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Table 2. Fresh, spent, and regenerated ZrO, catalyst material properties used for 100 h of continuous time on stream ketonization of

the C¢/Cg VFA sample (Fig. 2)

ZrO, catalyst sample Surface area (m%g)

Pore volume (mL/g)

Total acidity (umol/g) Carbon content (wt%)

Fresh 51.3 0.29
100 h spent 47.6 0.27
Regenerated 48.4 0.30

246 NA
ND 1.8
233 0.0

NA: not applicable for fresh catalyst. ND: not determined due to carbon laydown that interferes with measurement.

limits blending to 10 vol%, additional testing determined that the
20 vol% blend still met flashpoint criteria (SI Appendix, Tables S8
and S9).

Aldol Condensation VFA-SAF. Highly branched isoparaffins pro-
duced from Aldol Condensation VFA-SAF were then evaluated
for their neat and blended Tier a and Tier p fuel properties.
Batch aldol condensation reactions were performed with the <Cg
ketones derived from the C,/Cq VFA sample. Ketones <Cg were
initially separated by fractional distillation and condensed in a
batch reactor. The ketones were prepared at 20 wt% in decane as
an appropriate boiling point solvent that also facilitated tracking
ketone conversion by GC. Nb,Os powder catalyst was selected due
to its high acidity and activity for internal ketone condensation.
Recent work has shown internal ketones are an order of magnitude
less reactive than terminal ketones and require highly acidic metal
oxides (25, 52). Single-pass ketone conversion to enones was de-
pendent on molecular structure, varying between 12 and 100% (S1
Appendix, Table S10). Ketone condensation can also form cyclic and
aromatic trimers, with the mechanism reviewed elsewhere (53).
Carbon loss to gas-phase products was insignificant, with liquid mass
balance closure >90% after catalyst filtration. Previous efforts have
demonstrated the regenerability of Nb,Os for 4-heptanone con-
densation and recycle of solvent and unreacted ketone (25), with
further work needed to evaluate continuous reactor configurations
and compatible solvent formulations. Enone products were re-
covered by distillation and processed neat over the same 3 wt%
Pt/Al,O; hydrodeoxygenation catalyst (SI Appendix, Fig. S10).
The recovered hydrocarbon phase was used for testing without
further workup.

The neat Aldol Condensation VFA-SAF showed a higher aver-
age carbon number of 13.8 due to the coupling step that converts Cs
to C; ketones into predominantly Cy, to Cy4 enones (Fig. 4D). The
sample contained 76% isoparaffins, with 13% normal paraffins, 9%
monocycloparaffins, and 1% aromatics, with ring structures likely
due to trimer formation during ketone condensation (38, 53, 54).
The relatively low percentage of <C10 hydrocarbons resulted in a
higher flash point of 62 °C compared to Jet A, while the high degree
of branching resulted in a freezing point of —53 °C comparable to
Jet A, despite the higher average carbon number. However, the
isoparaffin branching resulted in low temperature viscosity
at —40 °C being out of spec (24 cSt, spec max 12 cSt), with a
strong temperature dependence relative to the Fast Track VFA-
SAF and Jet A (SI Appendix, Fig. S11). Future work may address
this limitation by fractionating >C,7 hydrocarbons for renewable
diesel fuel applications. It is worth noting that the neat Aldol
Condensation VFA sample displays advantageous diesel fuel
properties (55) with an exceptionally high cetane number of 73
and energy density of 44.41 MJ/kg, similar to HEFA diesel (S
Appendix, Table S11). This may provide process flexibility for
VFA biofuels based on fuel market demand.

Fuel property tests (Table 3) determined an upper blend limit
of 30 vol% for Aldol Condensation VFA-SAF, with viscosity
at —40 °C as the limiting fuel property. The higher carbon
number distribution increased the boiling point distribution upon
blending with Jet A, while the blend’s flashpoint of 53 °C was
within the typical range of fossil jet. Freezing point was modestly
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improved to —53 °C, while specific energy density increased to
43.4 MJ/kg that was above the typical range of fossil jet. Nor-
malized sooting concentration of the 30 vol% blend was reduced
by 15% relative to fossil Jet A.

Coblending VFA-SAF. Synergistic blending was then evaluated by
combining Fast Track and Aldol Condensation VFA-SAF due to
their complementary limiting fuel properties. Samples were
produced from the same C,/Cs VFA starting material using
ketones >Cg for Fast Track and ketones <Cg for Aldol Con-
densation. Since flashpoint is typically dictated by the lowest
boiling components in the mixture, a 20 vol% blend limit was
maintained for Fast Track VFA-SAF (SI Appendix, Tables S8
and S9). In contrast, viscosity is a function of the overall hy-
drocarbon mixture composition; therefore, it was reasoned that
the low-viscosity Fast Track normal paraffins would offset the
high-viscosity Aldol Condensation isoparaffins.

As shown in Fig. 4 G-I, coblending normal 20 vol% Fast Track
VFA-SAF increased the blend limit of Aldol Condensation
VFA-SAF from 30 vol% to 50 vol%, resulting in an overall VFA-
SAF content of 70 vol%. Fuel property measurements (Table 3)
determined the 70 vol% blend displayed a reduced freezing point
of —61 °C and significantly increased energy density of 43.7 MJ/kg,
well above the typical range for fossil jet. The high energy density
of neat C4/Cq Fast Track and C,/Cg Aldol Condensation VFA-
SAF, at 44.49 and 44.1 MJ/kg, respectively, is comparable to
HEFA SAF, Fischer Tropsch SPK, and alcohol-to-jet (SI Appen-
dix, Table S7) (56, 57). The high energy density can provide pe-
troleum refiners with the ability to blend VFA-SAF into lower
energy density distillates, potentially motivating adoption. Nor-
malized soot concentration also decreased by 34% upon blending,
consistent with the blend’s reduced aromatic content of 5.8%.
Although the accepted low limit for aromatic compounds is 8%, a
recent study indicates that cycloalkanes can replace aromatics in
terms of volume swell. The combination of 5.8% aromatic and
16% cycloparaffins may be sufficient to remain above the mini-
mum currently required for polymer seal swell (58), although
further work is needed to test VFA-SAF. Cetane number of the
blend increased well above the range of conventional jet fuel (CN
of 64), while surface tension decreased below the typical range.
The latter may have positive implications on ignition quality due
to improved (decreased droplet size) fuel spray properties (59).

Techno-Economic Analysis. Preliminary techno-economic analysis
identified the catalytic process cost drivers to guide future
research for VFA-SAF upgrading. The Fast Track VFA-SAF
pathway was chosen due to the higher technology and fuel read-
iness level relative to the Aldol Condensation pathway, since the
former employs catalytic packed bed reactors for both ketoniza-
tion and hydrodeoxygenation. Previous techno-economic analysis
work on the aldol condensation pathway can be found elsewhere
which focuses on butyric acid from corn stover hydrolysate sugar
fermentation (60). The baseline process model scenario (Fig. 54)
considered the upgrading process in isolation and utilized a VFA
profile corresponding to the C4/Cs sample as the starting feed-
stock (carbon distribution in SI Appendix, Table S3), as shorter
chain VFAs are currently accessible from a wider array of waste
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first row shows Fast Track VFA-SAF blend produced from the C¢/Cg VFA sample (A) neat carbon distribution, (B) 10 vol% blend fuel properties (c = surface
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shown for all three of its panels (G-/). The gray region represents the range of conventional fuels, namely, POSFs 10325, 10264, and 10289. The red regions
represent out-of-specification ranges. The carbon distribution for representative fossil jet POSF 10325 is tabulated in S/ Appendix, Table S6, with fuel
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Table 3. Measured fuel properties for the 10 vol% Fast Track VFA-SAF blend produced from the C4/Cg VFA sample, 30 vol% Aldol
Condensation VFA-SAF blend produced from the C4/Cs VFA sample, and 20%/50% Fast Track/Aldol Condensation VFA-SAF blend

produced from the C,/Cg sample

Blend criteria Jet A POSF 10% Cg/Cg Fast track 30% C4/Cg Aldol cond. 70% coblending

Fuel property (D7566 Table 1) 10325 VFA-SAF VFA-SAF VFA-SAF*
VFA sample NA NA Ce/Cs C4/Cq C4/Cg
Acidity (mg KOH/qg) Max 0.10 0.005 0.02 ND 0.10
Aromatics (%) Max 25 18 16.2 12.9 5.8
Sulfur (ppm) Max 3 421 ND ND ND
T10 Max 205 177 175 184 189
T50 Report 205 206 212 213
T90 Report 245 243 251 254
T100 Max 300 271 270 289 277
Flash point (°C) Min 38 48 48 53 39
Density, 15 °C (kg/m>) 775-840 802 798 796 776
Freeze point (°C) Max —40 —-52 —47 -53 —61
Viscosity, —20 °C (mm?/s) Max 8.0 47 4.4 5.2 46
Viscosity, —40 °C (mm?/s) Max 12 9.6 8.9 115 10.0
Surface tension, 22 °C (mN/m) NA 24.8 25.8 25.8 24.2
nHOC (MJ/kg) Min 42.8 43.0 43.2 43.4 43.7
Indicated cetane number NA 48 52 ND 64
Normalized soot concentration NA 1 0.94 0.85 0.66

Values are provided for D7566 specs and fossil Jet A. Volume percent closure for blends is with fossil Jet A. ND: not determined experimentally due to
volume limitations. Italics indicate estimation based on neat measurement. NA: not applicable. Max: maximum. Min: minimum.

*20%/50% C,/Cs Fast Track/Aldol Condensation VFA-SAF Blend in Jet A.

feedstocks and microbial consortia (22, 61, 62). Consistent with
the VFA samples evaluated in this work, VFAs were assumed
to be recovered neat from fermentation media in their nonsalt
form with no additional pretreatment steps required. The VFA
upgrading plant scale was based on an assumed food waste
availability of 225 wet tons per day and a yield of 0.45 kg VFA/kg
dry food waste. VFA ketonization yields were based on experi-
mental results with the full suite of ketones sent for hydro-
deoxygenation. Ketones <C; were converted to naphtha suitable
for gasoline applications. This resulted in a VFA catalytic upgrading
plant capacity of 2.17 MGPY of VFA yielding 1.63 MGPY of liquid
hydrocarbon biofuel (gasoline gallon equivalent energy basis).
Further information on the techno-economic model and as-
sumptions can be found in SI Appendix.

The carbon yield of VFA to fuel for the upgrading process was
85%, with 46% carbon yield to SAF and 39% to naphtha; carbon
losses are attributed to the CO, produced in the ketonization
reactions and ketones lost with the aqueous phase during sepa-
ration. This compares favorably to the estimated HEFA-SAF
carbon yield with lipids to fuel of ~89% (34% SAF, 50% re-
newable diesel, and 5% naphtha) (11). Conversely, the upstream
yield of 0.45 kg VFA/kg dry food waste corresponded to an es-
timated carbon yield of 56%. The higher yield losses observed in
the upstream food waste conversion process are mainly attrib-
uted to the CO, and digestate resulting from anaerobic diges-
tion. Considering the full process of food waste to fuel, an overall
carbon yield of 48% was observed, with VFA-SAF and naphtha
carbon yields of 26% and 22%, respectively. Further work is
needed to evaluate overall process yields with additional wet
waste feedstocks (e.g., manure and wastewater sludge).

With VFA production still in the early stages of development
and commercialization, the cost of VFA biofuel was evaluated as
a function of VFA selling price (Fig. 5B). VFA production costs
are highly dependent on variables such as the food waste com-
position, anaerobic digestion process parameters, separation
technology, and potential to sell a portion of VFAs into chemical
markets. Research is ongoing to advance upstream VFA fer-
mentation and separation technology to reduce process costs and
enable the use of diverse wet waste feedstocks (14, 22, 29-31);
therefore, techno-economic analysis of upstream VFA production
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costs was deemed to be outside the scope of this work. At a jet
fuel selling price of $2.50/gallon without carbon intensity re-
duction credits, profitable VFA-SAF production can be realized
at a maximum VFA feedstock production cost $1.08/gallon
($0.30/kg). This price point for VFA is comparable to recent
lignocellulosic sugar production cost estimates from mixed
feedstocks that range from $0.36 to 0.50/kg (61). Recent work
has estimated that VFAs could be produced from brown algae
via anaerobic digestion and membrane distillation at a cost of
$0.38/kg (63). Current market prices of VFAs vary by chain
length and can range from $0.40 to 2.50/kg (22); however, it
should be emphasized that these market prices are based on
current (largely fossil-based) production methods for individual
VFAs and do not necessarily relate to production cost of mixed
VFAs from a feedstock such as food waste.

Single-point sensitivity analysis was then performed on the
selected downstream catalytic conversion parameters (Fig. 5C).
The VFA upgrading process is largely a capital-driven process,
with a capital intensity of $5.40 per gasoline gallon equivalent
(GGE) of annual plant capacity. Capital estimates done here are
a feasibility-level estimate and may vary significantly from actual
capital expenditures. To account for this, a contingency of +50%
is applied to the overall installed plant costs. Separately, the same
factor is applied to the ketonization and hydrodeoxygenation re-
actors individually, given that they are the largest equipment cost
drivers. A 50% increase in the overall capital costs increases the
minimum fuel selling price by 14%, and similar changes to the
ketonization and HDO reactor costs results in minimum fuel
selling price increases of 5% and 3%, respectively. The sensitivity
to income tax rate was also considered, demonstrating a rate of
35% (corresponding to the US corporate tax rate prior to 2018)
only resulted in a 2% increase in minimum fuel selling price
compared to the base case tax rate of 21%.

The relatively low catalyst requirements of both reactors
resulted in the maximum VFA production cost being rather in-
variant to large changes (+50%) in weight hourly space velocity
and single-purchase catalyst material costs. Selectivity through
each reaction was shown to have a strong impact when nontarget
products were sent to the steam boiler for heat recovery, rather
than contributing to biofuel. The high single-purchase cost of the
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Fig. 5. Techno-economic analysis of VFA-SAF Fast Track process. (A) Sim-
plified process flow diagram for the downstream catalytic Fast Track VFA-
SAF production via ketonization (KET) and hydrodeoxygenation (HDO), with
light <C; ketones being converted to naphtha. (B) VFA biofuel minimum fuel
selling price as a function of VFA production cost and assumed LCFS credit of
$3.71/gallon. (C) Sensitivity analysis of major downstream catalytic process
parameters for VFA biofuel production.
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3 wt% Pt/AlL,O; ($1436/kg) had a measurable effect when con-
sidering a material lifetime on the order of months, even when
accounting for metal reclamation savings. However, at the base
case assumed lifetime of 2 y, impacts of the catalyst cost were
minimal. Alternative, low-cost (<$50/kg) HDO catalysts such as
those based on Ni or Co have been demonstrated (64); however,
we estimate that the impact of switching to one of these base-
metal catalysts is on the order of one cent per gallon of VFA with
a lifetime of 2 y. As noted above, future studies will evaluate
VFA clean-up strategies to further reduce sulfur and other im-
purities as well as the use of nonprecious catalysts (65-67). The
cost of the ZrO, ketonization catalyst was estimated at $50/kg
(68); therefore, even reducing the ketonization catalyst lifetime
to 3 mo maintained VFA production costs within 1% of the
baseline scenario. This highlights the importance of focusing on
catalyst selectivity and, in the case of HDO, lifetime, rather than
further optimizing parameters such as weight hourly space
velocity.

Life Cycle Analysis. The carbon intensity of the VFA-SAF Fast
Track process was then evaluated using life cycle analysis. Up-
stream VFA production and recovery flow rates for life cycle
inventory were based on technical consultation with Earth En-
ergy Renewables for this early-stage technology. VFA fermen-
tation and recovery is an emerging technology area, with process
flow streams anticipated to vary based on the upstream process
technology configuration, waste feedstock composition, technology
readiness level, and scale of implementation. VFA catalytic upgrad-
ing parameters were based on this study’s process model.

The carbon intensity for VFA-SAF was largely driven by
avoided methane emissions associated with food waste, with a
breakdown of associated CO, emissions and credits shown in S/
Appendix, Fig. S12. Diverting food waste from landfills resulted
in negative carbon emissions by avoiding methane release
(—154 g CO,eq/MJ), while VFA production and VFA catalytic
upgrading accounted for 84 g CO,eq/MJ and 15 g CO,eq/MJ in
emissions, respectively. This resulted in an overall carbon foot-
print for Fast Track VFA-SAF of —55 g CO,eq/MJ, which is
165% lower than fossil jet fuel (85 g CO,eq/MJ). Biogenic CO,
emitted from VFA-SAF combustion was accounted for as a
credit per life cycle analysis convention (69).

Using California’s LCFS credit calculator for renewable die-
sel, the carbon intensity reduction would provide a credit of
$3.71/gallon (70). Assuming the target VFA-SAF minimum full
selling price remains fixed at $2.50/gallon, this credit would allow
VFA production costs to be no more than $0.71/kg (Fig. 5B).
Renewable Identification Number credits under the US Envi-
ronmental Protection Agency (EPA) Renewable Fuel Standard
would offer additional economic incentives (71). If the 70%
blend limit for VFA-SAF can be achieved with comparable life
cycle inputs, the 165% reduction in lifecycle greenhouse gas
emissions would provide a path toward net zero jet fuel.

While this preliminary analysis suggests the potential for sig-
nificant greenhouse gas savings with VFA-SAF, it should be
noted that baseline practices for wet waste management will
continue to evolve, as will VFA-SAF technology. New legislation
in California recently mandated a 75% reduction of landfill or-
ganics from 2014 levels by 2025 using alternative disposal practices
such as composting and anaerobic digestion (72). Eliminating the
avoided methane credit would lead to a carbon intensity in-
crease by 16% compared to fossil jet fuel based on the parameters
used for this analysis. Widespread changes to landfill organic waste
management would impact the baseline for avoided landfill meth-
ane emission credits evaluated here and motivate VFA production
from additional wet waste feedstocks including manure, wastewater
sludge, algae, and lignocellulosic biomass (14, 22). In addition,
advancements in renewable electricity and green hydrogen pro-
duction stand to reduce the overall carbon footprint of upstream
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and downstream VFA-SAF unit operations. Significant potential
also exists for carbon sequestration through the land application of
biosolids produced during VFA fermentation (73), which was
beyond the scope of this study. As such, several long-term op-
portunities exist to advance VAF-SAF toward net-zero emissions
as the technology develops with cost and carbon footprint targets
in mind.

Conclusion

This work demonstrates the conversion of food waste—derived
VFAs into SAF consisting of normal paraffins suitable for
ASTM Fast Track qualification at 10 vol% blends, as well as
highly branched isoparaffins produced via aldol condensation
that can offer increased blending while maintaining ASTM fuel
property specs. Statistical distribution models for VFA ketoni-
zation identified the VFA carbon chain length distributions
suitable for each SAF upgrading pathway with stable ketoniza-
tion catalyst time on stream performance observed for >100 h
and minimal biogenic impurities in the final hydrocarbon fuel.
Fuel property testing of the normal paraffin Fast Track VFA-
SAF determined that flash point is the limiting fuel property,
with a 20 vol% blend limit. Conversely, low-temperature vis-
cosity was the limiting fuel property with Aldol Condensation
VFA-SAF, with a 30 vol% blend limit. Due to their comple-
mentary fuel property limitations, synergistic blending was ob-
served when combining Fast Track and Aldol Condensation of
VFA-SAF to increase the overall blend limit to 70 vol%.
Techno-economic analysis for VFA catalyst upgrading deter-
mined VFAs can be produced at $0.30/kg to achieve a Fast Track
minimum fuel selling price of $2.50/gallon. Due to the potential
for significant avoided methane emissions when diverting food
waste from landfills for VFA production, life cycle analysis de-
termined that VFA-SAF has potential to provide up to 165%
reduction in greenhouse gas emissions relative to fossil jet fuel.

Materials and Methods

A brief description of the materials and methods is provided here, with
additional details found in S/ Appendix.

VFA Feedstock. \VFA samples were provided by Earth Energy Renewables in
their neat form following anaerobic digestion of food waste and recovery
from fermentation media. Inorganic impurities were measured using in-
ductively coupled plasma mass spectroscopy. Model VFAs for ketonization
catalyst stability testing were obtained from Sigma-Aldrich.

Ketonization Kinetic Model. A simplified kinetic model was used to predict
ketone profiles at 100% conversion of VFAs. Equations were solved using
MATLAB software.

Catalytic Upgrading. VFAs were catalytically upgraded via ketonization over
ZrO; in a custom-built flow reactor that was outfitted with an online NDIR
detector. Spinning band distillation was performed to separate ketones >Cg
from those <C;. Aldol condensation was performed on ketones <C; using a
glass Dean-Stark reactor system with Nb,Os. Solvent and unreacted ketones
were removed from the resulting enones by spinning band distillation.
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