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ABSTRACT

In the last 20 years, biodiesel consumption in the United States has rapidly increased to ~2B
gallons per year as a renewable supplement to fossil fuel. However, further expansion of biodiesel
use is currently limited in part by poor cold weather performance which prevents year-round
blending and necessitates blend walls <5% v/v. In order to provide a diesel fuel blendstock with
improved cold weather performance (cloud point, pour point, cold filter plug point), while at the
same time maintaining other required fuel performance specifications, several biodiesel analogues
were synthesized and tested. These fuels showed improvement in cetane number, lower heating
value (LHV), relative sooting tendency, and cold flow properties when compared to a B100
biodiesel composed of the identical fatty acid profile. It was observed as a general trend that the
reduced form of biodiesel, fatty alkyl ethers (FAEs), show performance improvements in all fuel
property metrics. The suite of improved properties provided by FAEs gives biodiesel producers
the opportunity to diversify their portfolio of products derived from lipid and alcohol feedstocks
to include long-chain alkyl ethers, a biodiesel alternative with particular applicability for winter

weather conditions across the US.

Keywords: Biodiesel; ethers; cetane number; cloud point (CP); low-temperature properties; yield
sooting index (YSI)



INTRODUCTION

To support the growing desire to reduce greenhouse gas emissions and establish energy
independence, the United States is mandated by federal law to produce 1 billion gallons a year of
renewable transportation fuel.! While ethanol has emerged as the dominant biofuel for spark-
ignition engines, biodiesel has become the dominant biofuel for compression ignition engines.
Biodiesel is defined as “a fuel comprised of monoalkyl esters of long-chain fatty acids derived
from vegetable oils or animal fats, designated B100”.? Biodiesel is typically produced by
conversion of triglycerides into fatty acid methyl esters (FAMESs) using methanol, where the fatty
acid profile of the lipid source will determine the fuel properties. While biodiesel has successfully
penetrated the fuel market, with production reaching 2.2 billion gallons in 2016, poor performance
in important fuel properties such as cold flow continues to limit the application of blend volumes
to <5% (v/v) in cold weather environments.*® These blend volume restrictions must be overcome

in order to maximize the potential for bioderived transportation fuels for diesel engines.

To address these challenges, significant research efforts have been made to discover new
bioderived fuels for diesel engines that have improved fuel properties as compared to FAMEs.”!2
Alkyl ethers have emerged as promising candidates, with recent efforts by Huq et al demonstrating

that ethers such as 4-butoxyheptane meet all the basic requirements for a diesel fuel, and can

significantly reduce overall CO> emissions."

While the fuel properties of alkyl ether compounds are generally established as quite promising
for diesel engines,'* ! the greatest limitation to industrial scale up may be their preparation.'® The
most well-established methods for making ethers have been catalytic dehydration or Williamson

ether synthesis. Both methods have limitations on making asymmetric or hindered ethers, but



recent developments on catalytic Mitsunobu!” and electrochemical'® methodologies (coupled with
potential renewable electricity availability) are making ether synthesis more routine, increasing

the potential for synthetic approaches to biomass derived ether biofuel targets.

In this work, we investigate Fatty Alkyl Ethers (FAEs) as a new biofuel target, which utilizes the
same domestic vegetable oil supply as biodiesel, but has a more reduced oxidation state that may
improve critical fuel properties such as cold flow, cetane number, heating value, and soot tendency.
Additionally, this study investigates the impact of the length and branching of the non-lipid alkyl
chain on critical fuel properties in order to maximize the blending ratios of these molecules into

petroleum diesel, thereby further reducing carbon emissions from the transportation sector.

EXPERIMENTAL SECTION

Materials

All molecules investigated in this study were synthesized using a commercial soy FAME sample
as the lipid source. The FAME sample was derived from soybean oil, batch #20368, generously
provided by Lisa Fouts and Robert McCormick at the National Renewable Energy Laboratory
(NREL), with properties and composition detailed by Fioroni et al 2019." The fatty acid profile is
shown in Table 1. All fuels in this study are a mixture with a fatty acid chain composition identical

to that shown in Table 1.



Table 1. Components of B100 lipid profile used in this study.

Fatty Acids Myristic | Palmitic | Palmitoleic | Stearic | Oleic | Linoleic | Linolenic | Arachidic| Other

Crotar: C=C 14:00 16:00 16:01 18:00 18:01 18:02 18:03 20:00

Composition 0.07 10.84 0.27 4.52 23.21 52.73 7.34 0.41 0.61
(% wiw)?

“Normalized mass fractions are values based on GCMS analysis of the B100 blend.

This FAME sample is also used as a reference fuel for comparison of fuel properties. Unless
otherwise noted, all reactions were carried out in oven-dried glassware sealed with rubber septa
under an argon atmosphere with Teflon-coated magnetic stir bars. All reagents were purchased
from Sigma Aldrich or Alfa Aesar and were used without further purification unless otherwise
stated. All reactions were monitored by TLC, GCMS or NMR analysis. Visualization of analytical
thin-layer chromatography was accomplished with UV (254) and potassium permanganate

(KMnOy) as a staining solution.

Preparation of FA alcohol

A 2 L round bottom flask was charged with LAH (28.2 g, 0.742 mol, 1.1 equiv.) and Et,O (1,350
mL), then cooled to 0 °C with an ice bath. To this mixture, with rapid stirring, B100 (200.0 g,
0.675 mol, 1.0 equiv.) was added dropwise via addition funnel. The cooling bath was removed,
and the mixture was stirred for 2 h. Once starting material was consumed as determined by TLC
and GCMS, the reaction was cooled to 0°C and diluted with EtOAc (50 mL) and quenched via
slow, sequential addition of H>O (28 mL), 10% NaOH (28 mL), and H,O (84 mL) which stirred
at room temperature for 1 h. To this mixture, anhydrous MgSO4 was added and stirred for an
additional 1 h. The mixture was filtered, and the resulting yellow oil was purified by bulb to bulb

distillation (181-189 °C, 1.30 Torr) to provide FA alcohol as a colorless oil (163 g, 91%).




Preparation of FA ethyl ester

A 1 L round bottom flask was charged with B100 (80.0 grams, 0.270 mol), anhydrous ethanol (160
mL, 2.70 mol) and concentrated HoSO4 (2 mL). The mixture was refluxed for 12 hours. The
mixture was cooled and H,O was added (100 mL) followed by hexanes (100 mL). The biphasic
mixture was separated and the organic layer was washed with saturated aqueous NaHCO3 (50 mL)
then brine (50 mL). The mixture was dried with MgSO4 and concentrated in vacuo to provide FA
ethyl ester as a clear slightly yellow oil (67.0 grams, 80% yield). 'H NMR (500 MHz, CDCls) &
5.45-525(m, 3.1H), 4.12(q,J=7.1 Hz, 2H), 2.77 (t, J= 6.7 Hz, 1.4H), 2.28 (t,J= 7.6 Hz, 2H),

2.07 — 1.99 (m, 4H), 1.63 (m, 3H), 1.43 — 1.16 (m, 22H), 0.88 (td, /= 6.7, 4.6 Hz, 3H).

Preparation of FA Acetate

A 500 mL round bottom flask was charged with FA alcohol (60.0 grams, 0.225 mol), pyridine
(21.8 mL, 1.2 equiv) and DCM (250 mL). The mixture was cooled with an ice bath followed by
the addition of acetyl chloride (19.3 mL, 1.2 equiv). The mixture was allowed to warm to room
temperature and stirred for 4 hours. H>O (250 mL) was added, the biphasic mixture was separated
and the aqueous phase was washed with hexanes (3 x 50 mL). The combined organics were washed
with water (40 mL) and brine (40 mL) then dried with MgSO4 and concentrated in vacuo to provide
B100 acetate (41.0 grams, 59% yield) as yellow oil. '"H NMR (500 MHz, CDCls) § 5.44 — 5.27
(m, 2.8H), 4.05 (t, J = 6.8 Hz, 2H), 2.77 (t, J= 6.7 Hz, 1.3H), 2.04 (m, 6H), 1.61 (t, /= 7.1 Hz,

2H), 1.42 — 1.19 (m, 19H), 0.88 (td, J = 6.9, 4.9 Hz, 3H).

General Procedure for Ether Synthesis (FAE 1 to 5)



A 500 mL round bottom flask was charged with FA alcohol (1 equiv.), KI (0.1 equiv.) and THF,
then cooled to 0 °C with an ice bath. To this mixture, 60% NaH dispersion in mineral oil (1.2-1.5
equiv.) was added portion-wise over 20 min and stirred for 10 min. The requisite alkyl halide (1.3-
2.0 equiv.) was added via a syringe and the reaction mixture was brought to reflux for 16 h. Once
the starting material was consumed as determined by TLC and GCMS, the reaction was cooled to
0 °C and quenched via slow addition of H>O (50 mL), extracted with hexanes (2 x 50 mL), washed
with saturated NaCl solution (50 mL), dried using anhydrous MgSOg, filtered, and concentrated
in vacuo. The crude reaction mixture was purified via distillation. All reported reaction yields are

unoptimized.

Compound FAE-1: Bulb-to-bulb distillation under reduced pressure (390 mTorr, 107-120°C) to
afford FAE-1 (80.1 g, 83%) as a colotless oil. "H NMR (500 MHz, CDCl3) § 5.38-5.26 (m, 2.6H),
3.33 (t, J=6.7 Hz, 2H), 3.29 (s, 3H), 2.74 (t, J = 6.8 Hz, 1H), 2.05-1.96 (m, 3H), 1.57-1.50 (m,

2H), 1.35-1.20 (m, 19H), 0.86 (q, J = 6.4 Hz, 3H).

Compound FAE-2: Bulb-to-bulb distillation under reduced pressure (400 mTorr, 114-126°C) to
afford FAE-2 (56.0 g, 84%) as a colotless oil. "H NMR (500 MHz, CDCl;3) § 5.38-5.26 (m, 2.6H),
3.46 (q,J=7.0 Hz, 2H), 3.39 (t, /= 6.8 Hz, 2H), 2.77 (t,J = 6.4 Hz, 1H), 2.07-1.98 (m, 3H), 1.59-

1.53 (m, 2H), 1.37-1.23 (m, 19H), 1.19 (t, J = 7.0 Hz, 3H), 1.90-0.86 (m, 3H).

Compound FAE-3: Bulb-to-bulb distillation under reduced pressure (400 mTorr, 114-126°C) to
afford FAE-3 (56.0 g, 84%) as a colotless oil. "H NMR (500 MHz, CDCl3) § 5.38-5.26 (m, 2.6H),
3.39(q,J=6.7Hz,4H), 2.77 (t,J = 6.8 Hz, 1H), 2.07-1.98 (m, 3H), 1.58-1.51 (m, 4H), 1.39-1.25

(m, 21H), 0.92 (t, J = 7.4 Hz, 3H), 0.89-0.86 (m, 3H).



Compound FAE-4: Bulb-to-bulb distillation under reduced pressure (1.20 Torr, 136—-153°C) to
afford FAE-4 (33.2 g, 45%) as a pale- yellow oil. 'H NMR (500 MHz, CDCl;3) § 5.40-5.28 (m,
2.6H), 3.39 (t, J= 6.5 Hz, 2H), 3.16 (d, J = 6.7 Hz, 2H), 2.77 (t, J = 6.5 Hz, 1H), 2.07-1.98 (m,
3H), 1.85 (septet, J = 6.7 Hz, 1H), 1.57-1.50 (m, 2H), 1.35-1.20 (m, 19H), 0.90 (d, J = 6.8 Hz,

6H), 0.86 (q, J = 6.0 Hz, 3H).

Compound FAE-5: Bulb-to-bulb distillation under reduced pressure (390 mTorr, 129-149°C) to
afford FAE-5 (40.0 g, 66%) as a colotless oil. "H NMR (500 MHz, CDCl3) § 5.40-5.28 (m, 2.6H),
3.42 (t,J=6.5 Hz, 2H), 3.38 (t, J= 6.7 Hz, 2H), 2.77 (t, /= 6.5 Hz, 1H), 2.07-1.98 (m, 3H), 1.69
(septet, J=6.7 Hz, 1H), 1.57-1.50 (m, 2H), 1.46 (q, J = 6.8 Hz, 2H), 1.35-1.20 (m, 19H), 0.90 (d,

J= 6.6 Hz, 6H), 0.86 (q, J = 6.0 Hz, 3H).

Fuel Property Testing

Fuel properties of the various molecules investigated in this study were tested following ASTM
protocols in partnership with Intertek Inc in Benecia, CA, which is a commercial testing facility.
Derived Cetane Number (DCN) was determined by Ignition Quality Test (IQT) according to
ASTM D6890 protocol (ASTM-D6890-16el, 2016)*°. Cloud Point (CP) was determined
according to ASTM D2500 protocol (ASTM-D2500-17a, 2017)?!. Pour Point (PP) according to
ASTM D97 protocol (ASTM-D97-17b, 2017)*2. Cold Filter Plug Point (CFPP) according to
ASTM D6371 (ASTM-D6371-17a, 2017)*. Higher Heating Value (HHV) was determined by
ASTM 4809 (ASTM-4809-18, 2018)%*, except for FAE-1, which was determined by D240

protocol (ASTM-D240-19, 2019)?°. The Lower Heating Value (LHV) was calculated based on the



HHYV using the equation developed by Lloyd (referenced in ASTM D240 method) which is shown

below as Equation 1.2

LHV [M]/kg] = HHV [M]/kg] — (0.2122 X hydrogen [mass %]) (1)

Measurement of Yield Sooting Index (YSI)

The sooting tendencies of the FAEs and other related compounds were measured using the
previously developed yield-based approach.?” The specific procedures and apparatus used in this
study were identical to those in McEnally et al 2019.2% It consisted of three steps: (1) 1000 ppm of
n-heptane, toluene, and each test compound were sequentially doped into the fuel of a nitrogen-
diluted methane/air coflow nonpremixed flame; (2) the maximum soot concentration was
measured in each flame with line-of-sight spectral radiance (LSSR); and (3) these concentrations

were rescaled into a yield sooting index (YSI) defined by Equation 2:

LSSRTc—LSSRygp

YSIrc = (YSIrop — YSIypp) X LSSRroL~LSSRHEP

+ YSTygp @)

The subscripts TC, TOL, and HEP refer to the test compound, toluene, and n-heptane respectively.
This rescaling method removes sources of systematic uncertainty such as errors in the gas-phase
reactant flow rates. Furthermore, it allows the new results to be quantitatively compared with a
database that contains measured Y SIs for hundreds of organic compounds. The parameters Y SItor
and Y SIugp are constants that define the Y SI scale; their values—170.9 and 36.0—were taken from
the database® so that the newly measured YSIs would be on the same scale. The systematic
uncertainty in YSI is £2%, which is dominated by the uncertainty in the mass densities of the
samples. These were predicted using the group contribution method of Mathieu and Bouteloup

2016.%° Isooctane was used as an internal standard and measured 10 times during this study. Its



measured values were consistent over time with a variation of +2.8% (2 standard deviations).

Thus the total uncertainty in the measured YSIs is £5%; the average value for isooctane (64.3)
agrees to within this uncertainty with earlier measurements (61.7).>! YSI characterizes the sooting
tendency per mole; to determine the sooting tendency per mass (YSI/kg) and per heat release
(YSI/MJ) — which are more relevant to diesel engines — the measured YSIs were divided by the
molecular weight and LHV respectively. The molar mass of the C18:02 fatty acid (linoleic acid)
was used since it was the dominant fatty acid in the mixture as shown in Table 1. Uncertainty for

the YSI/MJ metric accounts for error in both inputs (YSI and LHV).

RESULTS AND DISCUSSION

While extensive research has been done exploring fatty acid derived esters as fuels for compression

32.33 investigations into molecules containing fatty carbon chains with non-ester

ignition engines,
functionality have been limited.>*** To understand the fuel property implications of non-traditional
fatty acid derived fuels as compared to traditional biodiesel (represented by FA ethyl ester), this
work first investigated three fatty alkyl congeners: acetate, alcohol, and ether (Figure 1). For each
compound a two-carbon group was used for carbon number parity across the molecular classes,

with the exception of FA alcohol (which by definition only has an H atom on the side opposite the

fatty carbon chain.
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Figure 1. The effect of oxidation state on fuel properties: (A) Derived Cetane Number, (B) Lower
Heating Value, (C) and Cloud Point (CP). Error bars are the reproducibility metrics as outlined in

the respective ASTM method.?°

FA alcohol has reasonable DCN and LHV, but a prohibitively high CP, eliminating it from
consideration. The FA ethyl ester and FA acetate have similar properties, with the FA acetate
demonstrating higher DCN. Within the series, FA ethyl ether has the strongest DCN performance.
While DCN values >75 are outside the calibration range of the method and therefore cannot be
quantitatively compared, the DCN value of 93.1 represents a significant qualitative improvement
over the other compounds investigated. The ethyl ether also has the highest LHV and a lower CP,

suggesting that ether functional groups are promising candidates as fatty acid based fuels.

Soot formation is another critical fuel property to consider when evaluating biofuel candidates for
compression ignition engines. One well documented benefit of oxygenated fuels is their ability to

reduce soot formation when blended into traditional diesel base fuels due to their lack of aromatic

11



constituents and the atomic oxygen being able to sequester carbon atoms as CO/CO2.%>-*’ This can

lead to cost reductions for the after-treatment systems used on heavy duty engines.*8
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Figure 2. Evaluation of Yield Sooting Index (YSI) of various potential oxidation states of fatty
alkyl based biofuels ratioed to (A) molecular mass and (B) lower heating value. FA ethyl ester
and FA ethyl ether demonstrate the strongest Y SI performance on both a per kg and per MJ basis.

Error bars represent the +5% uncertainty described in the methods.

While sooting tendencies generally correlate inversely to the mass percent of oxygen,> the sooting
performance of oxygenated biofuels is more nuanced than just C:O ratio or oxygen mass %, a
phenomenon previously suggested.*” FA ethyl ester and FA acetate have the same molecular
formula and oxygen mass fraction of 10.3%, yet FA acetate forms significantly more soot/kg than

FA ethyl ester (Figure 2A). Additionally, FA ethyl ether has a lower oxygen mass percent than

12



both FA acetate and FA alcohol, yet forms less soot per kg. A likely explanation is that for FA
ether the oxygen interrupts the carbon chain generating smaller alkyl fragments during pyrolysis,
whereas for FA alcohol the oxygen atom is terminal to the alkyl chain, and FA acetate allows six-
membered eliminations reactions that produce large unsaturated hydrocarbons (Figure 3).*! 42
These results show that the specific oxygen functionality has an important impact on soot

formation as previously suggested by Mueller et al.*>

Since increasing oxygen content and thereby
decreasing C:O ratio has a well-established negative impact on a fuel’s LHV, finding the most
efficient form of oxygen provides value through net fuel properties optimization. When considered
as a ratio of soot formation to energy density, FA ethyl ether and FA ethyl ester are the strongest

performers and demonstrate the most efficient use of oxygen when considering the soot

formation/energy density tradeoff.

-“">0OH * Only 1 oxygen atom 6-Center Reaction
+ Qs peripheral to carbon chain 0
FA alcohol H JJ\
\J/\O
0 * 2 oxygen atoms FA acetate
,"\OJ\ * Soot-enhancing 6-center @
reaction is fast because it
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; H
Sooting \‘V\OJ\
Tendency N
* Only 1 oxygen atom 6-membered TS

FA ethyl ether + O breaks up carbon chain
OH
\‘/ + O)\
(i * 2 oxygen atoms wrated tic acid
. ) . ) unsaturate acetc aci
NN Soo-t er?halncmEG cente-r hydrocarbon
reaction is slow because it (high sooting
FA ethyl ester transfers a primary H tendency)

Figure 3. Potential soot formation pathways for the different oxidation states investigated.
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Based on the strong performance of FA ethyl ether described above, the broader class of
molecules herein described as Fatty Alkyl Ethers (FAEs) was investigated further by determining
the impact that varying the shorter alkyl chain has on the fuel properties of interest (Figure 4). C1-
C5 straight and branched carbon chains were selected because these structures can be derived

sustainably from biomass at industrial scales in the form of alcohols.****

MaH

Q
LAH R-X
WD’M‘ —FW\/\/A\/\:H o A — o

B100 FA alcohol FAE 1-5
=111y =0-3
Re o T T '*-F\I/ \/,I\‘
FAE-1 FAE-2 FAE-3 FAE-4 i FAE-5

Figure 4. Synthesis of biodiesel derived ethers composed of a mixture of lipids.

Given that the lipid content of vegetable oils and fats are composed of a mixture of alkyl chain
lengths and unsaturated double bonds, the derived biodiesel is also a mixture of esters (Figure 4).
This makes it difficult to define the fuel properties of biodiesel precisely. The elements of
unsaturation in the lipid profile have been shown to correlate with the cetane number and cloud
point (CP) of biodiesel.*® This adds a complication when evaluating new lipid derived fuels in
comparison to biodiesel. For this reason, the new fuels described in this paper are derived from the
same batch of B100 biodiesel, as described in the methods section, to achieve a fixed lipid
composition. In this way, a comparison of the fuel properties is limited to the difference in the

terminal functional group, and not the lipid profile.
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Figure 5. Fatty Alkyl Ether (FAE) derivatives evaluated for fuel properties: (A) Derived Cetane
Number (DCN), (B) Lower Heating Value (LHV), (C) Cloud Point (CP), and (D) reduction in
YSI/MJ compared to diesel fuel. All FAEs show a significant improvement as compared to a
FAME control in every property except YSI/MJ, where a nominal improvement was measured but
is within the higher uncertainty of that measurement. Increasing carbon chain length improved

DCN, LHV, and CP, while increased branching lowered DCN, but improved LHV and CP. Error
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bars in A-C represent established repeatability of the results as defined by the corresponding

ASTM method. Error for (D) is discussed in the methods section.

As a general trend, increasing the length of the alkyl chain improves all the properties investigated,
while increased branching increases energy density and lowers cloud point (CP) but decreases
cetane number and increases YSI (Figure 5). While FAE 2-5 had DCN values outside the
calibration range for the method, the variation in ignition delay (ID) times suggests there is a
significant difference between their autoignition tendencies (Table S1). An interesting
phenomenon was observed within the series FAE 1-3. In this series, increasing the length of the

short straight chained alkyl group decreases the YSI per kg of fuel by a small margin.

When evaluating the branched compounds FAE 4 and 5, a gain in DCN, LHV and cloud point is
achieved over the linear congeners. The improvement is most evident when comparing the four
carbon isomers FAE 3 and FAE 4, which show that a single element of branching on the alkyl
group can provide a AT of -9 °C. It is notable that all of the FAE compounds offer an
improvement over FAME in DCN but the greatest benefit is seen in FAE 5 with a DCN = 104.4,

a significant improvement over the FAME control fuel.

While cloud point is a well-established metric for evaluating the cold flow-properties of diesel
fuels, pour point (PP) and cold filter plug point (CFPP) are two other properties that are also
important to consider. Comparison of the three different cold flow properties between methyl ether
FAE 1 and isoamyl ether FAE 5 highlight some differences between the types of cold flow (Figure
6). While in each case the measured value of FAE 5 was lower than that of FAE 1, the level of
improvement varied across the different tests. The improvement in PP was not outside the

repeatability of measurement, while both CP and CFPP saw significant improvements. Of all the

16



cold flow properties, the CFPP was improved the most from FAE 1 to FAE 5§, with a decrease of
6 °C observed. This is an important result because some analyses suggest that CFPP may be the
most critical property for engine performance.*’ This indicates that FAEs may have even better

cold flow improvements compared to biodiesel than is suggested from the cloud point data in

Figure 5.
FAE-1 FAE-4
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Figure 6. Complete cold flow comparison between methyl ether and isoamyl ether. B100 methyl
ether has a non-significant improvement in PP, but significantly improved CP and CFPP. Error

bars represent the stated repeatability of the measurements outlined in the ASTM methods.

CONCLUSIONS

In this study, a survey of molecules derived from lipids with various terminal functional groups
was conducted that established a beneficial improvement on combustion fuel properties with alkyl
ether congeners over acetate, alcohol and ester. After an initial survey of various terminal
functional groups derived from fatty acids as compression ignition engines fuels, it was evident

that alkyl ethers possessed benefits over esters and alcohols in all fuel property categories. Within
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the initial series of varying terminal groups, an interesting sooting phenomenon was observed
where an ether, which contains less oxygen than an acetate congener, emits less soot on a per mass
basis - a reversal in a common trend due to the intramolecular nature of the mechanism on soot
formation. A further investigation into fatty alkyl ethers regarding the effect of chain length and
branching of the alkyl group was carried out which revealed that increasing the carbon chain
generally improved all properties investigated, while branching led to significant improvements in
cold flow, minor improvements in energy density, and slightly worse performance in cetane
number and sooting tendency. All fatty alkyl ethers investigated showed improvements in DCN,
LHV, sooting and cold flow as compared to a FAME (B100) control fuel. These results
demonstrate the potential for fatty alkyl ethers for use as all-weather fuels, while also reducing
soot emissions and increasing engine performance and fuel economy as compared to traditional
biodiesel. Future work should focus on synthesis of FAEs directly from triglycerides or fatty acids,
utilizing chemistries compatible with large scale industrial operations to match the scale of fuel

production.
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