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Lignocellulosic biomass offers a renewable carbon source which
can be anaerobically digested to produce short-chain carboxylic
acids. Here, we assess fuel properties of oxygenates accessible
from catalytic upgrading of these acids a priori for their potential
to serve as diesel bioblendstocks. Ethers derived from C2 and C4

carboxylic acids are identified as advantaged fuel candidates with
significantly improved ignition quality (>56% cetane number in-
crease) and reduced sooting (>86% yield sooting index reduction)
when compared to commercial petrodiesel. The prescreening
process informed conversion pathway selection toward a C11

branched ether, 4-butoxyheptane, which showed promise for
fuel performance and health- and safety-related attributes. A
continuous, solvent-free production process was then developed
using metal oxide acidic catalysts to provide improved thermal
stability, water tolerance, and yields. Liter-scale production of 4-
butoxyheptane enabled fuel property testing to confirm predicted
fuel properties, while incorporation into petrodiesel at 20 vol %
demonstrated 10% improvement in ignition quality and 20% re-
duction in intrinsic sooting tendency. Storage stability of the pure
bioblendstock and 20 vol % blend was confirmed with a common
fuel antioxidant, as was compatibility with elastomeric components
within existing engine and fueling infrastructure. Technoeconomic
analysis of the conversion process identified major cost drivers
to guide further research and development. Life-cycle analysis de-
termined the potential to reduce greenhouse gas emissions by
50 to 271% relative to petrodiesel, depending on treatment of
coproducts.

biooxygenate | biofuel | solvent-free | technoeconomic analysis |
life-cycle analysis

There is an increasing need to replace fossil fuels with re-
newable carbon, particularly for diesel as the demand for

medium- and heavy-duty vehicles grows despite electrification
(1–3). Oxygenate blendstocks derived from biomass can provide
advantaged diesel properties compared to hydrocarbons, often
serving to reduce CO, CO2, and NOx production (4). Traditional
fatty-acid methyl ester (FAME) biodiesel is derived from fats
and vegetable oils—feedstocks that are not available at the scale
of lignocellulosic biomass. FAME biodiesel has been shown to
reduce emissions and increase ignition quality relative to petro-
diesel (5) and exhibits only slightly lower energy density than
petrodiesel, but presents blending limitations due to its high
cloud point and other property differences from conventional
diesel (6). However, many bioderived oxygenate blendstocks
present even greater challenges from a fuel property standpoint.
For example, blending ethanol and other short-chain alcohols
into diesel can require emulsifying additives, significantly reduce
energy density, and reduce flash point into an unsafe range for
fuel handling and storage (7).
The exploration of ethers as diesel candidates is more recent,

with recognition of the emissions reduction potential in com-

pression ignition engines and advantaged ignition quality. Their
novelty necessitates attention to health and safety risks within
the diesel fueling infrastructure. For example, recent work has
shown that blending diesel with oxymethylene ethers (OMEs)
exhibits nonlinear reduction in sooting with a 50% decrease
upon 20 vol % blending (8). However, OMEs have low energy
density (∼20 MJ/kg) and exhibit high water solubility. The wet
environment inherent to the diesel distribution system poses the
risk of extracting water-soluble oxygenates and contaminating
ground water in the event of a leak (9, 10). A number of ethers
and acetals have been explored as diesel blendstocks, with some
lacking clear production pathways from lignocellulosic biomass
(11–15) and others displaying promising fuel properties that
require further work to confirm storage stability and polymer
compatibility (16). As such, there is need for high-performance
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ether bioblendstocks which are safe and drop-in-compatible with
existing diesel infrastructure.
In this work, we apply a “fuel-property-first” approach to

identify advantaged oxygenate diesel blendstocks derived from
biomass. Oxygenates are the focus of this work due to their
potential advantaged autoignition and sooting properties, as well
as retention of oxygen inherent to biomass. In recent work (17),
we demonstrated this approach by evaluating hydrocarbon
products derived from upgrading lignocellulose-derived anaero-
bic acids. Specifically, we looked at short-chain (C2/C4) carbox-
ylic acids produced from fermentation of lignocellulosic sugars
using Clostridium butyricum (18). Carboxylic acids, which can be
derived from low-cost waste biomass (19, 20), cannot be used
directly as fuel due to their corrosive nature and poor fuel
properties. However, catalytic upgrading can produce a range of
products that span many chemical families (Fig. 1). While synthesis
and fuel property testing of each compound is an option to evaluate

merit as a diesel blendstock, the diversity of products begs a more
efficient and rational approach. By predicting fuel properties of
accessible products a priori, we aim to accelerate the development
and commercial implementation of high-performance biofuels.
To this end, this work demonstrates an approach to identifying

fuel property advantages and derisking the implementation of
anaerobic acid-derived ether as a diesel blendstock (Fig. 2).
Initially, we computationally screen the fuel properties of target
oxygenates to address health- and safety-related aspects such as
flash point (Tflash) (21, 22), biodegradation potential (23), and
toxicity/water solubility (23). Next, we consider fuel performance
properties important for market introduction, such as cetane
number (CN) (24, 25), boiling point (Tboil) or T90, viscosity, and
lower heating value (LHV) (26–28). We then evaluate the po-
tential for soot reduction with oxygenated blendstocks. Research
has shown that soot emissions are one of the primary contrib-
utors to climate change (29) and result in harmful ambient fine
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Fig. 1. Process workflow to derisk the production of novel, performance-advantaged oxygenate bioblendstocks for diesel fuel.

Fig. 2. Conversion pathways and products from the catalytic upgrading of acetic and butyric acid. A subset of products is shown here, numbered for cross-
reference (SI Appendix, Table S1 and Fig. 3), from the over 50 evaluated chemical species across seven chemical families.
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particulates (30). Previous studies have recognized the soot re-
duction potential of biofuels, but the lack of suitable prediction
tools inhibits sooting as a fuel prescreening criterion (31). Yield
sooting index (YSI) has been developed to address the need for a
laboratory-scale, low-volume sooting tendency metric (32) that
provides a good correlation with traditional soot metrics (33). To
prescreen oxygenates, we apply a group contribution model to
predict YSI as a fuel property criterion (34, 35).
Results from fuel property screening enabled the down-

selection to a promising ether diesel bioblendstock candidate.
Building on previous work that has recognized the potential
merit of bioderived ethers (36, 37), the target compound was
synthesized to validate the pathway and compare fuel property
measurements against predictions. Continuous solvent-free pro-
cess conditions were developed to enable liter-scale production,
and catalyst design was advanced to improve thermal stability and
ether productivity. Compatibility with infrastructure materials and
long-term storage stability was then evaluated to derisk deploy-
ment. Finally, preliminary technoeconomic and life-cycle analyses
were performed in the context of relevant fuel-related metrics,
identifying necessary unit operations, and process parameters with
significant market and environmental impact.

Results and Discussion
Informed Bioblendstock Selection. Computational tools and pre-
dictive models were employed to estimate fuel properties of
accessible oxygenate fuel targets derived from anaerobic acids
(38). We examined the diversity of compounds accessible from
acetic and butyric acid (Fig. 1) to demonstrate the utility of a
priori screening for bioblendstock candidates. The conversion
pathways were mapped and included carboxylic acid reduction to
alcohols (39, 40), carboxylic acid ketonization (41, 42), carboxylic
acid and alcohol esterification (43–46), ketone reduction to
branched alcohols (47), ketone condensation to enones, followed
by enone reduction to alcohols and hydrocarbons (18, 48, 49),
alcohol dehydrative etherification (50–53), and ketone and alcohol
reductive etherification (37, 54–61). The screened fuel properties
included viability from a health and safety perspective, perfor-
mance characteristics, and deployment feasibility (17, 38).
The advantaged ignition quality (high CN) and minimal

sooting potential (low YSI) of ethers derived from C2/C4 an-
aerobic acids was identified using this fuel-property-first ap-
proach (17). These favorable characteristics are visualized in Fig.
3, in which the predicted CN and YSI of compounds from Fig. 1
are plotted against the fuel criteria of high cetane (>40, dotted
line) and a YSI below that of a surrogate diesel (215, black icon)
(38). The high YSI of commercial diesel is a result of the aro-
matic hydrocarbon content which can range from 20 to 35 vol %
(33, 38) with aromatics typically exhibiting YSI values from 100
(benzene) to over 1,000 (62). Ethers consistently fall into the
advantaged region, whether produced from dehydrative coupling
(compounds 9 to 11) or from the reductive etherification via
ketone and alcohol coupling (compounds 15 to 20).
Due to challenges with previous oxygenate blendstocks, it was

critical to prescreen attributes which may negatively impact
health and safety. Water solubility was a concern due to the wet
fueling infrastructure of diesel and potential to contaminate
drinking water sources. Of the nine down-selected ether
compounds, those with carbon numbers 7 or greater were pre-
dicted to have water solubility below the 2 g/L limit (Fig. 4A)
(38). EPI Suite’s BIOWIN predictive tools were then used to
estimate the potential toxicity and biodegradability in the event
of environmental release (23). This technique uses quantitative
structural activity responses to estimate the molecule’s environ-
mental impact. It predicted most of the structures tend toward
biodegradation, with the exception of branched ethers and higher-
carbon enones, alcohols, and alkanes (SI Appendix, Table S1).

Flash-point criteria, a major safety requirement for fueling,
were then evaluated to meet the industry minimum of 52 °C.
Flash-point values above the minimum ensure that vapor above
the liquid is not ignitable for a given temperature. Flash point
does not blend linearly, and even low blend levels can fail
specifications. For instance, dibutyl ether (DBE) has a favorable
cetane and YSI; however, its flash point of 25 °C is well below
the cutoff. The reductive etherification route requires an addi-
tional ketonization step compared to dehydrative etherification
but provides access to higher-carbon-number, higher-flash-point
ethers (Fig. 4B). This led to identification of a high-flash-point
C11 branched ether, 4-butoxyheptane (compound 20), which was
shown to meet diesel fuel property requirements (SI Appendix,
Table S1, compound 20). The LHV was comparable (within
10%) to the range of conventional petrodiesel (40 to 46 MJ/kg),
to ensure good fuel economy; melting point (cloud point for
mixtures) was below 0 °C to facilitate efficacy in cold weather;
and the boiling point was below 338 °C to ensure evaporation
during combustion (38). Additionally, EPI Suite and EPA TEST
analytics (23) show that in the event of an accidental release,
92% of 4-butoxyheptane would partition into the air column and
7.5% would remain in the soil. Although BIOWIN models do
not agree on the potential for aerobic degradability (63), it is
unlikely that the 4-butoxyheptane will pose environmental risk
due to the low predicted water solubility, and therefore mobility
(64). This down-selected compound also has low predicted tox-
icity (acute or chronic) to humans, as well as low anticipated
marine impact with nonbioaccumulative properties (23).

Conversion Pathway Development. In order to validate predicted
fuel properties for the C11 ether, a catalytic pathway was de-
veloped with an eye toward scalability (Fig. 5A). Vapor‐phase
hydrogenation of butyric acid to l-butanol has been previously
demonstrated in high yield (>98%) using a stable Ru-Sn/ZnO
catalyst (39), and vapor-phase butyric acid ketonization to 4-
heptanone resulted in complete conversion and high selectivity
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to 4-heptanone (88%) with a commercial ZrO2 catalyst (17). The
reductive etherification pathway developed by Jadhav et al. (37)
suggested high yields of branched ethers from ketone and alco-
hol species in batch reactions. However, our specific target ether,
4-butoxyheptane, was not evaluated and continuous process
conditions were not identified.
The reductive etherification reaction between l-butanol and 4-

heptanone necessitates the use of a catalyst with acidic and me-
tallic functionality. Previous literature utilized a physical mixture
of Amberlyst-15 and 5% Pd/C with acid sites to activate the car-
bonyl group and Pd metal sites to catalyze the hydrogenolysis of
hemiacetal/acetal intermediates or hydrogenation of the enol
ether intermediate (37). At a Pd loading of 2.5 mol %, 4:1 molar
ratio of l-butanol to 4-heptanone, and a constant H2 pressure of 10
bar, Jadhav et al. (37) were able to completely convert 2-heptanone
to 25 to 50 mg of ether product. Our initial batch reactor screening
tests demonstrated conversion of 4-heptanone as high as 87% with
∼60% selectivity to the target ether at much lower Pd loading
(0.125 mol %) and 1:1 or 2:1 molar reactant equivalents (SI Ap-
pendix, Figs. S1 and S2). The lower yield of ether relative to 2-
heptanone (37) is likely a combination of lower catalyst loading,
lack of excess alcohol, and steric hinderance of 4-heptanone.
While feasible, the neat etherification reaction was limited to

lower temperatures due to instability of Amberlyst-15 above
120 °C, as is typical for resin acid catalysts which often suffer
from aqueous deactivation. To address these shortcomings,
two metal oxide acid catalysts were tested that are known to have
improved thermal and aqueous stability (65–67). Phosphated
niobic acid and zirconia catalysts (Nb2O5-PO4, ZrO2-PO4) were
synthesized (67) and compared to their nonphosphated metal oxide
counterparts. Fig. 5B demonstrates the increased temperature and
reductive etherification yields with the phosphated version of
both catalysts, in addition to retained selectivity at 190 °C.

Carbon balance results are provided in SI Appendix, Table S2
for all batch tests.
To move toward process relevance, we employed a trickle bed

flow reactor to demonstrate continuous ether production. The
proposed integrated process for upgrading butyric acid to ether
is shown in Fig. 5C. Representative time-on-stream data for re-
ductive etherification using Pd/C with Amberlyst-15 are shown in
Fig. 5D. At a flow rate of 0.20 mL/min (1.1 h−1 weight hourly
space velocity), over 700 g of target ether was produced (45%
mass yield, 70% molar selectivity) with an average 94% mass
closure at steady state. No significant carbon was lost to the gas
phase. Time-on-stream data reveal the presence of nontarget
products including 4-heptanol, heptane, and n-butyl ether (Fig.
5A), with mass yields provided in SI Appendix, Table S3. Multiple
continuous-flow reductive etherification runs demonstrated com-
parable selectivity and activity trends between runs with
Amberlyst-15 (SI Appendix, Fig. S4). Yields of the target ether and
4-heptanol consistently decreased over time, suggesting catalyst
degradation. The Nb2O5-PO4 catalyst was therefore tested
under continuous flow conditions (Fig. 5D). Improved ther-
mal stability and ether productivity was observed at 190 °C,
when compared to Amberlyst-15. The catalyst also showed
evidence of regenerability (batch demonstration, SI Appendix,
Fig. S3), an important consideration for long-term operation.
A detailed investigation of catalyst stability, regenerability,
and process integration is actively being addressed as the focus
of forthcoming work.

Advantaged Bioblendstock Evaluation. Fuel properties of 4-
butoxyheptane were then measured to validate model predic-
tions against the screening criteria (Fig. 6 and SI Appendix, Table
S4). These criteria, as well as the bulk of measured fuel property
results, were recently published by Fioroni et al. (38). Barring
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melting point (and arguably water solubility), predicted and
measured values were comparable for the fuel properties ana-
lyzed. The measured melting point was significantly lower than
its initial prediction using Joback’s group additivity method (68).
This inaccuracy is unfortunately common for melting-point es-
timations; publications typically report root-mean-square errors
around 40 °C (69). However, the Joback method’s ubiquity in
prediction software lends itself to first-pass approximation, and
the estimation of −52 °C gave us confidence that the compound
would melt below 0 °C. Similarly, the measured water solubility
was significantly lower than predicted, with the predicted value
well below the 2 g/L limit. A fragmentation-based method
which did not require measured property inputs of the mole-
cule was used to estimate water solubility, which is inherently
limited by the number of fragments covered by the model. Im-
portantly, the low water solubility of 4-butoxyheptane has favor-
able implications from a process standpoint. The self-separating
organic phase may retain polar compounds and impurities in the
aqueous layer, potentially improving ether purity. These metrics,
along with a low measured YSI of 58, comprised the preliminary
health- and safety-related verifications. Measured fuel perfor-
mance metrics included LHV and indicated CN (ICN). LHV was
within 10% of conventional diesel, meeting the criterion. Re-
markably, the measured ICN was 80, double the minimum
requirement.
The blendstock was then incorporated into either a base or

surrogate diesel fuel to determine if advantaged fuel properties
were maintained at 20 vol % blend level (38). Table 1 summa-
rizes the base diesel, blend properties, and fuel property criteria.

The cloud point of base diesel favorably decreased upon blending.
Boiling point (from thermogravimetric analysis, TGA; SI Appen-
dix, Fig. S5) also decreased; however, this change was not large
enough to reduce its flash point to below the 52-°C limit. LHV
decreased to 40 MJ/kg but remained well above the minimum
criterion. For comparison, FAME biodiesel LHVs are typically
around 37 MJ/kg and dimethyl ether ∼29 MJ/kg (70, 71). CN
(ICN) was slightly improved and observed to blend linearly be-
tween 0 and 30 vol % ether (SI Appendix, Fig. S6). The blend
showed only 4E-6 g/L extraction of the ether into water, indicating
low water solubility was maintained. Promisingly, the 20 vol %
ether blend significantly reduced YSI of the base diesel from
215 to 173 (20%). This shows the potential of ethers to improve
diesel emission properties without sacrificing performance char-
acteristics. Finally, blend viscosity (ν) was determined to be suf-
ficiently low as to not impede spray physics and subsequent fuel
utilization and sooting, but not so low as to result in fuel pump
leakage (72).

Storage Stability and Material Compatibility. Two distinct charac-
terizations were performed to evaluate the oxidation potential of
4-butoxyheptane during storage. The first utilized a rapid small-
scale oxidation test using a PetroOxy instrument to determine
induction time, which indicates the potential for fuel to oxidize
and degrade. Neat ether was found to have an induction period
of 23 min, but upon addition of 100 ppm of a common antioxi-
dant (butylated hydroxytoluene, BHT), it achieved stability
above the 60-min requirement for diesel (Table 2) (73). The sec-
ond experiment evaluated peroxide formation of the blendstock

A B

DC

Fig. 5. Catalytic reductive etherification. (A) Reaction scheme for target and nontarget compounds. (B) Batch reaction tests examining solid acid catalysts.
Reaction conditions: 9.9 g of 4-heptanone, 6.4 g of 1-butanol (1:1 molar), 0.23 g Pd/C, and 0.68 g acid catalyst, temperature as indicated, 1,000 pounds per
square inch gauge (psig), 5 h, stirred at 800 rpm in 75-mL batch reactor. (C ) Process scheme for upgrading butyric acid to ether bioblendstock. (D) Time-
on-stream performance for continuous reductive etherification. Amberlyst-15 reaction conditions: 4-heptanone and 1-butanol (1:1 molar) liquid feed at 0.20 mL/min,
8.8 g catalyst bed (6.6 g acid catalyst and 2.2 g Pd/C), H2 flow 160 standard cubic centimeters per minute (sccm) at 1,000 psig, 120 °C bed temperature. Runs with
Nb2O5-PO4 utilized a reduced catalyst bed loading with in-house-prepared catalyst. Nb2O5-PO4 reaction conditions: 4-heptanone and 1-butanol (1:1 molar) liquid
feed at 0.05 mL/min, 2 g catalyst bed (1.5 g acid catalyst and 0.5 g Pd/C), H2 flow 40 sccm at 1,000 psig, bed temperature as indicated.
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during long-term storage (74), which can indicate the potential to
form explosive peroxide crystals upon evaporation (SI Appendix,
Table S7); however, the safety considerations of the organic per-
oxides formed from this ether have yet to be evaluated. The sim-
ulated 6-mo storage experiment (Fig. 7) revealed relative instability
of 4-butoxyheptane after 2 mo compared to a baseline isoamyl
ether. However, instability of both the blendstock and diesel blend
was mitigated by addition of 100 ppm and 20 ppm BHT, re-
spectively. The mechanistic origin of instability will be explored in
upcoming work and is likely a result of the low barrier to hydrogen
abstraction from the tertiary carbon (C–H bond) next to the oxygen.
Deviating from traditional petrodiesel fuel also introduces the

risk of incompatibility with commercial engine and fueling in-
frastructure components. Especially critical are elastomeric ma-
terials used as seals and hoses, listed with applications in SI
Appendix, Table S8. Hansen solubility analysis (75) predicted a
high degree of solubility between the 4-butoxyheptane and base
diesel, suggesting potential similarities in swelling effects (SI Ap-
pendix, Table S9). Predictive polymer solubility parameters and
curves (SI Appendix, Fig. S7) further suggested polymer–ether
compatibility. In order to experimentally verify predictive results,
the target blendstock was blended with a certified number 2 diesel

(Haltermann Solutions) between 0 and 100 vol %, and then ex-
posed for 4 wk at 21 °C to critical elastomeric engine and fueling
components. The volume change after exposure is typically used
as the primary means of assessing suitability of a fuel with the
fueling component, with large swell indicating some degree of
incompatibility (76). Measured volume swell data for the elasto-
mer materials are shown in Fig. 8 after exposure to diesel and
20 vol % blend of 4-butoxyheptane in diesel (full blending results
are shown in SI Appendix, Fig. S8). Swelling behavior largely
agreed with predicted solubility data, and incorporation of 4-
butoxyheptane in diesel in almost all cases decreased the swell-
ing on all elastomers. There are two notable cases of the positive
effect of ether incorporation. First, it lowered the volume swelling
of neoprene to levels to which it becomes potentially tolerable as a
static seal (<30% swell); second, it lowered the volume swelling of
hydrogenated nitrile butadiene rubbers (HNBR) to that of a po-
tential dynamic seal (<15% swell) (77), where neither application
was possible using only diesel. The only exception to this com-
patibility improvement upon ether incorporation was with silicone
exposure, a component which is not commonly found in com-
mercial vehicle fueling infrastructures but occasionally appears in
small engine systems. In summary, incorporation of the ether as a
diesel blendstock generally decreased volume swell behavior rel-
ative to neat diesel and implies potentially improved compatibility
with these infrastructure components. While the latter requires
confirmation using mechanical testing of exposed elastomers, it
indicates the potential for improved component lifetime when
blending diesel blending with 4-butoxyheptane.

Economic Feasibility and Life-Cycle Analyses. Finally, major process
cost drivers for ether bioblendstock production from lignocellulose-
derived butyric acid were evaluated to identify critical areas for
future development. A biochemical process model described by
Davis et al. (78) was adapted and modified. A block flow diagram
of the process is shown in SI Appendix, Fig. S10. It is important to
note that the analysis assumes nth plant economics, in which sev-
eral plants using the same process technology have already been
built and are operating. This analysis does not claim that the
conceptual process design could be implemented in the short
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Fig. 6. Fuel property predictions (striped bar) are compared with measured
(38) fuel properties where available (solid bar) of the purified C11 ether
blendstock. The performance-advantaged region for each fuel property is
indicated by the arrow marked with the specific numerical criterion for diesel
blendstocks. Measured Tmelt falls below detection limit of the instrument.

Table 1. Fuel properties of the blendstock blended into a base
diesel at 20% by volume are shown against those of the base
diesel (38)

Property Base diesel* Blend† Criterion‡

Tcloud, °C −9.7 −11.4 <0
Tboil, °C

§ 333 268 <338
Tflash, °C 61 62 >52
LHV, MJ·kg−1 42.9 40 ≥36¶

ν at 40 °C, centistokes 2.66 2.12 1.9–4.1
ICN# 44.4 48.8 ≥40
Water solubility, g/L Low Lowk <2
YSI 215.1 173.1 Low

The effect of blendstock incorporation on the diesel fuel properties is
quantified, shown alongside the minimum fuel criteria. Italics indicate sur-
rogate was used in place of diesel (SI Appendix, Table S6).
*See SI Appendix, Table S5 for additive-removed diesel properties and SI
Appendix, Table S6 for surrogate diesel composition and properties.
†Twenty volume percent blend ether in base diesel.
‡All criteria were met by the blend.
§Average of multiple boiling points from TGA of diesel/ether blend (SI Appen-
dix, Fig. S5).
¶High LHV criteria of 36 MJ/kg (within 10% of the 40- to 46-MJ/kg range of
conventional diesel).
#Twenty percent blend in surrogate diesel (see SI Appendix, Fig. S6 for ICN at
other blend compositions).
kA 20 vol % blend of ether in diesel showed 4E-6 g/L extraction of the ether
into water, indicating it maintained low water solubility after blending.
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term with the specified economics. Details regarding the overall
biorefinery model are described in detail elsewhere (78).
The successful implementation of a lignocellulose biochemical

conversion process leans heavily on the inclusion of a high-value
lignin-derived coproduct (in this case, adipic acid) to overcome
high feedstock costs (78) ($78.55 per dry ton) and to reduce
greenhouse gas (GHG) emissions (79). An additional coproduct,
sodium sulfate, is recovered to partially offset costs for acid and
caustic. Adipic acid has an annual global market demand of
2.7 million tons per year (80), while sodium sulfate has an annual
demand of over 11.4 million tons per year (81). It is estimated
that lignin would be produced at over 60 million tons per year if
US mandates are met for second-generation biofuels (82). The
impact of this coproduct on the technoeconomic analysis (TEA)
can be seen in Fig. 9A, which shows lignin utilization contributing
a net $3.04 per gasoline gallon equivalent (GGE) credit toward
the minimum fuel selling price (MFSP). Similarly, if the lignin
fraction of the biomass is not valorized and instead burned for its
energy content, the estimated MFSP is $6.79 per GGE. Significant
technological barriers must be overcome to economically realize
lignin coproducts at commodity scale, with ongoing work to
evaluate alternative carbon sources and upstream process con-
figurations to generate carboxylic acids. Additional details on
adipic acid production via lignin utilization, including a mass
balance of the overall conversion, can be found in Davis et al. (78).
Due to the early stage of this technology and focus on ether

diesel blendstock production, upstream unit operations were
fixed (e.g., feedstock deconstruction, lignin valorization, biological
conversion, and acids separation) to perform a sensitivity analysis
on downstream catalytic process parameters and fuel property
impacts. Ether conversion parameters were based on current ex-
perimental data (“current case”) with an output of 31.7 million
GGE per year, as well as book-ended with an ideal “best-case”
scenario with full selectivity toward the target C11 ether and no by-
product formation. Process flow diagrams for the reaction section
(all cases) and the separation section (current case) are provided
in SI Appendix, Fig. S11, with corresponding mass flows for the
current case in SI Appendix, Table S11. These scenarios provide a
theoretical range of the MFSP, as well as insight into the impact of
conversion product distributions on MFSP.
The fuel-property-first screening approach was then used to

evaluate nontarget etherification products and their suitability in
the final blendstock. Predictions and published measurements
(Table 3) reveal that the flash points of n-heptane (−4 °C) and
DBE (25 °C) are below the minimum criterion of 52 °C. Even at
low blend levels, low-boiling components can depress flash point
of a mixture (83). Therefore, it was critical to ensure economi-
cally feasible separation. The CN of 4-hetpanone (20.7) fell be-
low the criterion of 40; however, experimental blending test at
low levels (below 30 vol %) suggests no significant impact on the
final blendstock (SI Appendix, Fig. S6).
Informed by nontarget compound fuel properties, in the current-

case analysis, unconverted reactants are recycled, nontarget
4-heptanol is retained in the blendstock, n-heptane is utilized as
gasoline blendstock based on LHV, and DBE is combusted in a
steam boiler. A cost breakdown of the full process is shown in Fig.
9A, with C11 ether production represented in the “C4 acid

upgrading” category. The downstream catalytic upgrading of
butyric acid and subsequent separations accounts for $0.49 per
GGE (16.7% of $2.94 per GGE MFSP with lignin valorization).
A sensitivity analysis of the full “current case” can be found in SI
Appendix, Fig. S12, with significant cost drivers identified within
the “C4 acid upgrading” portion.
The impact of catalyst selectivity was also of interest, as a

considerable amount of carbon is lost to DBE. In order to eval-
uate the cost impact, a “DBE-free” scenario was evaluated. The
absence of DBE avoided its difficult separation from 4-heptanone,
a result of the azeotrope formed at 0.4 mass fraction of DBE. This
improved the recovery of 4-heptanone and reduced the “current
case” by $0.14. This approaches the “best-case” scenario, which
estimates the upper bound of future process and catalyst devel-
opment. A comparison of relevant cost contributors for the three
scenarios can be visualized in Fig. 9B, which shows the potential
reduction of MFSP from $2.94 per GGE of the “current case” to
$2.56 per GGE of the “best case,” which is in part due to lower
capital and energy requirements for separation, as well as higher
carbon utilization and product LHV captured in the “carbon
utilization advantage” category (see SI Appendix, Table S16 for
cost summary of three cases).
Finally, a life-cycle analysis (LCA) of the “current case” was

performed to quantify potential reduction in GHG emissions
and fossil energy consumption from the ether blendstock pro-
duction when compared with petrodiesel. The analysis was per-
formed using the GREET 2018 model (84). Since this pathway
produces sodium sulfate and adipic acid as coproducts, a system-
level allocation methodology was used (85). This methodology
distributes the total energy and material contributions to the
process and their associated energy and emission burdens to all
products by using relative mass output ratios, market values, or
energy contents as the allocation basis. Therefore, three allocation
methods were used to capture the range of potential reductions:
mass-based, market-based, and a hybrid method which distin-
guishes between energy and nonenergy products. The results of
analysis vary greatly depending on the allocation method used to
treat these products (85). The results of these analyses can be
found in SI Appendix, Table S19, showing GHG reductions from
processes used for fossil-derived diesel production between
49.8% and 49.2% using mass- and market-based methods, re-
spectively, and 271.3% using the hybrid method. For the latter,
the total GHG emissions are −158.7 g CO2e per MJ of ether/
diesel blend produced, which is a significant decrease from the
92.6 g CO2e per MJ from fossil-derived diesel, due to significant
displacement credits from avoided emissions typical of conven-
tional adipic acid and sodium sulfate coproduct production (SI
Appendix, Table S20). Most of the emissions credits, however,
come from the conventional production of adipic acid, which is
associated with a high demand of fossil fuel energy (0.13 MJ/g)

Table 2. PetroOxy experiment stability of neat target ether,
100 ppm BHT stabilized ether, and 1,000 ppm BHT
stabilized ether

Stabilizer amount, ppm Stability, min (required: >60 min)

0 23
100 67
1,000 274
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Fig. 7. Simulated 6-mo storage test shows peroxide crystal formation of
neat ether and stabilized ether (100 ppm BHT) relative to a baseline isoamyl
ether.
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and high GHG emissions of about 12 g CO2e/g, equivalent to
290 g CO2e/MJ ether/diesel blend. This latter value corresponds
to the total credit displaced from production of fossil-derived
adipic acid. Similarly, fossil energy consumption was reduced
by 49.6% and 49.0% from petrodiesel using mass- and market-
based methods, respectively, and 217.1% using the hybrid method.
The results also show that the major contributor to the GHG
emissions is the electricity input, with around 44% of the total
GHG emissions attributed to conversion process energy require-
ments. Despite this, the LCA indicates the potential for this ether
blendstock production process to significantly reduce use of
nonrenewable energy relative to conventional processes, as well as
greatly reduce GHG emissions.

Future Research Directions. The promising fuel properties of the
ether blendstock justify additional research. The current study
utilized reagent-grade model compounds, while biomass-derived
streams will likely contain impurities such as water, nontarget
metabolites, and metals. These impurities will likely impact fuel
properties, as well as separation needs. Because impurities and
minor components may or may not be acceptable in a finished
fuel, the a priori fuel property approach can be applied to inform
process specifications, similar to that shown here. Future re-
search with biomass-derived feedstocks will need to identify in-
termediates that could prevent meeting the fuel performance,
health, and safety property criteria presented here, or cause engine
operational issues, such as high levels of ash.
Limitations of existing fuel property prediction tools for

melting point estimations and water solubility were also made
evident over the course of this work. Specifically, predictions
based on molecular structure or mechanistic behavior are needed
to reach the desired accuracy, rather than predictions based solely
on empirical data. For instance, experimental data collected on
water solubility and oxidative stability of 4-butoxyheptnae gives
cause to explore the mechanistic origins. These predictive needs
also extend to assessing properties of mixtures and elucidating
blending behaviors that do not track linearly. This is an important
addition to extend a priori assessment to include potentially
nonselective reactions or purposefully designed blends. The

limited predictive capability for novel compounds and complex
mixtures also exists in evaluation of toxicity and biodegradability,
with accuracy being reliant on availability in data training sets.
While full experimental assessment is necessary before deploy-
ment, the improved reliability of predictive tools would help re-
duce uncertainty in the initial downselection of candidate fuels.
When coupled with refined technoeconomic and life-cycle

analyses, a fuller picture of process feasibility and fuel perfor-
mance can emerge for novel oxygenate diesel blendstocks. Cost
is a critical component for bioblendstock adoption, and we chose
to initially screen blendstocks accessible from low-cost carboxylic
acids produced from anaerobic fermentation (78). Alternatively,
early-stage cost analysis tools are being developed for biobased
processes that rely on high-level correlations based on unit op-
erations and associated capital costs (86, 87). While these tools
can enable rapid screening of new conversion routes, integrated
mass and energy balance analyses are still needed to deal with
more complex unit operations (e.g., separations with recycle) to
refine cost and environmental impact assessments.
As identified in our analysis, the production of butyric acid

from lignocellulosic biomass remains a major cost barrier re-
quiring lignin valorization to coproducts. Corn stover pretreatment
and saccharification represent major process costs, in comparison
to downstream bioconversion and catalytic upgrading unit opera-
tions. To further reduce feedstock and associated capital costs,
ongoing research is evaluating the potential of wet waste for the
production of volatile fatty acids compatible with existing anaer-
obic digestion infrastructure that can undergo a similar catalytic
upgrading route (19, 88, 89). Wet waste holds promise due to the
large volumes produced, established collection infrastructure, and
associated disposal fees that can help offset conversion costs (90).
Recent analysis determined that US wet waste provides a potential
energy equivalent to displace 18% of US diesel consumption (91).
Ultimately, large enough quantities of bioblendstock will need

to be produced to allow for a more rigorous biodegradability and
toxicity evaluation, as well as testing in engine combustion and
emissions impact studies. As 4-butyoxyheptane is a new chemical,
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future manufacturers may be responsible for ensuring more
thorough compliance with various federal requirements (92, 93).
Utilization in an engine may point to the need for evaluation of
more physically based performance attributes such as fuel spray
behavior and mixing, ignition mechanism and kinetics, soot for-
mation mechanisms, and soot properties. This performance test-
ing must be accompanied by work to identify the deployment
value of advantaged bioblendstocks for diesel applications, in-
cluding the impact of reduced sooting and increased CN.

Conclusions
A promising ether diesel blendstock, 4-butoxyheptane, was iden-
tified through a predictive fuel-property-first approach to down-
select high-potential oxygenate candidates. Fuel property mea-
surements largely agreed with predictive estimations, validating
the a priori approach for advantaged diesel blendstock selection.

Incorporation of the ether blendstock into diesel demonstrated
the favorable effects of enhanced autoignition, low melting point,
and decreased sooting tendency. Assessments of safety and com-
patibility revealed the oxygenate to be low-risk in the context
of flammability, toxicity, and storage stability. The development of
a solvent-free, continuous catalytic process allowed for high-
throughput ether production with improvements in yield and
selectivity through catalyst design. Finally, technoeconomic and
life-cycle analyses identified process parameters of significant
economic and environmental impact that must be realized to reach
potential cost and GHG reduction targets.

Materials and Methods
The details behind the materials, experimental methods, and computational
methods used in this work can be found in SI Appendix, section S1, with
additional data available in SI Appendix, sections S2 and S3. All data men-
tioned in the manuscript and SI Appendixwill be made available to the readers
upon request from the corresponding author.
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