing methodologies, the biojet fuel is anticipated
to provide approximately a 60-80% reduction in
the life cycle carbon dioxide (CO,) emissions.

Figure 4 illustrates the life cycle CO, impact for
the production through end use of various alter-
native fuels as compared to current jet fuel pro-
duced from crude oil. Synthetic FT fuel derived
from coal is anticipated to result in an 80%
increase in CO, emissions, while a similar
process that captures and sequesters CO, will
result in substantially less CO, emissions; about
equal to the CO, emissions from jet fuel made
from crude oil.

Life Cycle Issues

The environmental impact of alternate fuels must
be evaluated over the entire life cycle of the fuel
— a sort of “well to wake"evaluation.

For synthetic FT fuels, it was previously seen that
CO, emissions generated during the manufactur-
ing process can almost double the life cycle of
CO, emissions. For FT fuels that are derived
from coal, both the mining of the coal and the dis-
posal of the coal cinders from the manufacturing
process, can result in major environmental chal-
lenges. Large scale, permanent, environmentally
benign CO, sequestration techniques for FT fuel
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Figure 4 — Relative CO, emissions as compared to jet fuel - source through end use.

production are, as yet, a relatively unproven tech-
nology that in many instances could substantially
boost the cost of the fuel.

For biofuels, a major area of concern is with the
biomass feedstock. Presently, changes in land
use (e.g. deforestation) are significant CO, con-
tributors to global warming. Increasing the

Slash and burn deforestation

demand for traditional biomass, to produce biofu-
el, would likely result in the acceleration of defor-
estation (Figure 5.). These traditional feedstocks
could also raise the “food vs. fuel” issue. Lastly,
the growing of some crops, such as soybeans
and canola, can produce nitrogen dioxide (N,O)
emissions, which is a shorter lived, but much
more potent greenhouse gas than CO,.

Global CO , emissions that cause
global warming

Cther

Deforestation
25%

Source: www.MNature.org , 2007

Figure 5 - Growing biofuels must not encourage deforestation or it will have a negative impact on global warming.
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Solutions might be to develop alternate feed-
stocks, such as switchgrass and algae, both of
which can be grown in areas generally not suit-
able for food crops. In the case of algae, it might
one day be commercially grown with waste water
effluent, thereby cleaning the water while lessen-
ing methane and CO, emissions from sewage
plants. Through the use of specially developed
enzymes, synthetic biology processing methods
may one day commercially convert cellulose
biowaste products, as well as switchgrass, into
biojet fuel.

Sustainability

Specific regions of the world may hold specific
solutions for providing the biomass feedstock for
biojet fuel. For example we can look at Brazil
where one sustainable solution might be to har-
vest nuts obtained from native Brazilian palm
trees called “Babassu.” The oil from these nuts
might provide a sustainable source of oil for bio-
jet fuel in Brazil. The production of palm nut oil in
Brazil may be one way to encourage reforestation
of devastated lands.

Future biofuels may involve other bio resources.
One such promising feedstock is algae, which has
been evaluated by the U.S. Department of
Energy’s National Renewable Energy Laboratory.
Algae feedstocks are projected to theoretically
produce up to 20,000 gallons/acre/year of bio-
derived oil. With such a high production rate,
algae could produce 150-300 times more oil than
a crop of soybeans, as shown in Figure 6.

For example, with the potential for algae to pro-
vide 10,000 gal/acre/year, some 85 billion gallons
of biojet fuel can be produced on a landmass
equivalent to the size of the U.S. state of
Maryland; enough to have met 100% of the fuel
requirements for the global commercial aviation
fleet in 2004.

Unlikely Alternative Aviation Fuels

In addition to the FT fuels and biofuels mentioned
above, there are some other well known “fuel
alternatives” that are often mentioned as possibil-
ities as aviation fuel alternatives but which, after
close examination, are less than ideal candidates
for various reasons. All of these fuels are still
under serious consideration as general alternative
fuels but they do not meet the unique require-
ments for aviation fuels, as discussed below:

Hydrogen

This is publicized as the most environmentally
benign alternative to petroleum, has its own
drawbacks as an aircraft fuel. Hydrogen burns
cleanly, but produces significantly more water
vapour, so its effect on cloud formation and the
atmosphere is uncertain. Hydrogen production
needs an abundantly available source of energy,
such as electrical power, produced from nuclear
fusion or solar and a large source of clean water.
Although the combustion of hydrogen emits no
carbon dioxide emissions and is lightweight, its
production, handling, infrastructure, and storage
offer significant challenges. The volumetric heat
of combustion for liquid hydrogen is so poor that
it would force airplane design compromises and
is only practical for longer range flights.
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Figure 6 - Qil yield per hectare from selected bio sources.
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Methane

Methane is the primary component of natural
gas. Natural gas will needs to be stripped of its
non-methane content to be suitable for aircraft.
Both hydrogen and methane must be used in
their liquid form, which are at extreme cold, cryo-
genic temperatures. Both liquid hydrogen and
methane will require all new aircraft. In addition,
the use of liquid hydrogen and methane will
require entirely new and more complex ground
transportation, storage, distribution and vent cap-
ture systems.

Liquefied petroleum gas

This gas is not a cryogen but has many of the
same storage and transfer problems associated
with a cryogen. In-depth studies of these fuels
have not been conducted because the natural
supply is not sufficient to support a worldwide
aviation fleet and these fuels offer no availability,
cost or environmental advantage as replace-
ments for conventional jet fuel.

Alcohol

Fuels such as methanol, ethanol, and butanol
have very poor mass and volumetric heats of
combustion and are not satisfactory for use as a
commiercial aircraft fuel. Their low energy content
results from the oxygen that is present in their
molecular structure. Even though they are not
useful for commercial aviation, their widespread
production and use could influence the supply
and cost of conventional jet fuel by freeing up
additional petroleum resources for aircraft. Their
production might have merit in that context.

Industry Research and Development
Developing alternative fuels for aviation is an
industry-wide effort involving all sectors of the
aviation industry: airlines  (through the
International Air Transport Association), aerospace
manufacturers  (through the International
Aerospace Industries Association), safety, envi-
ronmental, and regulations (the U.S.-Federal
Aviation Administration), airport operators
(Airports Council International-North America) and
fuel suppliers; all working together. They have
formed an organization called the Commercial
Aviation Alternative Fuels Initiative (CAAFI) with
the FAA as the lead organization.

Boeing is also working directly with biofuel suppli-
ers, biojet producers, engine companies and air-
lines to conduct flight demonstrations using bio-
jet fuels that are designed to create an “industry
vision” and accelerate research and develop-
ment.

Summary

Boeing is working internally, and with the industry
group CAAFI, to investigate the use of synthetic
FisherTropsch (FT) and biojet fuels for use in
commercial and military aviation applications.

FT fuels are able to satisfactorily match jet fuel’s
performance characteristics while a few biojet
fuels presently appear to also be capable of meet-
ing aviation industry performance requirements.

Elimination of fuel-borne sulfur in alternate fuels
would offer reductions in sulfur oxide (SO,) emis-
sions and, along with reductions in fuel aromat-
ics, could also possibly offer reductions in other
emissions such as soot and other hazardous air
pollutants. In the case of jet fuels derived from
biological sources, there is also the opportunity to
achieve substantially (i.e. 60-80%) lower life-cycle
CO, emissions.

However, choosing the wrong alternative fuel
could lead to an acceleration of deforestation and
the production of more GHG emissions, thereby
accelerating climate change. FischerTropsch
fuels may provide slightly lower CO, emissions in
the engine exhaust. On the other hand, without
the capture and sequestration of the CO, during
the manufacturing process, the use of FT fuels
would result in approximately a doubling of life
cycle CO, emissions.

Environmental Recommendations

e Life cycle analysis should be performed on all
alternate fuels.

e CO, capture and sequestration should be
implemented with new FischerTropsch fuel
plants.

e Promising biojet fuels should be developed
that would use sustainable feedstocks and
also have low life-cycle CO,, and environmen-
tal footprints.

Aviation Industry Commitment

The aviation industry is committed to reducing its
environmental footprint and to working together
with the energy producers and users and all
stakeholders to supply a synergistic set of energy
and environmental solutions. The Industry’s vision
is to eventually have jet fuels that are: affordable,
derived from non-crude oil sources, and have min-
imal environmental impact.
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U.S. Air Force/Department of Defense
“Assured Fuels” Program

The ongoing Air Force program in alternative (non-
petroleum) fuels has two goals: 1) certification of
all vehicles to use a 50/50 blend of conventional
jet fuel and FischerTropsch (FT) iso-paraffinic
kerosene (from coal, biomass, or natural gas) by
2011, and 2) 50% of fuel purchased by 2016 will
be an alternative, non-petroleum fuel or fuel
blend produced in facilities that effectively man-
age (control) CO2 emissions.

The U.S. Air Force's current jet fuel usage is
roughly 3 billion gallons per year, and is deliber-
ately declining as a result of conservation efforts
due to increasing fuel prices. The Air Force, and
the Department of Defense in general, use
essentially no gasoline and a relatively small
amount of diesel fuel - the primary military fuel in
the U.S. is jet fuel. Military jet fuel use is about
10% of U.S. jet fuel usage, with the Air Force con-
suming fuel at a rate similar to the largest U.S. air-
lines.

The Air Force is committed to completing its test-
ing and certification of aircraft fleet for alternative
fuels by 2011. Working with industry, we can
accomplish this goal. Once accomplished, we
look forward to buying domestically produced
synfuel at competitive market prices from manu-
facturing facilities that engage in effective carbon
dioxide capture and reuse.

Background

The Air Force's current alternative fuel program
began in earnest in 2006 with a B-52 flight
demonstration program, which culminated in
December 2006 with thorough flight tests of a B-
52 completely fueled by a 50/50 blend of JP-8 jet
fuel and FischerTropsch iso-paraffinic kerosene
(IPK). The IPK was produced by Syntroleum Inc. in
Tulsa OK from natural gas. While this blend is sim-
ilar to the blend approved for use in South Africa
(only) via the international specification, the flight
demonstration was only a part of extensive ongo-
ing testing and certification program aimed at cer-
tifying blends of any FT fuel with any petroleum
jet fuel. This program is being closely coordinated
with the commercial effort under CAAFI - the
Commercial Alternative Aviation Fuel Initiative -
sponsored by the FAA beginning in 2006. (See
related articles in this Part of the report on
Alternative Fuels for Commercial Transport).

There are two major differences between the cur-
rent certification process and the certification of
Sasol semi-synthetic jet fuel (SSJF) that occurred
in 1999. First, the desire is to have approval for a
generic FischerTropsch blending component that
is independent of feedstocks (coal, natural gas,
biomass, petroleum coke, etc.) and independent
of manufacturers. Second, the approval would be
refinery/crude-source independent. The approval
for Sasol SSJF [1], and the current effort to quali-
fy Sasol Fully Synthetic Jet Fuel (FSJF) [2,3] apply
only to synthetic fuels from the Sasol Secunda
plant, mixed with petroleum Jet A-1 in South
Africa. Note that the Sasol FSJF contains syn-
thetic aromatics and is not 100% IPK.

Alternative Fuel Certification

The developing Air Force and commercial (ASTM)
certification processes appear to be very similar
and are consistent with the process used to qual-
ify Sasol SSJE Typically, the initial steps are
measurements of the fuel specification proper-
ties (density, heat of combustion, boiling range,
etc.). Next, fit-forpurpose properties are meas-
ured, as indicated by the specification test data.
Fit-forpurpose properties are those properties
that are important for jet fuel, but not specifically
controlled in the specification (because the petro-
leum source typically produced fuels that had
effective values of these properties). Examples
include dielectric constant (for fuel gauging),
materials compatibility, and lubricity. Depending
on the results of these tests, component and
engine tests may or may not be required.

FischerTropsch kerosene fuels typically consist
only of normal (straight chain) and iso-paraffins.
The low freeze point of jet fuels (-40 C for Jet A
and -47 C for Jet A-1 and JP-8) requires a relative-
ly large portion of iso-paraffins. There are three
major concerns with (pure) FischerTropsch jet
fuels: 1) lack of aromatics affects fuel system
elastomer seal swell, 2) lack of heteroatomic
species produces a low-lubricity fuel, and 3) the
density of the iso-paraffinic kerosenes is typically
below the 775 kg/m3 limit in current jet fuel spec-
ifications. At this point (mid 2007), these con-
cerns appear to be effectively mitigated by the
limitation of the synthetic fuel content to 50%.
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For the Air Force, the mandatory use of a corro-
sion inhibitor/lubricity improver additive mitigates
any concern about lubricity. There is an issue with
the proper lower limit on aromatic content.
Current specifications have a 25 vol% upper limit
on aromatics, but no lower limit. DEFSTAN 91-91
adds an 8% lower limit on aromatics for the Sasol
SSJF blend. This 8% limit would prevent a signif-
icant fraction of U.S. jet fuels from being suitable
for being mixed with 50% FT IPK - and indeed
many million gallons of petroleum jet fuel in the
U.S. are burned yearly with less than 8% aromat-
ics, with apparently no ill effects. So, this lower
limit is still under investigation, primarily through
extensive testing of nitrile elastomers with fuels
of varying aromatic and FT levels. The U. S. Army
has also been actively studying elastomer com-
patibility [5]. Other fit-forpurpose properties are
undergoing current testing or have completed
testing with no adverse results. For example,
extensive material compatibility tests (28-day
soak) on 61 aircraft materials and dielectric con-
stant/fuel gauging tests have indicated no issues
for FT blends.

The main issue currently under study is the struc-
ture of the FT IPK specification - how tightly must
it be written to ensure that IPK blend behavior in
aircraft is consistent amongst manufacturers and
feedstocks? Two IPK jet fuels have received

extensive analysis and testing - the Sasol coal-
derived IPK delivered in blends to aircraft at
Johannesburg International Airport and the
Syntroleum natural-gas derived IPK used in the
blends in the B-52 flight demo (for which 100,000
gallons were purchased). A third IPK jet fuel is
being purchased from Shell Inc. for testing in
August 2007 (300,000 gallons).

Emissions Testing Issues

Extensive emissions testing has shown that the
main influence on gas turbine engine emissions
from the FT IPK fuels comes from the dramatic
reductions in particulates due to the high H/C
ratio of the FT fuel (~2.15 vs ~1.95 for petroleum-
derived jet fuels). Particulates (soot) are typically
reduced about 80% with pure IPK, with the
reduction being linear with FT IPK addition [4].
Sulfur emissions are also decreased linearly with
F-T addition, since the FT IPK is essentially sulfur
free. NO,, unburned hydrocarbons, and CO are
typically unchanged. The higher H/C ratio of the
F-T fuels produces a small decrease in CO, emis-
sions index (and a corresponding small increase
in H,O emissions index.)

The effect of FischerTropsch fuel production on
overall CO, emissions is a key issue. Tracking of
CO, emissions from jet fuel production through
to fuel combustion (i.e. a “well-to-wake"” analysis)

GHG EMISSIONS FOR ALTERNATIVE FTL
OPTIONS + COMPARISONS TO CRUDE-OIL
PRODUCTS & COAL H, WITH CCS

50T

40t

ik

Energy Carrier FTL Gasoline Diesel

Primary Energy Source Coal Crude O1l Crude Oil

CO, Capture

and Storage?

No No

[ Carbon Content of Fuel
H Fuel-Cycle GHG Emissions

FIL FTL FTL Hydrogen
Coal CoalBiomass Biomass Coal

Yes Yes No Yes

Figure 1 - Carbon emission rates (production + use) for various fuel options.
Figure from Robert Williams, Princeton [http://www.colorado.edu/law/eesi/EESI_Lecture_19_January_06.pdf].
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typically shows that net CO, production per unit
of energy release for coal-derived FT fuels are
roughly twice that of baseline petroleum jet fuels
(i.e. jet fuel made from a “Saudi-Arabian light”
crude). It should be noted that oil produced from
tar sands and heavy crudes (such as those from
Venezuela) has a significantly larger CO, “foot-
print” than the baseline.

As stated in the quote at the beginning of this
article, it is realized that deployment of Fischer
Tropsch technology on a large scale will require
CO, mitigation strategies. The U.S Department of
Energy is funding a significant amount of work on
carbon capture and sequestration (CCS). One key
observation is that, unlike coal-fired power plants,
coal-fed Fischer-Tropsch plants produce a concen-
trated stream of CO,, which has value as an aid in
oil recovery and other applications. The use of bio-
mass as a feedstock and CCS technologies can
potentially produce a fuel with a lower CO, foot-
print than current fuels, as can be seen from
Robert Williams' analysis in Figure 1.

Conclusions

The following points sum up where we are cur-
rently with respect to the investigation of alterna-
tive fuels as a means to reduce aviation emis-
sions:

e |t is recognized that fuels derived from bio-
mass can have a significantly lower CO, foot-
print than fuels produced from coal.
Combustion of biomass can be thought of as
CO, recycling, rather than CO, production.
Alternatively, biomass and coal can be gasified
together to reduce the carbon emissions from
an FT process.

e There are a number of ongoing studies (some
with Air.Force co-funding) looking at the overall
CO, impact of various fuel production
approaches.

e There are a number of recently-initiated efforts
to produce jet fuels from a variety of bio feed-
stocks. Notably, DARPA has initiated contracts
with three companies to produce “biojet”
fuels from seed oils, with delivery of 100 L
each scheduled in 2008.

e Syntroleum Inc. has announced a joint venture
with Tyson to produce fuels from animal fats,
and has a contract with the Air Force to deliver
500 gallons of jet fuel in late 2007 The non-FT
biofuels may be able to be used directly, rather
than as blends.

e Air Force research continues to determine the
feasibility of using pure FT IPKs as jet fuels,
although the nearterm focus remains a blend.
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