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he United States Department of

Defense is committed to reducing

its petroleum energy consumption

in an effort to decrease its reliance

on foreign oil and the volatile

markets that supply it.

Title 10 of the USC, §

2911 dictates that the

DoD obtain no less than

25 percent of the total energy

it consumes within its facilities

from renewable sources by the

year 2025, and every year there-
after.

Renewable energy sources, such as
wind and solar power, provide an excellent
opportunity to reduce petroleum consump-
tion at permanent installations; however,
other energy sources and/or storage sys-
tems are necessary due to the inconsistent
energy production of wind and solar power.
Furthermore, land and air vehicles, forward
deployed military installations, ocean going
vessels and other non-stationary military
facilities are large consumers of petro-
leum-based energy that cannot currently
be substantially displaced by wind or so-

lar power. Thus, alternatives to petroleum
based fuels, such as F-76, JP8 and other
compression ignition or jet fuels are essen-
tial to reducing the DoD’s petroleum con-
sumption.

Biodiesel, as defined by the American Soci-
ety of Testing and Materials, is a “fuel com-
prised of mono-alkyl esters of long chain
fatty acids derived from vegetable oils or
animal fats.” [1] Biodiesel, herein, refers to
a biofuel suitable for Cl engines produced
by the primary process of transesterifica-
tion. The manufacture of biodiesel through
transesterification begins with feedstocks
containing lipids, such as fats, oils and
greases. Recycled and virgin vegetable oils
and animal fats are the predominant feed-
stocks; however, other biological matter
composed predominantly of triglycerides
may also be suitable for biodiesel produc-
tion via transesterification. [2]

Through transesterification, triglycerides
are chemically reacted with an alcohol,
typically methanol or ethanol, to produce
esters and glycerol. [3] Esters, namely fat-
ty acid methyl esters, are the resulting bio-
diesel while glycerol is a byproduct of the
reaction. The transesterification process is
an equilibrium reaction that can occur fun-
damentally by mixing the reactants; howev-
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er, the use of a catalyst, most commonly a
strong base such as sodium or potassium
hydroxide, is used to accelerate the reac-
tion. [3] The alcohol must be used in excess
(approximately 1.6 times the stoichiometric
concentration) to ensure a complete reac-
tion, and the reaction can be hindered by
other components in the feedstock, such as
water and free fatty acids. [4] Thus, prior
refinement of the feedstock is necessary for
increased yields of FAME suitable for use
as a fuel. The FAME can be separated from
the glycerol and other byproducts because
of the low solubility of glycerol; however, the
crude glycerol stream is only approximately
50 percent glycerol and contains excess al-
cohol, most of the catalyst and soap, which
must be removed prior to sale as industrial
glycerol. [4]

FAME-based biodiesel, otherwise known
as conventional biodiesel, produced by
this process is most often used in a form
blended with petroleum-derived diesel
designated B5, B20 and B100, for exam-
ple, which describes the ratio of biodiesel
to petroleum diesel. It can be used in neat
form depending on the application; howev-
er, conventional biodiesel has several sig-
nificant differences from petroleum diesel
that complicate its neat use, transport and
storage characteristics, as well as its appli-

cation as a jet fuel.

One such difference is conventional bio-
diesel contains a modest amount of oxy-
gen, on the order of 10 percent, [5] while
petroleum-based diesel contains no oxy-
gen. While this oxygen content can improve
soot, carbon monoxide and hydrocarbon
exhaust emissions, it detracts from the en-
ergy content of the fuel, and possibly even
more concerning, it can encourage micro-
bial growth during storage. Furthermore,
trace amounts of glycerine remaining in the
fuel can form sediment that may plug filters
and small passageways. [6] Another con-
cern is the higher cloud point of convention-
al biodiesel versus petroleum diesel, which
makes it more susceptible to gelling and
cold flow problems.

These properties of biodiesel make it un-
suitable for use as a jet fuel, which is rele-
vant when considering alternative fuels for
military applications and the fact that, “when
divided by platform type, aircraft are the
DoD'’s largest users of petroleum. Accord-
ing to a 2006 Navy report, in 2003 aircraft
accounted for 73% of DoD'’s petroleum use,
ground vehicles accounted for 15%, while
ships accounted for 8%. DoD installations
accounted for 4%,” which is displayed in
Figure 1. [7] Due to the incompatibility of

Figure 1: DoD petroleum use by platform.
(Released) [7]

biodiesel as a jet fuel, special precautions
must be taken during transport and storage
to ensure that traces of it do not mix with
and potentially contaminate jet fuel, which
is a valid concern when diesel and jet fuel
share the same transport means or storage
tanks.

The next, or second, generation of biofuels
for reciprocating Cl engines have overcome
many of the challenges found with first gen-
eration bio fuels (i.e., conventional biodiesel
produced by transesterification). One such
next generation biofuel is hydroprocessed
renewable diesel, often called green diesel
or, simply, renewable diesel. This fuel can
be produced from all the same feedstocks
as conventional biodiesel in addition to oth-
ers not suitable for the transesterification
process. The hydrogenation procedure
used to produce HRD easily converts free
fatty acids to paraffins, unlike conventional
biodiesel production via transesterification
for which they can limit the reaction and
react with the base catalysts to produce
soaps. [6] Furthermore, the hydrogenation
process is already in use by petroleum re-
fineries to remove sulfur and other contam-
inants from petroleum.

Therefore, much of the infrastructure and
technology to mass produce this fuel exists
and is currently commercially available. The
process can also be used to produce hy-
droprocessed renewable jet fuel suitable for
aircraft. The chemical composition of HRD
and HRJ is composed wholly of paraffinic
hydrocarbons and contains minimal to no
olefins, aromatics, naphthenes or oxygen.
[8] As such, HRD and HRJ fuels resemble
petroleum-based diesel and jet fuels much
more than conventional biodiesel, which
minimizes storage challenges, compatibili-
ty with seals and other fuel system mate-
rials, as well as viscosity and cloud point
concerns.

While the hydrogenation process is fun-
damentally the same, there are several
variations to the process depending on the
feedstock used. As noted, biomass con-
taining substantial components other than
triglycerides can be converted to HRD or
HRJ with this process, but the level of pre-
treatment required may increase to ensure
the effectiveness of the hydroprocessing
catalysts. [6] With regard to vegetable olil,



animal fats and other bio-matter comprised
predominantly of triglycerides, the process
begins with one of two processes, hydrode-
oxygenation or decarboxylation to remove
oxygen from the triglycerides and form long
chain n-paraffins. Both of these processes
are performed with the addition of hydrogen
and typically some form of a nickel- or co-
balt-molybdenum catalyst. [6]

However, the amount of hydrogen required
and the byproducts vary depending on the
process as well as the feedstock. For exam-
ple, beginning with rapeseed oil, the hydro-
deoxygenation reaction requires 16 moles
of hydrogen, produces 1 mole of propane
and 6 moles of water, while decarboxylation
requires 7 moles of hydrogen, produces 1
mole of propane and 3 moles of carbon di-
oxide. [6] Note that depending on level of
reverse water gas shift reaction and meth-
anation in the decarboxylation process, the
required moles of hydrogen can increase to
16. After separation processes, the paraf-
finic products can be distilled to provide a
fuel with similar distillation temperatures as
petroleum diesel, high cetane number, but
typically poor cold flow or cloud point prop-
erties. This fuel and the remaining heavi-
er hydrocarbons can be further refined by
hydroisomerization to tailor the cold flow
properties of the fuel, effectively converting
n-paraffins to iso-paraffins, [9] which is par-
ticularly useful for the manufacture of HRJ
fuel to be blended with petroleum jet fuel.
Figure 2 provides a general comparison of
the production processes involved with con-
ventional biodiesel versus HRD fuel.

HRD and HRJ fuel produced by the pre-
viously described hydrogenation process
exhibit several advantageous properties in
comparison to petroleum-based fuel and
conventional biodiesel. Notably, these fu-
els do not contain oxygen and therefore do
not share the same concerns with microbial
growth and oxidative stability that plagues
conventional biodiesel. To the contrary, the
absence of oxygen does not provide the
soot, hydrocarbon and carbon monoxide
oxidation benefits offered by biodiesel; how-
ever, the wholly paraffinic chemical compo-
sition of HRD offers potential reductions in
soot compared to petroleum diesel due to
the absence of significant heavy soot form-
ing compounds, such as aromatics and a
lower carbon intensity. HRD exhibits a rel-
atively high cetane number, or CN, (70 to
90) when compared to biodiesel (45 to 55)
and petroleum-based number 2 diesel (40
to 45). [5]

This high CN can provide improved cold-
start ability and performance benefits if en-
gine control is tailored to the fuel properties.
Among the three fuels discussed, HRD typi-
cally exhibits the highest energy content by
mass, slightly higher than petroleum diesel
due to the paraffinic composition, and mod-
estly higher than biodiesel mainly due to
the lack of oxygen. The cold flow and cloud
point characteristics of HRD are much bet-
ter suited for cold climates when compared
to biodiesel and can be tailored to the ap-
plication via hydroisomerization, which is
critical for jet fuel applications and to be an
approved DoD fuel.

The use of HRD and HRJ fuel provides the
U.S. military with a bio-derived fuel to offset
the consumption of petroleum-based diesel
and jet fuel. The feedstocks for these re-
newable fuels can be produced domestical-
ly and refined domestically limiting foreign
oil dependence petroleum market volatility
while helping to achieve renewable energy
goals. In fact, trials with HRD and HRJ have
already been completed by the U.S. Navy,
Army and Air Force.

The Navy’s Great Green Fleet is a prime
example, a carrier strike group for which
the carrier operates on nuclear power
while its escort ships utilize a blend of HRD
produced from beef tallow and petroleum
diesel. [10] Currently, this blend is only 10
percent HRD and 90 percent petroleum die-
sel; however, the blend is cost competitive
with traditional fuels and is considered a
“drop in” replacement. [11]

Tests and trials have been performed with
neat HRD or HRJ fuels by other groups
in the U.S. military. The U.S. Army’s Tank
Automotive Research, Development and
Engineering Center evaluated HRD fuel in
a Caterpillar C7 at the TARDEC Fuels and
Lubricants Research Facility. [12] The en-
gine was exercised over the 210-hour tacti-
cal wheeled vehicle cycle for a total of 840
hours at ambient conditions and 840 hours
at desert conditions. Regardless of the envi-
ronmental conditions, the author concluded
that the use of HRD in the Caterpillar C7
“provides adequate performance without
any negative impact on engine durability,
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Figure 2: Overview of production processes for biodiesel and hydroprocessed renewable diesel. (Released)




emissions, performance, fuel consumption,
lubricant degradation, or cleanliness.” [12]

The HRD used for this study was consid-
ered neat, but it should be noted that it did
contain 1.1 percent of petroleum diesel from
the supplier for tax crediting purposes. With
respect to jet fuel, the Air Force has certified
50 percent HRJ fuel blends with 50 percent
petroleum-based jet fuel for use in its entire
fleet of aircraft; however, research concern-
ing the use of neat HRJ and other bio-based
jet fuels has demonstrated issues prevent-
ing their use in neat form. [13] These issues
include, “material compatibility (elastomer
swelling/shrinkage), tank gauging (density),
and additive compatibility (solubility),” which
are likely related to the lack of aromatics in
the HRJ fuel requiring the blending with pe-
troleum-based fuel. [14]

One potential solution, to provide a 100
percent bio-derived jet fuel, has been de-
veloped by Applied Research Associates.
Similar to other methods discussed, the
process begins with renewable plant oils
(i.e., triglycerides) but utilizes a catalytic
hydrothermolysis process proceeded by a
less intense hydrogenation and distillation
(compared to the previously discussed HRJ
fuels) that effectively converts triglycerides
into “high-density aromatic, cycloparaffin,
and isoparaffin hydrocarbons identical to
the hydrocarbons in Jet A fuels from petro-
leum.” [15]

With established production methods in
place and continuing research on improving
the yields, efficiency and quality of biofuels,
next generation biofuel research is poised
to focus on new feedstocks and advanced
processes to exploit them. The production
of first generation biofuels often directly
competed with food production or indirect-
ly through arable farm land earmarked for
food production.

This was especially evident with ethanol
produced from corn and biodiesel produced
from soy beans. The expansion of biofuel
production methods and investment in new
production technologies have driven the fo-
cus toward feedstocks not involved in the
production of food that have high oil outputs
and can be grown on non-arable land. Ani-
mal waste feedstocks, such as beef tallow,
are already in use as feedstocks for biodies-
el and HRD production and do not compete
directly with food production. However, the
scalability to large production quantities

presents a challenge.

Several non-edible feedstocks have been
identified and are even in use, notably
Jatropha, algae and lignocellulosic feed-
stocks. Regrettably, the excitement about
Jatropha, once hailed as a biofuel game
changer, has diminished in recent years, as
researchers have noted that while Jatropha
can be grown on non-arable land, it requires
water and nutrients similar to other crops to
be a substantial oil producer.

Furthermore, oil is produced from the seeds
of Jatropha leaving the rest of the plant as
waste. This has led to focus on the conver-
sion of lignocellulosic feedstocks not sub-
stantially comprised of triglycerides such
as agricultural waste or wood-based paper
and pulp byproducts to oils suitable for the
hydrogenation process. Prior to the use of
lignocellulosic feedstocks in the hydroge-
nation process the cellulose, hemicellulose
and lignin comprising these feedstocks must
be broken down into smaller molecules with
the use of technologies such as pyrolysis
or by thermal or catalytic depolymerization.
[6] Unfortunately, this additional process
makes the use of these feedstocks less
financially and environmentally appealing
compared to triglyceride-based feedstocks.

Algae, considered a third, or future, gener-
ation biofuel, is an appealing feedstock that
has garnered significant interest to produce
not only renewable diesel, but also renew-
able gasoline and other valuable products.
Appealing factors include algae’s versatility:
it can be grown in salt water, fresh water,
waste water and brackish water; most spe-
cies exhibit high growth rates; and many
species of algae are inedible, thus it does
not compete in terms of land use and food
production. Furthermore, CO, from industri-
al processes and power plants can be cap-
tured and used to grow algae in addition to
sunlight.

The versatility and proliferation of algae
does have drawbacks, however. There are
approximately 55,000 species and 100,000
strains of algae. [16] Of these, only a hand-
ful are commercially cultivated worldwide.
This raises concerns of cross contamina-
tion where species not as well suited for fuel
production may infiltrate a farm, potentially
ruining the crop.

Nonetheless, this hurdle has led to new
innovations, where semi closed algae pro-

duction units have been developed, such as
photo bioreactors, that allow for better utili-
zation of CO,, protect from invasive species
and increase production yields with respect
to ground space. These type of production
units can stack vertically to increase yield
density with respect to land use.

The conversion methods to produce bio-
fuels from algae have also garnered sig-
nificant research attention. One existing
approach, hydrothermal liquefaction, is
used to produce bio-oil which is a “viscous,
corrosive, and unstable mixture of organic
compounds.” [17] This bio-oil must be fur-
ther refined through other processes, such
as hydrogenation, to produce renewable
fuels. One advantage of this method lies
in the use of wet algal biomass with little
to no preprocessing; however, there are a
number of high value components that are
destroyed in the process.

An alternative to this process, which retains
high value components, yet allows for the
extraction of lipids for fuel production, is
fractionation. [18] In this process, algal bio-
mass is fractioned into carbohydrate, lipid
and protein-rich components where the
carbohydrates can be fermented to ethanol,
the lipids can be hydroprocessed to HRD
and the protein-rich compounds can be
converted to biogas via anaerobic digestion
for cogeneration of heat and power at the
processing facility. [18]

The use of these next generation biofuels
in conjunction with new engine and vehicle
technologies presents a unique situation to
increase fuel efficiency while further reduc-
ing petroleum based fuel consumption. A
prime example can be found in the advanta-
geous properties of HRD fuel. The high CN
of the fuel makes it well suited for advanced
combustion strategies that utilize high rates
of dilution (exhaust gas recirculation) to limit
harmful soot and oxides of nitrogen emis-
sions while retaining high thermal efficien-
cies.

Furthermore, the lower carbon intensity of
this wholly paraffinic fuel has the propen-
sity to produce less soot and CO exhaust
emissions during conventional combustion.
Dual fuel applications, such as diesel-natu-
ral gas engines, which use the compression
ignition of diesel to ignite natural gas (or
other high octane number fuels), substan-
tially benefit in terms of power density and
combustion stability when a high CN fuel is



used. [19] This is especially appealing for
the algal fractionation approach previously
discussed for which biogas and renewable
diesel are both produced and could be uti-
lized in a dual fuel engine for power gener-
ation and heat production.

Such applications could allow for solar or
wind to provide base load power and the
use of biofueled internal combustion en-
gines for peak power demands. The parallel
path of new technologies such as advanced
fuel quantification sensors and in-cylinder
pressure and temperature sensors in ad-
dition to advanced engine control technol-
ogies with these next generation biofuels
present further opportunities to reduce fuel
consumption. With known fuel properties
or feedback on the in-cylinder combustion
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