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ABSTRACT

Transitioning to alternative energy carriers is one of the primary options for reducing greenhouse gas emissions
attributable to transportation. In the US, ethanol from corn grain covers 10.5% of gasoline demand from road
transport today. Its production could be scaled-up further to also make sustainable aviation fuel. Additionally,
the biogenic CO, produced during fermentation could provide an option for carbon removal or for additional fuel
production. In this study, we investigate the economic and environmental impacts of using the CO, from ethanol
fermentation either through capturing and sequestering the CO2 (CCS) or through the production of electrofuels
(CCU), via fischer-tropsch and methanol-to-jet as conversion technologies. We find that CCS can increase the
total offset CO, by 135% compared to ethanol-to-jet plants while increasing the minimum selling price (MSP) of
the produced biofuel by 5-7%. Comparatively, there is significant variation in the results for CCU pathways,
increasing the total offset CO2 by 90 - 205%; however, the MSP of the electrofuels produced is 36 — 218% higher
than the biofuels produced. This study highlights the trade-offs between fuel carbon intensity, costs, production
volumes and output fuel mix for renewable fuel facilities, with the optimal configuration being dependent on the
project's primary objectives.

1. Introduction

In 2022 the transportation sector used 117 EJ of energy, equivalent
to 28% of global energy consumption [1]. Moreover, 23% of global
greenhouse gas (GHG) emissions can be attributed to the transportation
sector [2]. In order to address the GHG footprint of the transportation
sector, a number of jurisdictions have implemented policies to
encourage the transition to alternative energy carriers. Examples
include (i) the Inflation Reduction Act (IRA) in the United States, which
incentivizes the production of clean electricity, clean hydrogen,
second-generation biofuels, and sustainable aviation fuels (SAF) [3],
and (ii) the European Union's European Green Deal, which targets a 90%
reduction in transport emissions by 2050 [4].

Liquid hydrocarbon fuels with lower GHG life-cycle emissions are
particularly attractive for hard to abate transport modes that are reliant
on high energy density fuels. For example, the aviation sector is reliant
on jet fuel, which has an energy density of 12,000 Wh/kg, equivalent to
48 times the energy density of state-of-the-art Li-ion batteries [5].
Drop-in fuels can be used with existing fleet and infrastructure, thereby
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enabling decarbonisation options in the short- and medium-term. To
ensure safety and compatibility, such drop-in fuels must comply with the
specifications in ASTM D1655 [6] (for fossil fuels) and ASTM D7566 [7]
(for fuels containing synthesized hydrocarbons).

The potential resource availability [8-10], lifecycle environmental
impact [11-14] and costs [15-20] of such fuels, including biofuels and
electrofuels has been evaluated in the literature, finding that both bio-
fuels and electrofuels are not without their own challenges. The pro-
duction of biofuels is associated with water consumption which can be
several orders of magnitude larger than for fossil fuels, and feedstock
production which, under some circumstances, can cause significant GHG
emissions from land use change [11,21]. Furthermore, the availability of
suitable land and competition with other end use such as food, heat and
electricity will likely restrict ability of biofuels for the transportation
sector [8]. Second-generation biofuels produced from waste, residual,
and lignocellulosic feedstocks may present a path to increased biofuel
potential, but such feedstocks are often associated with high process
complexity [22,23] and are subject to availability limits [21,24].

Scaling up electrofuels production will require capital investment on
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the order of 300 — 2100 USD/kW g, [25]. This is largely driven by the
substantial electricity required for electrofuel production (2.3 — 2.8
MJelectricity’ MJsar) including electricity required for electrolysis and
process energy, the need for clean hydrogen production facilities and the
availability of sustainable carbon sources [9,25]. These resources do not
exist at sufficient scale today. More importantly, the availability of
low-cost carbon sources may further restrict electrofuel production.
Direct air capture technologies show promise as source of sustainable
CO9, however, the two technologies furthest along, liquid solvent and
solid sorbent, are still in the early stages of commercial development.
Both liquid solvent and solid sorbent processes are currently energy
intensive (4.43 - 19.79 GJ/tCO3) and expensive, with cost estimates of
168-600 $/tCO, [26,27]. Other technologies such as direct ocean cap-
ture are in early assessment phases and will require significant devel-
opment and scale up before they can be considered as a source of CO, for
electrofuel production [28-30]. The use of CO; captured from industrial
installations may be problematic in the long-term as reliance on such
emissions may result in the undesired consequence of prolonging and
possibly incentivization the continued use for fossil fuels in industries
which could be decarbonized. CO5 captured from industrial processes is
a non-Carbon dioxide removal (CDR) technology. A non-CDR prevents
the emission of additional CO; into the atmosphere, through storage or
the utilization of CO5 to produce a carbon-neutral fuel. In contrast,
biomass-based electricity production, direct air capture and direct ocean
capture can remove CO; from the atmosphere and when coupled with
storage, these technologies can be net-negative. Such net negative CDR
technologies can play an important role in achieving carbon targets as
they can offset the need for in-sector emissions reduction in hard to
abate sectors, while working toward carbon neutrality [31].

One exception to the waste gas challenge is the capture of biogenic
waste gases such as the CO, produced during fermentation of corn grain
to produce ethanol. The fermentation of corn grain produces approxi-
mately 3 kg of CO; per gallon of ethanol [32]. If captured this CO, can be
permanently stored in a geological reservoir to further reduce the carbon
intensity of the fuel produced or potentially be net negative if process
emissions can be reduced. Alternatively, it can be utilized in the pro-
duction of electrofuel to further offset fossil fuel usage in the transport
sector. In the US, the corn grain ethanol industry has significant po-
tential for biofuel production with fuel ethanol accounting for 10.5% of
motor gasoline consumed in the US in 2022 [33]. Consumption of fuel
ethanol in the US has increased from 1653 million gallon in 2000 to 14,
023 million gallons in 2022 [33]. The initial driver to scale ethanol was
to offset methyl tert-butyl ether (MTBE) as an octane enhancer and
oxygenate for gasoline [34], with continued growth sustained due to
supportive biofuels policies such as the Renewable Fuels Standard. The
scale-up of fuel ethanol production has also correlated with a decrease in
its carbon intensity, Lee et al. found that ethanol produced in 2019 had a
carbon intensity of 45 gCO2./MJ (50% from agriculture activities, 45%
from production processes, and 5% due to transport) reduced from 58
gCO2¢/MJ in 2005. This is due to increases in corn grain yield with
constant fertilizer use, increases in the ethanol yield, and a reduction in
the ethanol plant energy use [35]. In addition to the use of the waste CO2
and an alternative to gasoline blending ethanol could be upgraded to
produce distillate fuels, with the potential to offset emissions from other
sectors such as aviation [18].

This study investigates the potential of ethanol plants in the US to
reduce emissions from the transport sector, particularly focusing on
aviation. Beyond the direct production of transportation fuels, we will
assess how the CO; from corn fermentation is best used to support
decarbonisation. Two options are considered: (1) Carbon capture and
storage (CCS) case; and (2) Carbon capture and utilization (CCU) case,
considering (a) fischer-tropsch (FT) and (b) methanol-to-jet (MTJ) as
conversion technologies. We compare these pathways considering both
costs and overall emissions reduction for the transport sector. This paper
discusses how net negative CDR in ethanol production combined with
increased jet fuel use combines with utilizing the carbon for net-zero fuel
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production.

This study adds to the existing research in the field in a number of
ways. Firstly, although previous studies have assessed the potentials cost
and lifecycle emissions for waste CO2, they have focused on either
geological storage [36,37] or electrofuels production [10,38]. In this
analysis we compare the costs and total emissions reductions associate
with both pathways using a consistent modelling approach. Secondly,
although in recent literature there has been a few studies that have
assessed the technical feasibility of the MTJ conversion pathway [39,
40], this is the first analysis to investigate the costs and lifecycle
greenhouse gas (GHG) emissions associated with MTJ. Thirdly, utiliza-
tion of carbon for electrofuels production provides the opportunity to
use waste heat recovered from the exothermic FT process to reduce the
energy requirements of the ethanol plant. We will assess the potential for
waste heat integration in this analysis.

2. Methods
2.1. Case definitions

In order to assess the different storage or use cases for the waste CO,
in ethanol facilities, we assess the scenarios shown in Fig. 1. In the
baseline case ethanol is upgraded to distillate fuel and CO; is vented to
the atmosphere; in Case 1 CO; is captured and stored in a geological
reservoir; in Case 2a CO is captured and converted to distillate fuel via
FT; and in Case 2b CO; is captured and converted to fuel via the MTJ
pathway. The technical set-up for each scenario is described in detail
below.

2.1.1. Baseline case: Ethanol to jet upgrading only

The corn grain ethanol production process includes milling, lique-
faction, saccharification, fermentation, and distillation. For this anal-
ysis, we assume a dry-mill process based on work by Kwiatkowski et al.
[41], and GREET 2022 [42], as this technology is used by the majority of
ethanol plants currently in operation in the US [43]. The ethanol-to- jet
(ETJ) upgrading process outlined in Fig. 2, includes dehydration, olig-
omerization, hydrogenation and distillation. The ETJ model is adapted
from Geleynse et al. [18], it assumes the facility is set up to maximize the
production of jet range hydrocarbons, with a distillate output slate of
70% jet, 20% diesel, and 10% gasoline. It is assumed that wind elec-
tricity is used to meet the electricity demand as well as to produce green
hydrogen required for ETJ upgrading (see section 2.2 for details), while
natural gas is used to meet the heating requirements of the process.
Details of mass and energy balances for both the ethanol production and
ETJ upgrading process can be found in Table S1 in the supporting in-
formation (SI).

2.1.2. Case 1: Carbon capture and storage

The quantity of CO2 (tCO2) produced from corn grain fermentation is
calculated from Hughes et al. as follows [32]:

Equation (1): Quantity of CO5 from corn grain fermentation process.

EP x EF x CFgon

2024.62 )

CO, Fermentation =
where EP is the production capacity of the ethanol facility in liters (L),
EF is the emission factor for CO5 (Ib/L) and CFgoy is the capacity factor
of the ethanol facility. EF was assumed at 1.67 1b CO,/L based on the
Illinois State Geological Survey [44], while the CFgon was assumed to
be 97% [10]. The assumed capacity factor of 97% for ethanol plants is in
line with recent data from the U.S. Alternative fuels data center which
demonstrates a 97% capacity factor for the years 2011 to 2019 [45]. The
capacity of ethanol facilities in the US in 2021 ranged from 4 to 1420
ML, with and average capacity of 337 ML. It is assumed the fermentation
process releases a 100% pure stream of CO,, only cooling and
compression are required before the CO5 can be transported and injected



N. Keogh et al.

Biomass and Bioenergy 210 (2026) 109096

()]
= Corn to Ethanol to Distillate Fuel
o Ethanol Jet
©
m |
Co,
' Heat Integration
v (i) consumption Y (i) consumption
-— of external of external
g Storagg energy sources H, PtL — MtJ |energy sources
4| Reservoir = N - -
(&) N (ii) internal ~N (ii) internal
[0} L production and o) L production and
combustion o IStlllate Fuel combustion o
@ Distillate Fuel f @ Distillate Fuel f
O excess syngas O excess syngas

Fig. 1. Flow diagram of the cases analyzed, in all cases ethanol from corn grain fermentation is upgraded to distillate fuel. In the baseline case CO is vented to the
atmosphere, in Case 1 CO, is captured and stored in a geological reservoir. In Case 2a CO; is captured and covered to distillate fuel via the fischer tropsch process. In

Case 2b CO; is captured and converted to distillate fuel via methanol-to-jet.
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Fig. 2. Flow diagram outlining the corn grain ethanol fermentation process and ethanol to jet (ETJ) upgrading process.

into the geological storage reservoir. Given minimal processing is
required for the CO, from fermentation, we assume that all COy pro-
duced can be captured [10,32,46]. Other sources have referenced the
presence of water in the fermentation CO; stream, we therefore assume
water knockout drums present in the CO, compression train to render
further processing unnecessary [32]. The CO; is assumed to be com-
pressed to 15.3 MPa and cooled to 30 °C for it to be suitable for storage,
total energy required for cooling and compression was taken to be
113.33 kWh/tCO4 [32]. It is assumed that a pipeline will be built to

co,

transport the CO,, which is subsequently injected into a geological
storage reservoir. The Illinois Basin is estimated to have a storage ca-
pacity of 12 — 172 billion tonnes of CO; [47]. We assume this to be the
location for geological sequestration. We also assume that sequestration
is permanent and there is no leakage from the storage reservoir.

2.1.3. Case 2a: Carbon capture and utilization - Fischer Tropsch pathway
The first technology considered for fuel conversion of the COy is FT.
In this pathway, CO5 released from the fermentation process is cooled
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Fig. 3. Flow diagram outlining the Fischer Tropsch process.
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and compressed before being converted to distillate fuel (see section
2.1.1). CO5 and Hj inputs are then used to produce carbon monoxide via
the reverse water gas shift reaction (RWGS). The RWGS process requires
significant energy input as the reaction takes place at a pressure of 2.45
MPa, a high temperature of 600 °C, and is endothermic [10,48]. Syngas
(CO + Hy) is then fed into an FT synthesis unit at a CO:H2 molar ration of
1.8 [19], which is a thermocatalytic process that converts the syngas to
liquid hydrocarbon fuels. FT synthesis produces a syncrude that must be
hydrotreated to produce liquid hydrocarbon fuels. A low-temperature
FT reactor with a cobalt catalyst operating at 220 °C is modeled. The
process is outlined in Fig. 3. The output was based on the
Anderson-Schulz-Flory theory using an alpha value of 0.9, resulting in a
distillate output slate distribution of 46.5% jet, 27.8% diesel, and 25.7%
naphtha [9,19].

The heat and electricity requirements of the FT process can be met in
two ways:

(i) The first is through consumption of external energy sources. We
consider the electricity demand to be supplied by wind electricity
as a significant quantity is already being procured for on-site
hydrogen production. The heat requirement is assumed to be
met by the combustion of fossil natural gas. (Case 2a (i)).

(ii) The second option is to produce excess syngas in the RWGS
step, which can be combusted in a combined heat and power
(CHP) unit to provide the required heat and electricity (Case
2a (ii)). We note that electricity required for hydrogen pro-
duction would still be provided through electricity procured
from wind generation.

While using syngas generated internally to meet the energy
requirement can lower the CI of the fuel produced by displacing fossil
natural gas use, it comes with the trade-off of requiring a larger initial
input of CO, and Hy. Both options are considered in this analysis, for the
case of energy being supplied by external sources the FT model is
adapted from Issacs et al. [9] and Albrecht et al. [48] requiring 4.1 kg
COy/kg distillate fuel, and 0.6 kg Hy/kg distillate fuel. In the case of
producing syngas internally to meet the energy requirements the FT
model is based on Zang et al. [19] with input requirements of 6.8 kg
COo/kg distillate fuel, and 0.64 kg Ho/kg distillate fuel. See Table S2 and
S3in SI for further details.

FT synthesis is an exothermic process, releasing 13.81 MJ/kg
distillate fuel. As we assume the FT plant and the ethanol plant are co-
located this presents an opportunity for the excess heat released dur-
ing the FT synthesis to offset a portion of the low-temperature heat
demand for the corn grain ethanol fermentation process. The potential
for heat exchange is estimated by assuming a two-stage shell-and-tube
heat exchanger, which are one of the most common heat exchanger
types used in industrial applications, cater to a broad temperature range
(—200 °C, to 600+ °C,), and are available in a variety of sizes (3 to 1000
m?) [49]. The heat exchanger size was approximated using the method
proposed by Peters et al., as shown in equation (2):

Equation (2): Area required for shell and tube heat exchanger.

q
TFxUx AT,y @
where A is the area required for the shell and tube heat exchanger, q is
the heat transfer rate, F is the correction factor for multipass shell and
tube heat exchanger determined to be 0.87, U is the overall heat transfer
co-efficient equal to 425 W/m? K and AT, is the mean overall mean
temperature difference between the two streams. AT,,, can be calcu-

lated as follows:

Equation (3): Mean overall temperature difference between the two
different streams in a heat exchanger.
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ATgm o (Th.in - Tc,out) - (ThAout - Tc,in)

= 3
ln[(Th.in - Tc,out)/(Th,out - Tc.in)] ( )

where Ty, i, is the inlet temperature of the hot stream, T}, o is the outlet
temperature of the hot stream, T, ;, is the inlet temperature of the cold
stream, and T oy is the outlet temperature of the cold stream.

2.1.4. Case 2b: Carbon capture and utilization - Methanol to jet pathway

The second pathway considered for fuel conversion is MTJ (Fig. 4).
Similar to Case 2a the first processing step for the CO; is RWGS to
produce syngas. The syngas is converted to methanol via methanol
synthesis, at a CO:Hy molar ratio of 0.6 and a temperature of 300 °C and
a pressure of 5.1 MPa [50]. The methanol can be upgraded to distillate
fuels in a two-stage process.

The first step is the methanol-to-olefins reaction (MTO), which
converts methanol to light olefins (predominantly ethene and propene).
Since it was first proposed by Mobil Corporation in 1977, there has been
research on the reaction principle, use of different catalysts and process
development to commercialization [51-53]. Here we use mass and en-
ergy balances based on work by Tian et al. [52], considering a DMTO-II
process. Details are provided in the SI.

The second stage of MTJ upgrading is the olefins to jet process. Tabak
et al. [54] investigated the Mobil olefins to gasoline/diesel (MOGD)
process, a catalytic reaction designed to produce gasoline or diesel from
light olefins. Given that the hydrocarbon range for jet A falls between
gasoline and diesel, it is reasonable to assume that the MOGD process
could also be used to produce jet A. Based on Tabak et al. [54], we use
first principles to estimate the mass and energy balance of the MOGD
process assuming that it has been adapted to maximize jet A output.
Similar to Case 2a, the heat and electricity required for the MTJ pathway
are assumed to be provided either by

(i) The consumption of external energy sources
(i) The internal production and combustion of excess syngas

We consider both options in this analysis. The process input re-
quirements were determined to be 3.67 kg CO,/kg distillate fuel, and
0.51 kg Hy/kg distillate fuel for the scenario with external heat and
electricity use, and 5.18 kg CO2/kg distillate fuel, and 0.58 kg Ha/kg
distillate fuel for the scenario with excess syngas production to meet
energy requirements. The requirements to internally to meet the energy
requirements the MTJ process is adapted from models by Zang et al.
[19]. See Tables S4 and S5 in SI for further details.

2.2. Feedstock and input availability

Data from the US Energy Information Administration (EIA) showed
that there were 197 ethanol facilities in the US in 2021, producing
66,411 million liters of ethanol [55]. Assuming an average capacity
factor of 97% for ethanol plants the potential for waste biogenic CO»
from these ethanol production plants is estimated to be 50 million
tonnes [10,32]. The locations and capacities of US ethanol plants are
shown Fig. 5.

Hydrogen is the other primary input required for the production of
synthetic fuels from waste CO, (Case 2a and Case 2b). To maximize the
lifecycle GHG emissions benefit and minimize logistics costs for Hy
transportation we assume hydrogen is produced locally at the ethanol
plant using wind or solar electricity. To calculate the levelized cost of
hydrogen we adapt the model created by Abel et al. [56], assuming PEM
electrolysis. The model calculates the levelized cost of electricity (LCOE)
from wind and solar across the US at a resolution of 1 km * 1 km,
removing areas unsuitable for locating large-scale wind or solar farms
such as urban settlements, water bodies, snow and ice, forests, areas
where the slope of the terrain exceeds 20% for wind or 3% for solar.
Additionally, agricultural land is excluded for solar electricity
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Fig. 4. Flow diagram outlining the methanol synthesis process and the methanol to jet upgrading process.
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Fig. 5. Ethanol plant locations, weighted by size, vs the predicted levelized cost of hydrogen across the US in 2050.

generation. In the case of wind electricity we assume that farmers are
willing to allow the siting of wind turbines on agricultural land, as wind
turbines typically have minimal impact on surrounding agriculture ac-
tivities [57]. Electricity production from wind and solar is modeled
using data from Global Wind Atlas [58] and Global Solar Atlas [59].
These datasets provide details on the radiation data, wind speed data

WACC

CAPEX / (17<1+WAcc>w) 4 FSupq -+ OMoog + EleCenst + Haoge + NGoog

MSP =

2.3. Techno-economic assessment
The minimum selling price (MSP) of the distillate fuel produced is

calculated using a simplified approach as shown in equation (4):
Equation (4): Minimum Selling Price.

+ Chemmxt + CS&TCosL - Revco—pmduct

G

VFour

and capacity factors for PV modules and wind turbines. We combine this
data with technical and financial data from the literature on wind tur-
bines and PV modules to determine the LCOE (see SI for further details).
We find that it is more cost-effective to transport renewable electricity to
produce hydrogen on-site, thereby assuming that it is possible to get
permitting and build the required transmission lines. A cost minimiza-
tion optimization problem is solved for each ethanol plant location by
calculating the cost of hydrogen produced on-site at the ethanol plant
with the electrolyzer sized to meet the requirements of the co-located
PtL plant and electricity delivered to the plant through a dedicated
connection. The key parameters for calculating the hydrogen cost are
detailed in the SI They are set at aggressive levels of development (see SI
for discussion and sensitivity analysis). A map of the local LCOH is
included in Fig. 5. Ethanol facilities are evaluated on a basis of largest to
smallest, so resources used by larger facilities become unavailable to
smaller facilities. The LCOH at ethanol plants under 2050 assumption
ranged from 2.18 $/kg to 2.58 $/kg, this is consistent with findings from
Lane et al. [60] and Vijayakumar et al. [61].

where, CAPEX is the total capital costs, FS. is the feedstock cost,
OM,,st is the operating and maintenance costs, Eleccs is the electricity
cost, Haos is the hydrogen cost, NG is the natural gas costs, Chemcost
is the cost of chemicals (including catalysts, enzymes and yeast), VFqy is
the volume of fuel output, CS&Tcos: is the storage and transportation
cost of captured carbon, ReVeo_product iS the revenue from co-products
produces (e.g. dried distillers grain and corn oil), LT is the lifetime of
the plant and WACC is the weighted average cost of capital, calculated
from equation (5):
Equation (5): Weighted average cost of capital.

WACC=CD x DR x (1 —TR) + CE x (1 —DR) )

where, CD is the cost of debt assessed at 7.5% [62], DR is the debt ratio
assessed at 60% [63], TR is the tax rate set to 24% [63], and CE is the
cost of equity assessed at 9% [64].

The capital costs for each pathway were determined by multiplying
the required equipment cost by direct and indirect cost factors per the
method by Peters et al. [49]. All pathways are evaluated under the
assumption that they have reached high technological maturity and are
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widely available at commercial scale. For ethanol production, equip-
ment costs are taken from Kwiatkowski et al. [41], with the additional
ETJ upgrading capital costs based on Geleynse et al. [18]. The FT capital
costs are based on Albrecht et al. [48]. In the MTJ pathway the RWGS
costs are taken from Albrecht et al. [48], and the methanol synthesis
equipment costs are estimated based on Tan et al. [65]. In the MTJ
upgrading process, the methanol to olefins process is modeled using on
Onel et al. [66], while the equipment required for the oligomerization,
hydrogenation and distillation steps are assumed to be similar to the ETJ
upgrading process. The MSP is evaluated for every ethanol facility in the
US in 2022, with the equipment costs calculated relative to the size
required based on ethanol production capacity for ethanol and ETJ
equipment and CO, produced for FT and MTJ equipment. Economies of
scale are considered by using equipment-specific scale factors. All
equipment costs are adjusted to 2022 dollars using the Chemical Engi-
neering Plant Cost Index. Details of the values used for each pathway are
included in the SI.

Results from the mass and energy balances for each pathway inform
the input of operational expenditure. Electricity costs and hydrogen
costs are calculated as shown in Section 2.2. The natural gas cost is based
on the average natural gas price from 2000 to 2022 in the state the
ethanol plant is located [67]. Costs for the transportation and geological
storage of captured carbon in the CCS scenario is based on Smith et al.
[68], assuming pipeline transportation of 100 miles.

2.4. Lifecycle assessment

The LCA is conducted using the outputs from the mass and energy
balance models. The system boundary is considered to include biomass
feedstock cultivation and collection, transportation, electricity genera-
tion, feedstock-to-fuel conversion, and fuel combustion. The functional
unit for the LCA is the fuel's lower heating value (LHV) in megajoules
(MJ), with results expressed in gCO.e/MJ. Emissions values for mate-
rials and energy inputs are sourced from GREET 2022 [42]. For elec-
tricity generation the emissions associated with electricity generation
infrastructure is included. COye is calculated for non-CO- emissions
species on the basis of 100 year global warming potential from the
IPCC's Sixth Assessment Report (AR6) [24]. The energy allocation
method is used to allocate the total plant life cycle emissions among each
useful product. In the ethanol production facility emissions are allocated
between the ethanol, dried distillers gain and corn oil. In the ETJ, FT,
and MTJ process emissions are allocated among the middle distillate fuel
output products, including diesel, jet, gasoline and naphtha range fuels.

The total offset CO; is calculated following equation (6):

40 +

- Baseline case
Case 1 -
Case 2a (ETJ fuel only with heat integration)

Minimum Selling price ($/L)
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Equation (6): Total offset COqe

TOC = ZEDF X (CIFDF *CIRDF) (6)
where Epr is the energy output of the fraction of the middle distillate
fuel being considered, Clgpr is the carbon intensity of the fossil equiv-
alent of the middle distillate fuel being considered and Clgpr is the
carbon intensity of the output the middle distillate fuel being consid-
ered. In the case of ethanol production, we assume that the ethanol will
be used to offset fossil gasoline through blending. The total offset CO5 is
calculated by summing the CO; offset for each middle distillate fuel
output from the process for all ethanol plant in the US.

The carbon abatement cost (CAC) highlights the pathways that are
most effective at reducing emissions at the lowest cost. The CAC is
calculated from equation (7):

Equation (7): Carbon abatement cost

Z (VFF,Ren X MSPF,Ren) - ZF (VFFfossil X MSPFfossil)
CAC=-"
TOCy

()

where VF is the volume of fuel, MSP is the minimum selling price, F is
the set of fuels produced and replaced, Ren specifies the renewable fuels
produced, and fossil specifies the fossil fuels replaced.

3. Results
3.1. Minimum selling price

Fig. 6 shows the MSP of biofuel produced in the baseline case ETJ
facility ranges between 1.00 and 1.26 $/L dependent on plant size. An
increase to 1.06 — 1.33 $/L is observed in Case 1 when the ETJ plant is
integrated with CCS, due to the additional cost associated with capture
and storage of CO,. We find a minor decrease 0.97 — 1.22 $/L for Case 2a
when heat integration between the FT and ethanol plants is included. In
comparison, Tao et al. found a corn grain ETJ fuel cost of 1.11 $/L [69],
and Staples et al. found a corn grain ETJ fuel cost range of to 0.84 — 3.65
$/L [70], showing that our results are within the range of estimates in
recent literature. It is also evident that the plant capacity has a minimal
influence on the MSP of ethanol produced, due to capital costs being
relatively low in comparison to the feedstock costs.

In Case 2a, and 2b the MSP is 36% — 219% higher for electrofuels
produced via the FT and MTJ pathways than the MSP of biofuels pro-
duced in the corn grain ETJ pathway. Additionally, the plant capacity
has a significant impact on the MSP of electrofuels, with a range of 1.59 —

- Case Za(i) (FT fuel only, without syngas utilization)

Case 2a(ii) (FT fuel only, with syngas utilization)
Case 2b(i) (MT]J fuel only, without syngas utilization)

Case 2b(ii) (MTIJ fuel only, with syngas utilization)

] 50

100

150 200 250 300 350 400 450 500

550 600 650 700 750 BOO  B50 SO0

Facility Fuel Production (ML/yr)

Fig. 6. Minimum selling price for distillate fuel produced for the scenarios investigated in the baseline case, Case 1, Case 2a and Case 2b.
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2.40%/L for in Case 2a (FT pathway), 1.39 — 4 $/L in Case 2b (MTJ
pathway). This can be attributed to the sensitivity to capital costs of
nascent electrofuel technologies. Other researchers have found cost
ranges for electrofuels from the FT process to be 1.42 — 4 $/L [9,19],
indicating general agreement with the results found in this study. We
note that the MSP of fuel produced in both Case 2a(ii) and 2b(ii), when
excess syngas is produced and combusted to meet energy requirements,
is 9.3-18.6% higher than the scenario where external sources are used to
meet the energy requirements (Case 2a(i) and 2b(i)). This is due to fact
that the CO4 and H; resources are partially used to offset natural gas and
electricity, thus reducing the volume of distillate fuel produced from the
process. Additionally, as the cost of natural gas and electricity are low
relative to SAF, the use of CO3 and Hj to offset a lower value product
contribute to increasing the MSP of the fuel produced.

The average price in the U.S. in 2021 was 0.58 $/L for gasoline, 0.51
$/L for jet, and 0.56 $/L for diesel [71], highlighting the significant
premium for SAF and renewable diesel particularly in Cases 2a and 2b,
the electrofuel pathways.

3.2. Fuel volumes, carbon intensity and total carbon reduction

Fig. 7 (a) shows the carbon intensity of the distillate fuel produced
for the scenarios investigated, while Fig. 7(b) shows the corresponding
fuel output for each case. It is evident that a substantial quantity of
biofuel can be produced in the baseline ETJ case, with the potential to
offset 32% of 2022 US jet fuel consumption, 4% of 2022 US diesel
consumption and 1% of 2022 US gasoline consumption [72]. The biofuel
produced would lower the carbon intensity of the fuel by 15.8% (~14.1
gCO2¢/MJ) relative to fossil fuel equivalents. The main contributors to
the high carbon intensity of corn grain ETJ fuels are natural gas required
for process heat (28.1 gCO4./MJ), followed by the associated induced
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land use change (ILUC) emissions (25.3 gCO2./MJ) and emissions
related to corn farming (19.8 gCO3./MJ). Integration of the ETJ
pathway with CCS in Case 1 can significantly reduce in carbon intensity
of the corn grain ETJ fuel by 19.7 gCO2./MJ, whereas heat integration
between FT and ETJ in Case 2a results in a minor reduction (5.3
gCO2¢/MJ) of the carbon intensity of the biofuel produced via ETJ.

If the CO; is utilized for electrofuel production rather than seques-
tered in geological storge, an additional 38% of distillate fuels can be
produced via FT in Case 2a(i) or 44% via MTJ in Case 2b(i). The GHG
emissions for electrofuels produced result in a 77.6% reduction
compared to fossil jet fuel in Case 2a(i); with a carbon intensity of 19.95
gC02./MJ, and a GHG emission reduction 75.7% relative to fossil jet
fuel in Case 2b(i); with a carbon intensity of 21.62 gCOs./MJ. The pri-
mary contributors to emissions in these pathways are the embodied
emissions from wind energy and emissions from natural gas associated
with energy required for fuel conversion.

Alternatively, the energy required for fuel conversion can be met by
the internal production and combustion of additional syngas, (Cases 2a
(ii) and 2b(ii)). Such a practice would reduce the carbon intensity of the
electrofuels produced via FT to 11.97 gCO2./MJ in Case 2a(ii) (40%
reduction compared to Case 2a(i)), or 12.09 gCO2./MJ via MTJ (44%
reduction compared to Case 2b(ii)). However, such internal syngas use
comes at the cost of reducing the fuel output of the plant. For Case 2a
(FT) fuel output is reduced by 3.78 billion liters (40% as compared to
Case 2a(i)) across all plants or for Case 2b (MTJ), by 3.58 billion liters
(33% as compared to Case b(i)). This trade-off is highlighted in Fig. 7(c)
which shows that the total offset CO5 is lower for Case 2a(ii) and 2b(ii)
than for Case 2a(i) and 2b(i) respectively despite Case 2a(ii) and 2b(ii)
having a lower carbon intensity. This highlights the importance of
considering carbon conversion efficiency along with LCA reduction
when considering the most effective options for decarbonisation.

100 = @ Average carbon intensity oftotal fiel produced without heat integration Ml carbon intensity of specific fuel fraction
(a) @ Average carbon intensity oftotal fuel produced with heat
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Fig. 7. The carbon intensity of distillate fuel produced (graph (a)), quantity of distillate fuel produced (graph (b)), and combined total offset COze for co-located
plants (graph (c)) for the scenarios investigated in the baseline case, Case 1, Case 2a and Case 2b. In graph (a) the carbon intensity of specific fuel fraction refers

to the carbon intensity of the fuel produced from a single process (i.e. ethanol-

to-jet, fischer tropsch, or methanol-to-jet); the average carbon intensity of total fuel

produced refers to the weighted average carbon intensity of the total fuel produced from all processes at co-located plants (e.g., the weighted average of the SAF

produced from ETJ and MTJ in Case 2b).
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It is also evident from Fig. 7 (c) that utilization of CO, for electrofuel
production (Case 2), can result in higher (0.32% - 30.12%) total offset
CO5, than sequestration of the CO5 (Case 1). This is due to the choice of
conducting an attributional LCA, using energy allocation, which is
consistent with regulatory schemes for renewable fuels including the
European Union Renewable Energy Directive [73], the Carbon Off-
setting and Reduction Scheme for International Aviation [74], and the
California Low Carbon Fuels Standard [75]. Under this method elec-
trofuels produced from the CO5 (Case 2) are considered within a sepa-
rate system boundary to the biofuel produced via ETJ. Thus 100% of the
CO4, captured is allocated to electrofuel production to reduce transport
emissions. However, in Case 1 the capture and sequestration of the COy
is counted within the ethanol production step meaning 63.2% of the
associated emissions reduction are allocated to the ethanol produced
which is subsequently upgraded, while the remaining 36.8% emissions
reduction is allocated to the co-produced dried distillers’ grain and corn
oil. We note that the choice of energy allocation to all products of the
ethanol production process reduces the benefit to the ethanol CI by13.04
gC02e/MJ. This loss in benefits resulting from consistent application of
energy allocation can be a challenge to the ethanol producer if there are
no cost premiums for decarbonized co-products. Such an outcome could
be driven by specific market or policy contexts. To maintain a fair
allocation of emission burden and benefits, this analysis maintains the
energy allocation methods, acknowledging that other methods
(including full allocation to the main product) are plausible.

3.3. Carbon Abatement Cost (CAC)

Fig. 8 depicts the distribution of CAC for ETJ facilities in the U.S.
under the various scenarios considered. In the baseline case, we find a
median CAC of 1085 $/tCOg. This CAC value is driven by the fact that
the biofuels produced are approximately twice the price of their fossil
fuel equivalents while providing minimal (~16%) reductions in carbon
intensity relative to fossil fuels. Integration with CCS, as described in
Case 1 results in a decrease in the CAC. In fact, Case 1 shows the largest
decrease in CAC to a median of 527 $/tCOq, as capture and storage is
relatively inexpensive, increasing cost by ~11.7%, while reducing the
carbon intensity of the biofuel by 26%. The CAC of the CCU pathways
range from 717 $/tCO5, (Case 2b(i) median value) to 971 $/tCO5, (Case
2a(ii) median value). The reason behind the high CAC for the CCU
pathways is that electrofuels cost approximately 2.5 — 7 times their fossil
fuel equivalents, while offering a carbon intensity of 12.0 — 21.6 gCO¢/
MJ.
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CAC is an important metric for policymakers and industry stake-
holders as it gives an indication of the economic efficiency of different
emissions mitigation options. It also highlights the significant in-
vestments required for the scale up of biofuels and electrofuels to reduce
transport sector emissions. The CAC range found in this study indicates
at the challenge biofuels and electrofuels face in being cost competitive
strategies for emissions mitigation, given the record high of the Euro-
pean Union's Emissions Trading Scheme is 107.25 $/tCO5 [76].

3.4. Comparison to current use of ethanol offsetting gasoline

Today ethanol produced in the U.S is primarily blended with gasoline
to reduce emissions from light duty vehicles. If we consider offsetting
gasoline for road vehicles as the end use for the ethanol rather than
upgrading via ETJ to produce distillate fuels to offset jet fuel and diesel,
the results change substantially. As shown in Fig. 8, the CAC for ethanol
is 78% lower than when the ethanol is upgraded to SAF via the ETJ
process (baseline case,). It is 64% lower in Case 1, 54% - 64% lower in
Case 2a, and 53% - 59% lower in Case 2(b). This can be attributed to the
fact that without the additional equipment and energy required to up-
grade ethanol to distillate fuel, the ethanol can be produced at an MSP of
0.53 - 0.57 $/L in the baseline case, 0.57 - 0.61 $/L in Case 1, and 0.52-
0.55 $/L in Case 2(with heat integration). The carbon intensity of the
corn ethanol is also lower than ETJ at 48.05 gCO2./MJ in the baseline
case, 25.69 gC0O2./MJ in Case 1, 43.02 gCO2./MJ in Case 2a with heat
integration. These findings indicate that ethanol use in gasoline
blending is a more effective option for decarbonizing emissions from the
transport sector than upgrading the ethanol to distillate fuels via ETJ, at
least as long as there is an end use for the ethanol. This finding highlights
the trade-off between reducing overall emissions and targeting the
emissions reduction a specific industry (e.g. aviation).

4. Final remarks

Biofuels and electrofuels offer pathways to reduce emission in hard-
to-abate sectors such as aviation and heavy-goods vehicles. In this study
we investigate the environmental and economic impacts of producing
distillate fuel via ETJ from ethanol facilities in the US. We also consider
capture of the waste CO; from ethanol fermentation and storing it in a
geological reservoir (Case 1) or utilizing the CO; to produce electrofuel
via FT (Case 2a) or via MTJ (Case 2b). Additionally, for both FT and MTJ
we compare the option to use either (i) external energy sources (i.e.
natural gas and wind electricity), with the use of (ii) internal production

B ETJ as bascline scenario

2l Ethanol as baseline scenario |

Fig. 8. Distribution of carbon abatement cost (CAC) for co-located plants for the scenarios investigated in the baseline case, Case 1, Case 2a and Case 2b, for both

Ethanol-to-Jet (ETJ) as the baseline case and ethanol as the baseline case.
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and combustion of syngas. In the case of FT, we also investigate the
potential for heat integration between the FT plant and the ethanol
plant.

The results show that the addition of CCS to ethanol production or
the utilization of CO, produced from corn grain fermentation can in-
crease the decarbonisation potential of an ETJ plant, increasing the total
offset CO2 by 135% in for the CCS case and 90 — 205% for the CCU case
compared to the baseline scenario of ETJ only. Similarly, both cases
improve the economic efficiency of emissions reduction with the CAC
decreasing by an average of 52% in the CCS case and by 11 — 33% in CCU
cases, relative to the baseline. This highlights that the net negative CDR
in ethanol production plants can offset more CO4 overall if utilized to
produce fuels, however CCS is a more economically efficient pathway
for carbon abatement.

In considering the CCS case versus the CCU case it is evident that the
CCS case results in large carbon savings (19.73 gCO4./MJ) at the lowest
cost due to the fact that geological sequestration requires minimal
equipment in comparison to a fuel conversion plant. However, the CCU
case results in increasing the overall distillate fuel output by 5.75 —
10.78 billion liters (23% - 44%). Similarly, within the CCU case, both FT
and MTJ conversion technology for the electrofuel production the in-
ternal production and combustion of syngas to meet energy re-
quirements reduced the carbon intensity of the fuel by 7.98 gCO./MJ
for FT and 9.53 gCO2./MJ for MTJ. However, this comes at the trade-off
of reducing the electrofuel production by 3.55 and 3.58 billion liters
respectively (33% - 40%). Future work should consider alternative
technologies for heating such as hydrogen combustion or resistive
heating that would reduce the carbon intensity of the process without
reducing electrofuel production.

If ethanol is used for gasoline blending rather that ETJ upgrading, a
larger total COy reduction and lower CAC across all cases is found.
However, the offset fuel mix differs significantly, with ethanol primarily
reducing emissions from gasoline, while ETJ upgrading primarily re-
duces emissions from jet and diesel. This output slate may be of key
importance in future defossilizing economies if the trends in electric
vehicle adoption for light duty transport continue to increase [77], as
this will lead to a reduction in the demand and price of gasoline. This in
turn may result in an increase in the CAC of ethanol, as it becomes
relatively more expensive than gasoline.

The trade-offs between fuel carbon intensity, costs, fuel production
quantities and offset fuel mix found between the different cases in this
study highlights that choosing the optimal pathway is dependent on the
main objectives of the project. For instance, if emissions reduction at the
lowest cost from the transport sector is the main goal ethanol for gaso-
line blending with CCS is the most effective option, comparatively if
maximizing SAF production is the main goal then Case 2b(i) for the ETJ
plant is the most effective option. Consideration of these trade-offs and
their potential implications is also of key importance in designing policy
for renewable fuels to ensure it is effective in achieving it's intended
goals.
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