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A biodiesel storage stability study was conducted on ultralow sulfur diesel fuel (ULSDF)
and three biodiesel basestocks (B100) and fuel blends (B2, B5, B10, and B20). The
storage stability study consisted in measuring and monitoring the changes in acid num-
ber (AN, ASTM D664-04) and kinematic viscosity (ASTM D445) over 10 months with
different samples stored at 5°C, 40°C, and cyclic thermal conditions. Among the three
biodiesel base fuels (B100) studied, Biol (from tallow) and Bio2 (from yellow grease)
showed the largest increase in AN throughout 6 months of storage at 40°C while Bio3
(from canola) showed the least increase in AN. Biol, Bio2, and Bio3 samples stored at
5°C showed very little increases in acidity after 10 month, while samples stored under
thermal cycling conditions were comparable to those stored at 40°C. The AN for ULSDF
and all blends between B2 and B20 for Biol, Bio2 and Bio3 remained in the range of
0.1-0.3 mg KOH g~ for all temperatures and throughout the storage period well below
the ASTM 6751 limit of 0.5 mg KOH g~!. All blends showed a lower increase in AN than
any of the base fuels. All fuels were submitted to accelerated oxidative testing, which also
revealed a greater stability of the blends than for the biodiesel base fuels. Biol (from
tallow) blends displayed a greater stability under accelerated oxidative testing while
Bio2 (from yellow grease) displayed the least. The impact of storage conditions on the

viscosities of all the base fuels and blends was negligible. [DOI: 10.1115/1.4000177]
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1 Introduction

More contemporary attention and planning have been focused
on the promotion of renewable energy sources as replacements or
diluents for distillate petroleum fuels in the automotive industry.
Alternate fuels from indigenous sources have gained further mo-
mentum in the recent rise of the world oil prices and uncertainties
shrouding the security of future conventional petroleum supplies.
The bioderived liquid fuels have acquired a substantial market
share and led the way in partial replacement of petroleum diesel
fuels for a variety of diesel engine driven applications.

Biodiesel, a long chain fatty acid alkyl ester derived from base-
catalyzed transesterification of vegetable oils and animal fats, has
assumed the leading supplementary role to the conventional diesel
fuel in many parts of the world. The production of oils and fats
reached close to 160X 10° tons worldwide in 2008. Almost half
of the production came from palm and soya oils, while oils from
Rapeseed and canola ranked third with 19X 10° tons. The pro-
duction of tallow and greases (including yellow grease) was just
over 8 X 10° tons with almost half coming out of the U.S. [1].
Based on the current price of petrodiesel, biodiesel is not a cost
effective replacement for petrodiesel but makes sense as a fuel
additive or blend component with petrodiesel in order to reduce
green house gas emissions, improve the lubricity of ultralow sul-
fur diesel fuel (ULSDF), and reduce fossil fuel dependency. When
comparing feed, it is much more cost effective to produce a
biodiesel from waste vegetable oils and fats, which is about half
the cost of a biodiesel produced from an edible crop like canola
[2].

The most common form of biodiesel in the European Union
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originates from rapeseed oil while soybean oil is the predominant
feedstock in the U.S. Production of biodiesel from waste cooking
oils and animal fat also came to the forefront as a way to reduce
raw material costs and alleviate waste oil disposal [3,4]. A com-
prehensive review spanning all the aspects of biodiesel from pro-
duction to combustion was compiled [5]. Biodiesel shares many
common physical and chemical features with conventional diesel
fuel, and as such, the two are compatible at any mixture ratio. The
addition of 20% biodiesel to petroleum diesel by volume in a
blend (B20) is under consideration for transportation fuels includ-
ing marine applications [6]. The Washington State Ferry system
tested the performance of methyl ester biodiesels from various
feeds including waste animal fats, soya, and canola [7]. The ad-
vantage of canola methyl ester (CME) is its cloud point below
freezing, which is better adapted to the winter temperatures of
North America.

The spectrum of advantages inherent to biodiesel ranges from
environmental issues to economic and strategic benefits. The
chemical and physical properties such as heat of combustion, ab-
sence of sulfur, and aromatic components, somewhat offset some
long-term stability issues.

Biodiesel is more susceptible to oxidative attack than diesel
fuel [8,9] and in its advanced stages, this process may render the
biodiesel unsuitable for use in modern diesel engines. The rate of
oxidation is largely determined by the degree of unsaturation in
the fatty acid alkyl ester chain [10], water content, and environ-
mental factors such as temperature, nature of the storage container
[11], and air exposure [12] during storage. The end product of
oxidation includes short chain carboxylic acids and polymeric
sediments resulting in an increase in total acid number and vis-
cosity of biodiesel under storage. These negative impacts on the
chemical and physical properties of biodiesel could be accelerated
if the initial oils and fats used in its production originated from
cooking waste [13]. The addition of synthetic antioxidants to
biodiesel proved effective in countering the oxidative degradation
and in increasing the stability of the fuel [10,13,14].
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As a concern for the environment, several countries have set
deadlines for the use of diesel fuels with lower sulfur contents.
The maximum sulfur content in North America for ULSDF is
currently 15 ppm. However, a limit of 50 ppm is also in effect or
being implemented in many parts of the world [15]. The hy-
drodesulfurization process of diesel fuels leads to lower lubricity
[16], which affects fuel pumps and injectors. Biodiesel was pro-
posed as a potential component to ULSDF to alleviate low lubric-
ity performance [17]. The instability of biodiesel in blends with
ULSDF is also a matter of concern [10], which was not fully
explored due to the recent introduction of ULSDF.

Military fuel requirements are more restrictive in many aspects
than the commercial sector. In this context, fuel stability and ad-
ditives must meet more stringent standards in order to satisfy op-
erational requirements. It is common for army units to be de-
ployed overseas with initial bulk supplies to sustain operational
capability beyond several months. These supplies routinely in-
clude bulk fuel storage drums containing ground transportation
fuels that will be exposed to a wide variety of temperatures daily
and seasonally as well as to low levels of moisture or oxygen.
This investigation was aimed at studying the thermal effects on
long-term storage in a limited oxidative environment. The fuels
studied in this report were ULSDF and three biodiesels (B100)
and some of their blends (B2, B5, B10, and B20). This storage
stability investigation consisted in monitoring the changes in acid
number (ASTM D664-04) and kinematic viscosity (ASTM D445),
two test methods widely used to monitor changes in biodiesel,
over a 10 month period. Fuel samples were stored at 5°C, 40°C,
and under thermal cyclic conditions. The selected biodiesel fuels
covered a spectrum of feed source, composition and initial acidity.
The studied fuels were submitted to nuclear magnetic resonance
(NMR) spectroscopy in order to compare their difference in
chemical structure and detect potential changes throughout the
storage period.

2 Materials and Methodology

2.1 Fuels and Blends. Ultralow sulfur diesel fuel was ob-
tained from PetroCanada (Montreal, QC, Canada) and blended
with biodiesels from three different sources: Biol, a tallow-based
methyl ester fuel (TME); Bio2, a yellow grease-based methyl es-
ter fuel (YGME); and Bio3, a CME. The biodiesels were obtained
from Canadian suppliers but their names were withheld due to
confidentiality agreements. All fuels were studied as received
without modification. Some fuel testing were contracted out to the
Alberta Research Council (ASTM D86, D1160, D613, and EN
14112) and Quality Engineering Test Establishment (ASTM
D5773, D6217, D874, and EN 14103) to measure the base fuel
properties against the specification stipulated in ASTM D6751.
The studied biodiesel blends with ULSDF consisted of 2% (B2),
5% (B5), 10% (B10), and 20% (B20) (v/v) and were stored in
Brown Qorpak® Bottles (Fisher Scientific Co., Whitby, ON,
Canada).

2.2 Storage Conditions. Three sets of base fuels and blends
samples were prepared in a limited oxidative environment in
tightly caped one liter glass bottles. The first set was stored at
40°C in a temperature controlled oven. The second set was stored
at 5°C in a refrigerator. The third set was alternated on a daily
basis between 40°C and 5°C. The aforementioned temperature
regiments were maintained for the 10 month duration of the
project. Sampling was performed once per month for the first set
and every second month for the other two series.

2.3 AN. ASTM D 664-04 standard test method was used in
the determination of the AN of all fuels and their blends and to
indicate relative changes that occur during storage. The electrode
system (model 420Aplus pH meters and Triode pH electrodes)
was obtained from Thermo Orion (Beverly, MA). Solvents, buffer
solutions (pH 4, pH 7, and pH 10), and electrode storage solutions
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were all obtained from Caledon Laboratories Ltd. (Georgetown,
ON, Canada). For each AN determination, approximately 20 g of
base fuel or fuel blend was used. The uncertainty for AN in this
study ranges from 3% to 13% for Biol-TME and ULSDF, respec-
tively.

2.4 Kinematic Viscosity. The ASTM D 445-04 standard test
method was used in the determination of the kinematic viscosity.
Three ubbelode viscometers with capillary constant of K=0.01
(Schott Instruments, GmbH, Mainz, Germany) were used to de-
termine the kinematic viscosities of biodiesels and their blends
with ULSDF at 40.0=0.1°C. These viscometers were calibrated
with S6 viscosity reference standard (ISO 17025; certificate num-
ber, KA0598, Koehler Instrument Co., Inc., Bohemia, NY). The
viscosity measurements were carried out in a Lauda PVS1 auto-
matic viscometer system, comprised of Lauda clear-view thermo-
stat (D 15 KP) with Edition 2000 temperature controller (Lauda,
Germany). The uncertainty for kinematic viscosity values in this
study remains below 0.4%.

2.5 NMR. The 'H NMR spectra were measured in deuterated
chloroform (CDCls; 0.05% TMS, CDN Isotopes, Pointe-Claire,
QC, Canada) on a Varian 300 MHz spectrometer. The uncertainty
for NMR peak integration values in this study is below 1%.

3 Results and Discussion

3.1 Storage Stability. The selected biodiesel fuels varied
from their feed source and composition. The characterization data
for the three biodiesel fuels is provided in Table 1. The data pre-
sented in Table 1 meet the standard for biofuels stipulated under
ASTM 6751 and provide a basis for comparison of the properties
for the base fuels studied.

In Fig. 1, the AN was plotted as a function of the storage period
at 40°C for Biol-TME, Bio2-YGME, Bio3-CME, and ULSDFE.
Both Biol-TME and Bio2-YGME displayed an initial AN below
the pre-2006 limit of 0.8 mg KOH g~!, which was in effect at the
time of the investigation under ASTM D6751 but above the new
acceptable limit of 0.5 mg KOH g~! in accordance with the 2006
revision of the ASTM. Bio3-CME was the only B100 that met the
new limit throughout the storage period. All fuels displayed a
steady increase in AN throughout the storage duration at 40°C.
Biol-TME degraded the most, reaching an AN of
0.9 mg KOH g~! after 6 months of storage. ULSDF was evalu-
ated with the same ASTM in order to compare the fuels and the
blends. AN values recorded with ULSDF were at the lower limit
of the method.

Bio3-CME was clearly the better B100 fuel with lower AN that
remained stable for months. From Table 1, TME and YGME re-
ported higher values for free water and sediment (D2709), particle
contamination (D6217), and sulfated ash (D874), which could ex-
plain their higher initial values in AN and their larger increase in
AN over 6 months. Sulfated ashes typically contain traces of vari-
ous metals and also phosphor and sulfur, which are an indication
of residual catalyst in the fuel while particle contamination can
include less soluble organic molecules with some containing more
polar groups such as free fatty acids. The combination of larger
amounts of residual catalyst, acidic molecules, and water can pro-
mote reactions leading to a faster rise of AN values over the same
storage period.

In Figs. 2—4, the AN was plotted for Biol-TME, Bio2-YGME,
and Bio3-CME B100 biodiesel base fuels, respectively. The AN
was reported in each case as a function of the period of storage at
5°C, 40°C, and under thermal cycling. The AN for the fuels
stored at 40°C increased more rapidly than for storage at 5°C.
The fuels stored under thermal cycling conditions displayed in-
creases in AN comparable to those stored at 40°C. The AN in-
crease was evident from the first month of storage for all fuels
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Table 1 Characterization of the base fuels used in this study

Biol-TME Bio2-YGME Bio3-CME ULSDF
Feed source (from supplier) Tallow Yellow grease Canola Petrodiesel
Kinematic viscosity (mm? s~") 4.70 4.92 4.93 1.41
ASTM D445
Cloud point (°C) ASTM D5773 12 4 -3 —26
Free water and sediment (vol %) 0.05 0.03 0.01 0.05
ASTM D2709
Particle contamination (mg L") 9.3 25.5 4.7 0.2
ASTM D6217
Sulfated ash (wt %) ASTM D874 0.0005 0.0006 0.0002 0.0001
Ester content (wt %) EN 14103 97.9 97.9 99.5 —
Cetane number ASTM D613 63.7 54.2 54.7 46.4
Initial boiling point (°C) 325.6 321.5 339.6 150.9
ASTM D86 (D1160 for B100)
10% distillate recovered (°C) 339.5 343.8 347.0 171.2
50% distillate recovered (°C) 346.3 349.0 349.5 203.4
90% distillate recovered (°C) 353.1 355.5 352.5 259.2
Final boiling point (°C) 408.0 425.0 408.0 291.6
09 = 0.9
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with a less significant increase for Bio3-CME than for the other
two.

In Fig. 4, the AN for Bio3-CME fuel stored under thermal
cycling and at 40°C followed similar profiles. AN values started
to increase steadily after 3 months of storage. Other studies attrib-
uted a greater stability to biodiesel from plant sources to the pres-
ence of natural inhibitors like sterols and tocopherols [18]. This
hypothesis will be the subject of future work.

Figures 5-7 show the AN values as a function of time for stor-
age at 40°C for all B2, BS, B10, B20 blends, and B100, respec-
tively, for Biol-TME, Bio2-YGME, and Bio3-CME. It is clear
from those figures that the acidity of any blends was dictated by
the acidity of the B100 base fuel mixed with ULSDF. The Biol-
TME and Bio2-YGME produced AN values for B20 blends below
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((black) blends with ULSDF as a function of the period of stor-
age at 40°C
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Fig. 7 Acid number of the Bio3-CME B100 biodiesel base fuel
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Fig. 8 Increase in acid number (AAN) after six months storage
at 40°C for all three biodiesel fuels from TME ((1), YGME (A),
and CME (@), respectively, as a function of the biodiesel com-
position in vol %. Line indicates trend only.

0.3 mg KOH g™! and approaching 0.3 mg KOH g~! throughout
the storage period. The Bio3-CME produced a B20 blend below
0.2 mg KOH g~! and approaching 0.2 mg KOH g™ after several
months of storage. All other blend (B10, B5, and B2) AN values
for the three biodiesel base fuels remained close to
0.1 mg KOH g™! and always below 0.2 mg KOH g~!. Those last
results demonstrate that even B100s with AN close to
0.6 mg KOH g~! can produce stable blends meeting standards for
extended periods of storage under the studied conditions.

In Fig. 8, the increase in acid number (AAN) after 6 months
storage at 40°C was reported for all fuels as a function of the
biodiesel content of the blend in vol %. Interestingly, the AN of
all fuel blends increased at a rate comparable to ULSDF while the
AN of the three base biodiesels increased at a faster rate than for
the blends. These results contain significant scatter, which may
hide a slight AAN as a function of biodiesel content in the blend.
The biodiesels that displayed the largest increase in AN were
those with the highest AN values at the start of the study, namely,
the TME and YGME. As mentioned before, the combination of
larger amounts of residual catalyst, acidic molecules, and water
for those two fuels would promote reactions increasing a faster
rise of AN values over the same storage period. As observed in
Figs. 1 and 7, the most stable fuel was CME, which increased the
least in AN. This observation is consistent with other studies that
attributed a greater stability of biodiesel from plant sources to the
presence of sterols and tocopherols [18].

All biodiesel base fuels displayed viscosities between
4.5 mm?s~' and 5 mm? s~ as reported in Table 1, Bio2-YGME
being the highest and Bio3-CME being the lowest. The kinematic
viscosity of the base fuel measured at 40.0*£0.1°C did not
change significantly under all storage conditions throughout the
study period. The small changes in AN reported in Figs. 1-6
indicated some chemical changes but evidently not in sufficient
amount to impact a macroscopic property like kinematic viscosity.

The viscosities of the biodiesel base fuels were comparable
with each other and were generally three times the viscosity of the
ULSDEF. No significant change in kinematic viscosity was re-
ported throughout the storage period for all fuels and blends. The
viscosity of each fuel is reported in Table 1. The blends generally
displayed viscosities in accordance with the rule of mixture of the
two blended fuels. Even at 20% biodiesel in ULSDF, the viscosi-
ties of all B20 blends stayed close to that of ULSDF. The viscous
behavior of the blends implies minimal additional stresses for the
existing fuel systems.
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Fig. 9 Oxidation stability (hours) under EN 14112 (Rancimat)
for all biodiesel fuels from TME (1), YGME (A) and CME (@),
respectively, as a function of the biodiesel content in the blend
in vol %; line indicates trend only

3.2 Accelerated Oxidation Stability. The increased stability
of the fuel blends is also supported by accelerated oxidation sta-
bility testing. In Fig. 9, the oxidation stability, under EN 14112
(Rancimat), was reported in hours as a function of biodiesel con-
tent in the blend. This test method measures the oxidation induc-
tive period for the fuel by bubbling air through the sample at
110°C. A longer induction period indicates a greater stability of
the fuel. EN 14112 was reported to be unreliable for petrodiesel
due to the faster evaporation rate of the latter [19]. The distillation
temperatures of ULSDF and the base biofuels are provided in
Table 1. A new EN 15751 method was recently developed in
Europe to address the deficiencies of EN 14112 and will be con-
sidered in future studies. The new method proposes to use 7g
samples as opposed to 3g in order to compensate for the fast
evaporation of petrodiesel. Extrapolation of the results in Fig. 9 to
BO actually suggests the stability for ULSDF to be greater than 25
h.

The conditions of EN 14112 are much more oxidative than the
fuel storage conditions used for this research. The results show
that Biol-TME was more stable than Bio3-CME and Bio2-
YGME. Under an aggressive oxidizing environment, unsaturated
bonds, and the neighboring allylic and bisallylic groups are par-
ticularly reactive to oxygen [20]. Unsaturated bonds are usually
found in larger concentrations in plant oils explaining why Biol-
TME, processed from tallow, displayed greater oxidation stability.
Also, under this test method, all blends displayed a higher stability
than the respective base biofuels. Although the oxidative condi-
tions were different, the results in Fig. 9 are consistent with the
observations made from Fig. 8 that show the blends are more

AAllylicH
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_ 6 'y @ Biallylic H
= 0.6 i
= { g =] Y
Z o, { Q i
{ g
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0 . : i
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Fig. 10 Normalized proton concentration decay in Bio3-CME
as a function of accelerated oxidation at 95°C for 150 h: The
normalized proton concentration presented was calculated
from the peak integration from the allylic hydrogens at &
=2.05 ppm, the bisallylic hydrogens at §=2.75 ppm, and the
alkenyl hydrogens at 6=5.35 ppm

stable than the base biofuels.

In Table 2, NMR peak integrations have been normalized based
on the three protons in the terminal methyl group of the fatty
chain of the methyl esters base fuels. This representation shows
the average number of proton in each chemical group per chain.
The relative chemical group compositions per average molecule
for the three base fuels are shown. The degree of unsaturation of
the fuels is obtained from the last row. The number of double
bonds per chain is half the number of hydrogen atoms involved in
those bonds. Therefore Bio3-CME has on average 1.4 double
bonds per fuel molecule as opposed to 1.0 for Bio2-YGME and
0.7 for Biol-TME. This implies that Bio3-CME should be more
sensitive to oxidation. However, no significant changes in chemi-
cal composition were reported for either of the fuels throughout
any of the storage conditions. This result supports the observation
on the stability of the fuels’ kinematic viscosities but does not
contradict the observed changes in AN.

The precision of the integration under the NMR peaks permits
quantification of the concentration of chemical changes in the or-
der of 1072 to 1073, The concentration of the chemical changes
observed with the AN was in the range of 1073 to 107 and there-
fore falls just under what can be detected with NMR.

In order to confirm the reactivity of the chemical groups in the
biodiesel, an accelerated oxidation of the Bio3-CME was per-
formed by stirring in air at 95°C. Figure 10 shows the decay of
the concentration of three groups normalized over their initial
concentration. The most reactive group proved to be the bisallylic
followed by the alkenyl and the allylic group [21]. Those groups
are defined in Table 2, which are in lower concentration in Biol-
TME, therefore supporting the better stability of the base fuels
and blends under accelerated oxidation testing. However, the ac-

Table 2 Relative number of protons per chemical environment (in relation to the presence of
functional groups in the molecular structure) for Bio1-TME, Bio2-YGME, and Bio3-CME: Those
values were calculated from the integration under the peaks at respective NMR chemical shifts

& (ppm) relative to internal protons in TMS

S TME YGME CME
Names Methyl ester functionality (ppm) (B100) (B100) (B100)
Primary methyl —CH,-CH; 0.85 3.0 3.0 3.0
Secondary methyl —(CH,)n— 1.30 22.5 20.0 18.5
B-methyl -CH,-CH,-CO,-CH; 1.60 2.1 2.1 2.1
Allylic -CH,-CH=CH-CH,-CH=CH-CH,~ 2.05 2.4 3.2 3.9
a-methyl —CH,—-CO,-CH; 2.25 2.0 2.0 2.0
Bisallylic -CH=CH-CH,-CH=CH- 2.75 0.2 0.4 0.8
Methoxy ~O-CH; 3.65 3.0 3.0 3.0
Alkenyl —~CH=CH- 5.35 1.5 2.1 2.8
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celerated oxidation at high temperature does not explain or corre-
late to changes in the fuel stability observed for the longer periods
under limited oxygen exposure at 5°C and 40°C used in this
work.

Caution should be used when extending the storage stability
results of this study to other biodiesels. The results for the studied
TME, YGME, and CME could be extended, only to a limited
degree, to methyl ester biodiesels from feedstocks with compa-
rable compositions in saturated, monounsaturated, and polyun-
saturated fatty acids. For example, TME could be compared with
some degree with a lard methyl ester or a chicken fat methyl ester
although the levels of unsaturated fatty acids are slightly higher in
the last two. Further examples can also be provided for extending
the stability results obtained for CME to other biodiesels from
plant sources. The composition of canola is comparable to that of
Jatropha, especially in terms of polyunsaturated fatty acids [22],
while the content of the latter in soya is almost double that of
canola. A similar caution should be applied when comparing
canola with palm, which is much richer in saturated fatty acids.

4 Conclusions

Among the three biodiesel base fuels (B100) studied, Biol
(from tallow) and Bio2 (from yellow grease) showed the largest
increase in ANs throughout 6 months of storage at 40°C, while
Bio3 (from canola) showed the least increase in AN. Biol, Bio2,
and Bio3 samples stored at 5°C showed very little increases in
acidity after 10 months while samples stored under thermal cy-
cling conditions were comparable to those stored at 40°C. The
AN for ULSDF and all blends between B2 and B20 for Biol,
Bio2, and Bio3 remained in the range of 0.1 mg KOH g~! to
0.3 mg KOH g! for all temperatures and throughout the storage
period, well below the ASTM 6751 limit of 0.5 mg KOH g~'. All
blends showed a lower increase in AN than for any of the biodie-
sel base fuels. All fuels were submitted to accelerated oxidative
testing, which also revealed a greater stability of the blends than
for the biodiesel base fuels. Biol (from tallow) blends displayed a
greater stability under accelerated oxidative testing while Bio2
(from yellow grease) displayed the worse stability.

The impact of storage conditions on the viscosities of all the
base fuels and blends was negligible. The B20 blends of Biol,
Bio2, and Bio3 showed an approximate 25% increase in viscosity
from ULSDF to about 1.72 mm? s™!. The viscosity of B20 fuels
would have minimal impact on existing fuel systems.

Nuclear magnetic resonance spectra could distinguish between
different levels of saturation among the three biodiesels. Bio3-
CME was the least saturated and Biol-TME was the most satu-
rated. However, the aging process did not generate chemical
changes above the detection limit of NMR at all temperatures. The
accelerated oxidation of Bio-CME at 95°C showed appreciable
decay in the NMR spectra in bisallylic, allylic, and alkenyl hydro-
gen sites.

Acknowledgment

The research work was funded by the Director General Land
Equipment Program Management of National Defense Headquar-

041801-6 / Vol. 131, DECEMBER 2009

ters, Ottawa, Canada. The authors are thankful for the technical
support provided by Mrs. Lynn Kearns and Dr. Neda Bavarian of
RMC, Mr. Dan Wispinski from the Alberta Research Council, and
Mrs. Anelia Krasteva from the Quality Engineering Test Estab-
lishment.

References

[1] Binfield, J., Brown, D. S., Carriquiry, M., Chavez, E., Dong, F., Du, X.,
Elobeid, A., Fabiosa, J., Gerlt, S., Hart, C., Hayes, D. J., Kovarik, K., Madi-
son, D., Meyer, S., Meyers, W. H., Thompson, W., Tokgoz, S., Wailes, E.,
Westhoff, P., Wilcox, L., and Womack, A. W., 2009, “US and World Agricul-
tural Outlook,” Food and Agricultural Policy Research Institute, Ames, IA, pp.
223-265.

[2] Zhang, Y., Dubé, M. A., McLean, D. D., and Kates, M., 2003, “Biodiesel
Production From Waste Cooking Oil: 2. Economic Assessment and Sensitivity
Analysis,” Bioresour. Technol., 90, pp. 229-240.

[3] Ma, F,, and Hanna, M. A., 1999, “Biodiesel Production, A Review,” Bioresour.
Technol., 70, pp. 1-15.

[4] Knothe, G., 2007, “Some Aspects of Biodiesel Oxidative Stability,” Fuel Pro-
cess. Technol., 88, pp. 669-677.

[5] Knothe, G., and Dunn, R. O., 2001, “Biofuels Derived From Vegetable Oils
and Fats,” Oleochemical Manufacture and Applications, F. D. Gunstone and R.
J. Hamilton, eds., Academic, Sheffield, UK, pp. 106-163.

[6] Mushrush, G. W., Wynne, J. H., Lloyd, C. T., Willauer, H. D., and Hughes, J.
M., 2005, “Recycled Soybean Derived Cooking Oils as Blending Stocks for
Middle Distillate Transportation Fuels,” Energy Sources, 27, pp. 781-786.

[7] Washington State University, University of Idaho, Glosten Associates, Inc.,
and Imperium Renewables, Inc., 2009, “Washington State Ferry Biodiesel Re-
search & Demonstration Project,” Washington, DC, April 30.

[8] Waynick, J. A., 2005,“Characterization of Biodiesel Oxidation and Oxidation
Products,” Technical Literature Review, Southwest Research Institute Project
No. 08-10721, National Renewable Energy Laboratory, U.S. Department of
Energy, (TP-540-39096).

[9] Yamane, K., Kawasaki, K., Sone, K., Hara, T., and Prakoso, T., 2007, “Oxi-
dation Stability of Biodiesel and Its Effect on Diesel Combustion and Emis-
sion Characteristics,” Int. J. Engine Res., 8, pp. 307-319.

[10] Stauffer, E. C., 1996, Fats and Oils, Eagen, St. Paul, MN.

[11] Bondioli, P., Gasparoli, A., Lanzani, A., Fedeli, E., Veronese, S., and Sala, M.,
1995, “Storage Stability of BioDiesel,” J. Am Oil Chem. Soc., 72, pp. 699—
702.

[12] Leung, D. Y. C., Koo, B. C. P, and Guo, Y., 2006, “Degradation of Biodiesel
Under Different Storage Conditions,” Bioresour. Technol., 97, pp. 250-256.

[13] Loh, S.-K., Chew, S.-M., and Choo, Y.-M., 2006, “Oxidative Stability and
Storage Behaviour of Fatty Acid Methyl Esters Derived From Used Palm Oil,”
J. Am Oil Chem. Soc., 83, pp. 947-952.

[14] Polavka, J., Paligova, J., Cvengros, J., and Simon, P., 2005, “Oxidation Sta-
bility of Methyl Esters Studied by Differential Thermal Analysis and Ranci-
mat,” J. Am Oil Chem. Soc., 82, pp. 519-524.

[15] Peckam, J., 2004,“South America Begins ULSD March,” World Refining, 14,
Part 6, pp. 26-31.

[16] Anastopoulos, G., Lois, E., Karonis, D., Kalligeros, S., and Zannikos, F., 2005,
“Impact of Oxygen and Nitrogen Compounds on the Lubrication Properties of
Low Sulfur Diesel Fuels,” Energy, 30, pp. 415-426.

[17] Wain, K. S., Perez, J. M., Chapman, E., and Boehman, A. L., 2005, “Alterna-
tive and Low Sulfur Fuel Options: Boundary Lubrication Performance and
Potential Problems,” Tribol. Int., 38, pp. 313-319.

[18] Dunn, R. O., 2005, “Oxidative Stability of Soybean Oil Fatty Acid Methyl
Esters by Oil Stability Index (OSI),” J. Am Oil Chem. Soc., 82, pp. 381-387.

[19] Berthiaume, D., and Tremblay, A., 2006, “Study of the Rancimat Test Method
in Measuring the Oxidation Stability of Biodiesel Ester and Blends,” OLE-
OTEK Inc. Report, NRCan Project No. CO414 CETC-327.

[20] Sendzikienne, E., Makareviciene, V., and Janulus, P., 2005, “Oxidation Stabil-
ity of Biodiesel Fuel Produced From Fatty Wastes,” Pol. J. Environ. Stud., 14,
pp- 335-339.

[21] Knothe, G., 2002, “Structure Indices in FA Chemistry. How Relevant is the
Todine Value?,” J. Am Oil Chem. Soc., 79, pp. 847-854.

[22] Sarin, R., Sharma, M., Sinharay, S., and Malhotra, R. K., 2007, “Jatropha-
Palm Biodiesel Blends: An Optimum Mix for Asia,” Fuel, 86, pp. 1365-1371.

Transactions of the ASME

Downloaded From: http://asmedigitalcollection.asme.org/ on 10/08/2014 Terms of Use: http://asme.org/terms



