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Abstract

Although ethanol remains the dominant liquid biofuel in the global market, there is a strong
interest in high-energy density and low-hygroscopicity compounds that can be incorporated
into gasoline at levels beyond the current ethanol blend wall. Isopentenol (3-methyl-3-buten-1-
ol) is one of these promising advanced biofuels that is also an important precursor for isoprene
(the main component of synthetic rubber). In this study, we model the production cost,
greenhouse gas (GHG) emissions, and water footprint of biologically produced isopentenol,
including the current state of the technology and the impact of potential improvements. We
find that the minimum selling price of bio-based isopentenol, given the current state of
technology demonstrated at bench-scale, is $5.14/L-gasoline equivalent, and the GHG
footprint exceeds that of gasoline. However, bio-based isopentenol could reach $0.62/L-
gasoline equivalent ($2.4/gal-gasoline equivalent (gge), just 5% above the 10-year average
gasoline price) in an optimized future case where yield and other process parameters are
pushed to near their theoretical limits. In this future case, isopentenol could achieve a GHG
reduction of go% relative to gasoline and a carbon abatement cost of $9.3/metric ton COxe.
Reaching these goals will require dramatic improvements in isopentenol yield, near-100%
recovery of ionic liquid used in pretreatment, and low-lignin, high- cellulose and hemicellulose
biomass feedstocks.

Keywords: biomass sorghum; feedstock supply logistics; ionic liquid pretreatment; aerobic
fermentation; biofuel
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Fuel ethanol production in the United States (U.S.) reached 165.3 million liters per day (1.04
million barrels per day) in May 2018, which equates to 11.8% of the total gasoline consumption
of the country.* Unfortunately, with a limited number of flex-fuel vehicles and fueling stations
available, and a maximum blending ratio of approximately 10 vol% for conventional vehicles
(with a possible increase to 15%),2 it is critically important to begin shifting production
towards advanced biofuels that can be blended at higher ratios. Successful advanced fuels
must avoid the challenges associated with ethanol’s low energy density and high
hygroscopicity.? Bio-derived fuels can range from alkanes and alkenes, which are
indistinguishable from components of conventional gasoline, to more complex mixtures such
as refined products derived from bio-crude.2 Biological production of fuel compounds offers
more precision and consistency than thermochemical routes, but theoretical yields of highly-
reduced compounds are low because removal of oxygen in the form of water requires
additional sugars to supply the necessary hydrogen (assuming no other source of hydrogen is
utilized).3 Producing oxygenated compounds with improved fuel properties relative to ethanol
can help to avoid these yield penalties while still increasing the biofuel blend wall, although
long lead times for getting new fuel blends approved will remain a challenge and must be
addressed on a broader policy level .4

Mid-chain alcohols, such as isopentenol (3-methyl-3-buten-1-ol, also known as isoprenol), are
attractive alternatives to ethanol due to several advantages including higher energy density,
lower hygroscopicity and vapor pressure, and compatibility with the existing engines at higher
blending ratios.57 However, further research and development efforts are required to
determine the most efficient blending ratio in existing engines. Isopentenol has a research
octane number that, while not as high as ethanol, is higher than premium gasoline at 96.5.8
The theoretically estimated lower and higher heating values (LHV and HHV) of isopentenol of
34.4 and 36.9 MJ/kg are 29 and 24 % higher than the corresponding values for ethanol,
respectively.? It is also an important precursor of isoprene (the main component of natural
rubber) and of flavor compounds (prenols and isoamyl alcohol esters), making it particularly
flexible as a fuel or an intermediate for chemical/rubber production.*® Although these
properties and end uses make isopentenol a desirable product, a forward-looking evaluation is
necessary to understand whether biological production of this target compound has the
potential to achieve competitive costs and reduce greenhouse gas (GHG) emissions.

There are two different engineered metabolic pathways known that can be used to produce
isopentenol in Escherichia coli: (i) amino acid production pathways utilizing 2-keto-acid
intermediates, and (ii) isoprenoid biosynthesis pathways, such as mevalonate (MVA) pathway
and non-mevalonate pathway (either methylerythritol 4-phosphate (MEP) or 1-deoxy-D-
xylulose 5-phosphate (DXP) pathway).**** In this study, we consider the mevalonate-
dependent biosynthetic pathway because it has been demonstrated to achieve higher
yields.®* Compared to ethanol, the heating value-adjusted stoichiometric theoretical yield for
isopentenol from glucose is roughly equivalent (40.9 g isopentenol/100 g-sugar, calculated
using glucose as the sole source of required hydrogen and carbon,*? which is 19.8% lower on an
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unadjusted mass basis). The theoretical stoichiometric yield for isopentenol from xylose is
essentially the same (40.9 wt%).The actual yield of isopentenol depends on metabolic
pathways. For instance, the DXP pathway corresponds to a theoretical isopentenol yield of
about 37.6 g/100 g-sugars.® Currently demonstrated yields are still well below theoretical, and
these pathways require aerobic bioconversion, which adds cost and energy requirements
relative to anaerobic fermentation. The remaining question is whether isopentenol production
can be economically feasible and environmentally beneficial, and what yields must be achieved
to reach key cost and GHG thresholds.

This study presents the first techno-economic analysis (TEA) and life-cycle inventories of GHG
emissions and water use for a commercial-scale isopentenol production system considering
bench-scale studies***4 conducted in recent years. The system is modeled using biomass
sorghum as the feedstock because of farmers’ familiarity with the crop (U.S. farmers currently
grow forage sorghum),* the potential for biomass yields as high as 28 dry metric ton/ha,*®
potentially high carbohydrate content (as much as 70 wt%),%” and drought tolerance.*® This
study considers a biocompatible choline-based ionic liquid (IL), cholinium lysinate ([Ch][Lys])
for pretreatment®® A subsequent enzymatic hydrolysis process releases most of the hexose
(C6) and pentose (Cs) sugars. The process configuration is based on an integrated high-gravity
(iIHG) approach that minimizes costs and sugar losses.2° Through our analysis, we are able to
evaluate the current state of technology, identify possible bottlenecks, and provide research
approaches most likely to improve future performance. We also show what is required to
exceed the U.S. Department of Energy-established goal of $0.79/L-gasoline equivalent ($3/gal-
gasoline equivalent (gge)), a more conservative target of $1.32/L-gasoline equivalent ($5/gge),
and = 60% reduction in the GHG emissions as compared to petroleum.*

Methods

Scope and System Overview

This study aims to assess the minimum selling price, life-cycle GHG emissions, and the life-cycle
water footprint of biosynthetic isopentenol production. Results for the TEA are reported in $/L-
gasoline equivalent and for LCA, the functional unit is 1 MJ-isopentenol (HHV) produced, at the
biorefinery gate. These are selected to facilitate simple comparisons between volume-based
fuel prices and per-MJ GHG emission factors used in the Renewable Fuel Standard (RFS) and
Low Carbon Fuel Standard (LCFS). The 1 MJ functional unit presumes that the vehicle efficiency
does not change appreciably for engines running on isopentenol blends relative to conventional
gasoline; further engine testing is needed to confirm this assumption and U.S. Department of
Energy-supported efforts to co-optimize future engine designs for biofuel blends are ongoing.*?
The system boundary includes all farm-level inputs and emissions, harvesting and logistics, and
conversion to isopentenol, with boundaries ending at the biorefinery gate (i.e., isopentenol is
ready to distribute for end use applications). This study does not include the impact of land use
changes on the carbon footprint although the limited existing studies?3?4 suggest that biomass
sorghum may have a large carbon sequestration potential on par with perennial crops such as
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Miscanthus, likely because of its deep root system. Further collection of empirical data related
to soil organic carbon sequestration during biomass sorghum cultivation across different land
types and climatic conditions is required before this can confidently be included in net GHG
estimates. Figure 1 depicts all the stages of the isopentenol production chain with their major
monetary, material, and external energy inputs.
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Figure 1. System boundary for TEA and LCA with selected process equipment. This figure
illustrates cost, energy, and material inputs associated with the major isopentenol production
stages (N: nitrogen, P: phosphorous, K: potassium, SSB: simultaneous saccharification and
bioconversion).

Biorefinery Supply Chain and Process Model

Biomass Sorghum Supply System

We model the system using a hypothetical biorefinery sized to process the equivalent of 2000
bone dry metric tons (t) of biomass sorghum per day. Biomass sorghum contains about 60%
moisture?52° at the time of harvest because of its limited ability to dry down?® in the field. The
biomass feedstock is assumed to be delivered directly from field to biorefinery by truck in the
form of chopped biomass (at 40% moisture) and ensiled next to the biorefinery. A typical
biomass harvest rate of 22 t/ha (10 tons/acre) is considered to determine biomass production
and supply costs.*® The feedstock supply radius is determined considering biomass yield,
available land for sorghum cultivation around the biorefinery, and the road-winding factor
(Supporting Information (SI)- Table S1), assuming a circular feedstock collection area where
the biorefinery is located at the center of the circle. Although pelletizing biomass does reduce
transportation costs, we find this to be impractical within a 95 km supply radius because of the
additional energy required to dry down the chopped-biomass sorghum from 60% moisture
content to 7-10%. Therefore, the direct transportation of the chopped biomass from the field
to the biorefinery is selected for analysis in this study, which is valid for the feedstock supply

4
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radius of 95 km (59 miles) complying the assumptions made in this study (SI-Table S1). A
recent study illustrates the tradeoffs of several conventional and advanced feedstock supply
scenarios for biomass sorghum including chopped (ensiled) biomass, bales, modules, and
pellets.?”

The biomass sorghum supply system encompasses five different processes: (1) biomass
production, (2) biomass harvesting and loading into trucks, (3) transportation of chopped
biomass to the biorefinery, and (4) unloading and storage at the biorefinery. The modeling
assumptions and data are consistent with similar previous studies utilizing biomass sorghum?8-
3° and other lignocellulosic feedstocks.3%32 Briefly, biomass production includes establishment
cost (includes machinery, labor, fuel and land rent), nutrient application (includes N, P, and K
replacement due to the removal of biomass sorghum from the field), and herbicide/pesticide
application. Biomass is harvested and chopped to the appropriate particle size with a forage
harvester and transported directly to the biorefinery via truck. Due to the short harvesting
window of 31.5 days,» on average, the chopped biomass is ensiled (stored) outside the
biorefinery in a bunker silo covered with a tarp for the remainder of the year. The overall dry
matter loss was assumed to be 14%, which is largely dependent on moisture content and the
packing density in silo, as well as harvesting and handling losses.3* More details on fertilizer,
energy, and other material inputs are included in the SI-Tables S1 and S2.

Deconstruction and Bioconversion

The isopentenol production process is divided into six stages: (1) feedstock handling; (2)
pretreatment; (3) hydrolysis and bioconversion; (4) recovery and separation; (5) wastewater
treatment; and (6) onsite energy generation. These different stages along with material and
energy inputs are shown in Figure 1. Unless otherwise indicated, our process models use
assumptions consistent with the corn stover-to-ethanol process developed by National
Renewable Energy Laboratory (NREL), 35737 and similar previous TEA/LCA studies.*®:2°38 We
created two distinct cases: baseline, which reflects the near-term state of technology, and
optimal, which reflects long-term technological advancements. In the baseline case, the
feedstock handling section entails the receiving, storage, and delivery of biomass to the
pretreatment reactor. This stage includes truck unloading, conveying (belt conveyor), and
short-term storage. The forage harvester can be adjusted to cut biomass to the required
particle size of approximately 0.25in.35to 1.5 in.,3% which eliminates the need for further size
reduction at the biorefinery. Pretreatment includes [Ch][Lys] pretreatment and subsequent pH
adjustment with sulfuric acid. Table 1 summarizes the operating temperature, time, and the
loading rates of biomass, IL, and sulfuric acid. Following the IL-pretreatment, the pretreated
slurry is pumped to the simultaneous saccharification and bioconversion unit. Operating
conditions for hydrolysis and bioconversion, including the enzyme loading rate, sugar yields,
and isopentenol yield from sugars, are summarized in Table 1. After the hydrolysis and
bioconversion, the IL and isopentenol are recovered in the subsequent recovery and separation
process. This process includes centrifugation and ultrafiltration to remove solid particles,

5
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followed by pervaporation to recover the IL,39 and distillation and decantation to recover
isopentenol. This study considers isopentenol and IL recovery rates of 95% and 97%,
respectively, (Table 1) for the baseline scenario, which will require additional process
demonstration at scale.

The liquid waste after recovery of the IL and isopentenol goes to the wastewater treatment
unit and the solid waste (mainly lignin) is delivered to the boiler. The wastewater treatment
section includes anaerobic digestion and aerobic treatment of wastewater. The anaerobic
digestion generates biogas, which is subsequently delivered to the boiler. Both the lignin and
biogas, and supplementary natural gas (where required) are used in the boiler to generate
process steam, which is delivered to the steam turbine to generate electricity for the plant. The
remaining steam from the turbine is used for process heat in the facility. The resulting process
model provides detailed results for capital equipment, labor, and detailed mass and energy
balances. Capital and operating cost parameters, as well as the estimation procedures, are
consistent with the previously referenced NREL study35 including a facility service life of 30
years, a biorefinery size of 2000 t dry biomass/day and annual operating hours of 7920 h (24
h/day and 330 days/year), internal rate of return of 10%, and income tax of 35%. All costs are
scaled to 2018 dollars. In the baseline yield scenario (50% of stoichiometric theoretical yield,
see Table 1), the facility produces 75.2 million liters of isopentenol/year (19.8 million
gallons/year). The optimal case is configured similarly to the baseline biorefinery with a few
key differences: 1) some yields and other metrics are improved, as reflected in Table 1; 2) a
protic IL is used for pretreatment, eliminating the need for the pH adjustment step; 3)
bioconversion is completed under micro-aerobic conditions. In this case, the shift to micro-
aerobic conditions eliminates the need for any natural gas imports because net heat and
electricity consumption is reduced below the total generated through the combustion of lignin
and biogas.
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Table 1. Major operating and process parameters used to develop process model and determine the required material, energy
and cost®

Process parameters Units Baseline  Optimal Process parameters Units Baseline  Optimal
Feedstock cost composition Aerobic Pathways
Feedstock cost $/metric ton 101.8 60 Aeration rate4° 42 VVM 1 N/A
Cellulose7:43-49 wt% 35.8 40 Power consumptions® kW/m3 3 N/A
Hemicellulose7:43749 wt% 22.9 27.4 Ez:vt;eors?lsmpatlon to % 80 N/A
IL Pretreatment Micro-aerobic pathways
Solids loading .
ratei9035 wt% 30 30 Aeration rate#%4%5253 VVM 0.35 0.2
IL-loading rate?° kg/kg-dry 0.29 0.29 Power consumptions® kW/m3 0.5 0.1
biomass ' ’ ’ ’
Power dissipation to
20,38
IL-cost?°3 $/kg 2 1 heatsost % 40 30
Sulfuric acid . o
- - 10,13,54
loadingo:3® kg-acid/kg-IL 0.2 o Isopentenol
Sulfuric acid price3s37 $/kg 0.14 N/A Fermentation time h 72 36
Lignin to soluble lignin wt% 65 65 Glucose conversion wt% 20.45 36.81
Pretreatment time h 3 3 Xylose conversion wt% 20.45 36.81
Enzymatic hydrolysis
Solids loading rate wt% 20 30 Recovery and separation
mg- .
. . Recovery of isopentenol 0
Enzyme loading rate protein/g 20 7 (assumeds) wt% 95 97
glucan
Cellulose to glucose wt% 84 95 IL recovery9:2055 wt% 97 99
Xylan to xylose wt% 80 90
Hydrolysis time h 72 72 Lignin utilization
Enzyme price $/kg-protein 5 5 Boiler chemicals price s/kg 5 N/A
Bioconversion Natural gas price s/kg 0.2 N/A
Cost of corn steep
liquorss7 s/kg 0.1 0.1
Cost of diammonium
s/kg 1 1

phosphate3s—37

Yield Scenarios: Current Yield (CY) refers to current best-reported product yield (14% yield by mass from glucose and xylose),
Baseline Yield (BY) refers to 50% of stoichiometric theoretical yield, Theoretical Yield (TY) refers to 100% of stoichiometric
theoretical yield (40.9% yield by mass from glucose and xylose)

%Unless otherwise specified data summarized in this table were gathered from recent studies.92°3% Parameters
marked ‘N/A’ were not required for the given scenario.

Life-Cycle Greenhouse Gas and Water Footprints

Material and energy balances from the process model serve as inputs for a hybrid process-
based/physical units-based input-output (I0) approach. We developed the 10 matrix for all
relevant direct and indirect inputs/outputs to compute the GHG emissions using data from
widely used LCA databases>®-58 and previous literature. All data populating the model is
selected based on representativeness of a U.S.-average case, with possible location-by-
location variation captured in the probability distributions used for the Monte Carlo simulation.
Individual data points are sourced from databases and studies deemed most reputable for each
individual application, and wherever possible, multiple sources have been compared to ensure
we are using the most accurate and representative values. In some cases where the data are
not available, such as ionic liquid synthesis, we develop bottom-up process models to
determine the required process chemicals, water, and energy inputs (vetted with industry
experts). Our previous study3® provides a detailed discussion of these methods and extensive
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documentation of the data sources. To account for possible electricity exports from the
biorefinery, we use system expansion assuming excess electricity offsets the average U.S.
electricity mix. A GHG impact vector was constructed with direct emissions for each
product/service included in the model and this was used to calculate the life-cycle GHG
footprint.

We also calculate life-cycle water consumption and withdrawals associated with isopentenol
production, including feedstock supply and the downstream conversion process. We consider
water consumption and withdrawals embedded in material and energy inputs, as well as direct
consumption and withdrawal of water at the biorefinery. Sorghum is assumed to be rain-fed
only, so no irrigation is required. Water withdrawals refer to all water that is withdrawn from a
freshwater source for use in a process/activity, while consumption is a subset of total
withdrawals that only includes water evaporated or incorporated into the product (not
immediately returned to the source). The primary difference occurs in open-loop cooling
systems, which cycle through large volumes of water and evaporate only a small fraction.
Previous studies provide detailed methods and discussion around water footprinting.3%5° We
use baseline material and energy input data to determine the baseline water consumption and
withdrawals.

Scenario Analysis

Through scenario analysis, we are able to explore a solution space beyond what has been
demonstrated in early-stage laboratory research. We have focused on a few key performance
metrics that may be improved or altered to gauge theirimpact on final costs, GHG emissions,
and water use. As discussed earlier, current biosynthetic isopentenol production in E. coli
supports only aerobic pathways. However, the aerobic bioconversion is an energy-intensive
process because of the need for forced aeration in the bioreactor.5°5* This is a key challenge
facing many biological routes to advanced biofuels. Shifting to micro-aerobic bioconversion
pathways can reduce the required energy for the reactor and associated process equipment by
reducing the required volume of air/oxygen supplied to the reactor and minimizing heat
generated during the microbial conversion process.>®5* Therefore, we evaluate a micro-aerobic
pathway as a potential alternative scenario (assuming the same yield as the aerobic process
can be accomplished); the actual isopentenol yield under micro-aerobic conditions is yet to be
determined, and there may be a yield penalty.

In addition to comparing aerobic and micro-aerobic pathways, three different yield scenarios,
including current yield, baseline yield (50% of stoichiometric theoretical yield from sugars), and
theoretical yield, are evaluated in this study to demonstrate the importance of product yield in
reducing the minimum selling price and GHG emissions. The best-reported yield at present is
14 g/100 g-sugar, which is referred to as the current yield (CY) scenario.’3 The estimated
stoichiometric theoretical yield of isopentenol is 40.9 g/100 g-sugar.
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Sensitivity and Uncertainty Analysis

We determine the most influential input parameters, for the minimum selling price, GHG
emissions, and water use, by using the single point sensitivity analysis. Table S2 in the SI
summarizes the minimum, maximum, and baseline values of each input parameter. The
minimum and maximum values of these initial operating parameters are used to determine
their influence on the minimum selling price, net GHG emissions, and water use. In addition to
the sensitivity analysis, we determine the parameter uncertainty associated with the minimum
selling price, GHG emissions, and water use. To represent uncertainty associated with the
input parameters, we modeled initial operating parameters considering four different
probability distribution functions: uniform, triangular, normal, and lognormal (SI-Table S2).
The type of probability distribution for each parameter is selected based on data availability
and the nature of input parameter (SI-Tables S1 and S2). We used 5ooo Monte Carlo runs to
determine the probability distributions for the results.

Results and Discussion

Minimum Selling Price of Isopentenol

For the baseline scenario (50% of stoichiometric theoretical yield from sugars, and process
parameters further outlined in Figure 1), the estimated minimum selling price at the
biorefinery gate is $3.5/L-gasoline equivalent. This price is 6 times greater than the 10-year
average gasoline price at the refinery gate of $0.59/L.%° Figure 2-a shows the importance of the
product yield, absent any other improvements beyond the baseline scenario. Doubling the
isopentenol yield to its stoichiometric theoretical maximum reduces its selling price by 49%.
The impact on price can be even more dramatic when combined with selection of a feedstock
with higher hemicellulose and cellulose content (SI-Figure S7-a). Across the different yield
scenarios, the hydrolysis and bioconversion unit is the single largest contributor to the
minimum selling price (accounting for 26% in the baseline scenario). Within that unit
operation, process chemicals (enzymes and nutrients) and electricity required (air supply and
reactor operations) are the primary expenses. Feedstock supply is the next largest cost
component at 23% of the total minimum selling price. Delivered sorghum feedstock costs are
primarily driven by on-field nutrient replacement (fertilizer application-SI-Table S1) and
biomass transportation from the field to the biorefinery (SI-Figures S1 and S2). Although this
study does not consider any specific locations, we note that siting biorefineries in areas where
a large fraction of surrounding land is dedicated to feedstock production (thus decreasing
transportation distances) and minimizing fertilizer application can reduce these costs.

Following feedstock supply and bioconversion, onsite energy generation, recovery and
separation, and pretreatment are the next largest contributors to the minimum selling price,
accounting for 20, 15, and 10%, respectively (Figure 2-a). Costs broken out by capital and
operating expenditures are provided in SI-Figure S1 and contributions to minimum selling price
are shown in Figure S2. Although onsite energy generation is a major contributor, the single
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largest cost contributor is the boiler, which is required to produce process steam regardless of
whether biogas and lignin are utilized onsite. Although we assume all biogas and lignin is
combusted, regionally-varying grid electricity prices and values for biogas may incentivize
some biorefinery owners to generate less energy onsite. Figure 2-b, ¢, and d show that net
electricity sales to the grid decrease as yield increases. This decrease is owed to the smaller
amount of unutilized sugars and other organic matter flowing to the on-site anaerobic
digester, where biogas is generated for on-site heat and electricity generation. Therefore, as
product yield increases, on-site energy production decreases.

In addition to improving product yield, switching from an energy-intensive aerobic
bioconversion process to a micro-aerobic process is a promising avenue to reducing the
minimum selling price, assuming the same yield can be maintained. Moving to a micro-aerobic
bioconversion pathway reduces the minimum selling price by 14% compared to aerobic (Figure
2-a). This is because the micro-aerobic process requires less energy to supply air and agitation
for the reactor, and less cooling water to maintain a constant temperature in reactor as this
process generates less heat from microbial activities. These operating conditions reduce the
operating cost for the bioconversion stage, which is key to minimizing the overall selling price
of isopentenol. The lowest achievable minimum selling price in this case can be further cut in
half by introducing additional feedstock and process improvements that comprise the optimal
case (OP), on top of a micro-aerobic process at 9o% of theoretical yield, as outlined in Table 1.

10



O 00 N O U1 B W NP

I
N 2 O

a. Minimum selling price b. Greenhouse gas emissions

6 A ;08 g 150 -
g5 5. Zostgm 2125
&3S o Q 20
T ] £ 04 - )
2o 4 s w0018 ____®m_______ g .
3£ . 0.2 4 £ gt
w5 3 =~ 2 75 4 S
£ @ 4 “* 0.0 - 2 0
2 2 4 op E 50 - A
B ] / @ . / 10
SS9 1- % 25 - | op
0 - 0 - "‘
CY BY TY|cy By TY|OP

Aerobic Microaerobic
pathway pathway -50 -
CY BY TY|CY BY TY OP
Aerobic Microaerobic
pathway pathway
c. Water consumption d. Water withdrawals

S 20 - = -
S . S, Z
S 15 - T
o 3
Z 1 - g 3 I 5
E 1.0 - 2 1 I
2 ' I e A § 2 =
c 1 e
g 0.5 - l I / g ] = =
: 1R-B R BB B 2 Iyt RhuEa
2 o0 -—l—.—-—l—.—-—-—- 0 - | B
051 _1-cv BY TY|cy BY TY op
CY BY TY|CY BY TY OP

Aerobic Microaerobic Aerobic Microaerobic

pathway pathway pathway pathway
M Feedstock supply and handling Pretreatment m Hydrolysis and bioconversion
W Recovery and separation W Wastewater treatment W Onsite energy generation
W Excess electricity ® Net GHG emissions A Net water consumption

X Net water withdrawal

Figure 2. Minimum selling price, GHG emissions, and water footprint under different yield
scenarios and the optimal future case. Horizontal dashed lines refer to gasoline baseline
values: (a) 10-year (2008-2017) average refinery-gate price $0.59/L;%° (b) 93 gCO./MJ (b);3® (c)
0.16 L water consumed/MJ;3® (d) 0.56 L water withdrawn/MJ.38 Sensitivity bars (b) show the
impacts of direct and indirect land use change. See Table 1 and SI-Figure S13 for the product
yields considered for more detail on the baseline case, optimal case (OP), and the different
yield scenarios: current yield (CY); baseline yield (BY); and theoretical yield (TY). The
sensitivity bars (b) represent the GHG emissions impacts from land use changes.

Variations in the IL and enzyme loading rates, and recovery of IL (which reduces the required
quantity of makeup IL), are key cost drivers; specifically, the IL loading and recovery rates are
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the next most influential parameters after isopentenol yield and biomass total carbohydrate
content (SI-Figure S3). Feedstock supply cost is another important parameter, which largely
depends on the required nutrient, biomass yield, and available sorghum farming land around
the biorefinery. Feedstock costs will, of course, also depend on local market conditions and
prices are likely to fluctuate based on local supply and demand. Energy consumption by
bioreactors, retention time, and solids loading rate are other key parameters, all of which are
summarized in SI-Figure S3. These parameters either influence the selling price by altering the
quantity of isopentenol (such as sugar yield and isopentenol recovery) or by varying the
required capital and operating costs (e.g. solids loading rate and retention time vary
size/quantity of process equipment and the required utilities).

We assume that, once the production process is optimized through future research and
development efforts, the uncertainty associated with the minimum selling price will be
reduced (Figure 3-a). Uncertainty analysis considering variability present in several input
parameters (Table 1 and Sl-tables S1 and S2) results a positively skewed probability
distribution for the current, baseline, and optimal minimum selling prices (Figure 3-a).
Feedstock supply, pretreatment, and SSB stages are the primary contributors to this
uncertainty (SI-Figures Sg).

Life-Cycle Greenhouse Gas Emissions

The net GHG footprint of isopentenol in the baseline scenario (50% of stoichiometric
theoretical isopentenol yield) is 81 gCO.e/MJ (Figure 2-b). While this GHG footprint does
achieve a 13% reduction relative to conventional gasoline, it does not meet the emissions
reduction target set by the Renewable Fuel Standard (RFS) for cellulosic biofuels. Two broad
strategies can be employed to reduce the GHG footprint: (i) increase product yields while
keeping key inputs constant and (ii) reduce emissions-intensive inputs, such as fertilizer and
fossil fuels. Figure 2-b depicts the contribution to the overall GHG emissions from each stage
of the isopentenol production chain. The sorghum biomass supply is the major contributor to
the net GHG emissions, accounting for 35% of the total in the baseline scenario (not including
direct and indirect land use change impacts). Nitrogenous fertilizer application, including
upstream fertilizer manufacturing and on-farm N.,O emissions after application, and the
combustion of diesel for transportation and field operations (harvesting and collection) are the
drivers of emissions. Onsite energy generation at the biorefinery, hydrolysis and
bioconversion, pretreatment, and recovery and separation are next largest contributors to the
net GHG emissions, accounting for 24, 23, 16, and 11%, respectively. GHG emissions from
these downstream processes are primarily due to process chemicals (enzymes and ILs),
supplemental fuel needs (natural gas), and cooling/chilled water. These emissions can be
reduced by lowering IL loading rates, improving the energy efficiency of the overall process,
selecting biocompatible ILs that do not require pH adjustment, and switching from an aerobic
to micro-aerobic bioconversion process. Utilizing process steam and electricity generated
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onsite using lignin, biogas from wastewater treatment facility, and supplemental natural gas as
needed is important for minimizing GHG emissions. However, this practice does have
economic downsides as the solids boiler and turbogenerator are capital-intensive and grid
electricity can be purchased at relatively low cost in many regions of the U.S.5*

Figure 2-b demonstrates two specific avenues to reduce GHG emissions without negatively
impacting the economics: (i) by improving product yield; and (ii) by switching from energy-
intensive aerobic to a micro-aerobic bioconversion process. Both of these strategies require
additional research and development. If the product yield is increased from the currently-
demonstrated yield to maximum theoretical yield (see Table 1), the net GHG emissions of
isopentenol can be reduced from 117 to 44 gCO./MJ. Notable in Figure 2-b is the decrease in
net electricity exports as product yield increases. This decrease in electricity exports occurs
because, as sugars are more efficiently converted to isopentenol, there is less residual organic
matter sent to the wastewater treatment unit, and thus less biogas available for onsite
electricity generation. Shifting to a micro-aerobic bioconversion pathway further reduces the
net GHG footprint to 29 gCO,e/MJ because of the dramatic reduction in onsite energy use and
resulting reduction in supplemental natural gas requirements (Figure 2-b).

The soil carbon sequestration potential of biomass sorghum reported in the DOE Billion-Ton
study is striking in that it is larger than other bioenergy crops, including perennial grasses.*s
However, the soil organic carbon gain with biomass sorghum farming in cropland/pasture land
presented in the DOE Billion-Ton study?*5 is based on only a limited number of counties and to
our knowledge there are not many supporting studies in the scientific literature. This is an area
in need of additional research to improve GHG flux estimates for sorghum cultivation on
converted agricultural and pastureland. Additionally, the indirect land use change values are
also in need of further study and refinement in future studies, as the only literature values
available are based on grain sorghum rather than forage/biomass sorghum. This issue is further
complicated because some sorghum types are considered “all-purpose” and may be used for
either grain or silage.

All other input parameters that alter the quantity of isopentenol and the required utilities
influence the overall GHG emissions to varying degrees, as indicated in SI-Figure S4. Figure S7-
b highlights the importance of isopentenol yield and total carbohydrates in the feedstock to
the GHG emissions over a range of expected values. We find that electricity required for the
aerobic-bioconversion unit (mainly to supply air and agitation) is a driving factor for emissions
because it increases onsite energy demand beyond what can be supplied using only biogas and
lignin produced on-site, and we assume natural gas and U.S. average grid electricity are
consumed as needed. Therefore, switching from aerobic to micro-aerobic process is crucial for
the mitigation of GHG emissions. An alternative option for minimizing emissions is to procure
supplemental electricity from renewable resources such as wind, solar, or biogas from nearby
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facilities. Facilities located in grid regions with less carbon-intensive electricity mixes are also
at a relative advantage.

Variabilities in these key input parameters, including nutrient and chemical inputs at the farm
and biorefinery, (SI-Tables S1, S2, and S3) result in positively skewed probability distributions
for net GHG emissions (Figure 3-b). Input parameters associated with feedstock supply,
pretreatment, and SSB are the primary contributors to this uncertainty (SI-Figure S10).
Variations in the required nutrient, biomass yield, and available sorghum farming land are the
major source of uncertainties for feedstock supply. The large uncertainty in biomass
pretreatment is due to the large uncertainty present in IL recovery (which is so far based on
theoretical system performance), biomass compositional quality (cellulose, hemicellulose, and
lignin), and sugar yield. The uncertainty associated with isopentenol yield, enzyme loading
rate, energy consumption by reactors and retention time are sources of uncertainties for SSB.
Further research and scale-up efforts can narrow the probability distributions for these
parameters over time and reduce overall uncertainty in the results (Figure 3-b).

Life-Cycle Water Footprint

Life-cycle water consumption and withdrawals for the entire isopentenol production chain
under different scenarios are shown in Figures 2-c and 2-d, respectively. Switching from an
aerobic to micro-aerobic process reduces water consumption and withdrawals by 51 and 22%,
respectively. The water footprint of the onsite energy generation process is responsible for the
large difference in water use between aerobic and micro-aerobic bioconversion pathways.
Lower onsite electricity needs reduce the required size of the turbine and evaporative losses,
as the steam turbine is responsible for 52% of the total cooling water evaporation3s at the
plant. Figures 2-c and 2-d also depict a large difference between water consumption and water
withdrawals for pretreatment stage. This is primarily due to the use of sulfuric acid;
manufacturing sulfuric acid requires substantial water withdrawals (66 L water withdrawn per
kg of sulfuric acid produced vs. 5 L water consumed/kg sulfuric acid).3® Sulfuric acid is used for
pH adjustment, which can be eliminated by using a biocompatible protic IL,*® that does not
require pH adjustment before hydrolysis. Phosphorus manufacturing is also water withdrawal-
intensive (9 times greater than its water consumption), and accounts for most of the difference
between withdrawals and consumption for feedstock supply.3® Apart from above major
differences, both water consumption and water withdrawals are similar for other life-cycle
stages of isopentenol production process (Figures 2-a and 2-b).

For the baseline scenario, the relative sensitivity of water consumption and withdrawals to
variations in different input parameters are presented in SI-Figures S5 and S6, respectively.
Isopentenol yield from sugars and the quality of biomass feedstock (total carbohydrate
content) are the most influential to both water consumption and withdrawals per unit of
isopentenol produced. Figures S8-a and S8-b illustrate their impacts on the water footprints
considering their potential ranges. Electricity required for bioreactor operation, and
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bioconversion time alter on-site energy generation and thus impact both water consumption
and withdrawals. Evaporative losses of water from the cooling tower and turbine, as well as the
moisture retained in solid waste and lignin, are responsible for the direct water consumption
and withdrawals at the biorefinery (a negligible amount is also retained in the product as a
result of the hydrolysis step). Agricultural nutrient inputs (N, P, and K) are more important for
water withdrawals than water consumption because their production process, as with sulfuric
acid, requires far larger water withdrawals relative to the amount consumed.3® Apart from
sulfuric acid, other process chemicals, including ILs and enzymes contribute to the water
footprint of the downstream conversion process. Thus, the water footprint can be reduced by
increasing IL-recovery and by reducing IL and enzyme loading rates (assume sugar yields can
be maintained).

Strategies for reducing cost and GHG emissions are also central to improving water use
efficiency and reducing uncertainty (Figures 3-c and 3-d). The current water consumption and
withdrawals under aerobic pathways of 1.67 and 4.10 L/MJ are 10 and 7 times, respectively,
higher than gasoline (Figures 2-c and 2-d). Pushing product yield toward the maximum
theoretical yield and switching to microaerobic conversion pathways reduces the water
consumption and withdrawals for isopentenol production to 0.29 and 1.11 L/MJ, respectively
(Figures 2-c and 2-d). For comparison, the previous study on cellulosic ethanol production
using an IL-based process3® reported the water consumption and withdrawals in the range of
0.2-0.4 and 0.4-1.2 L/MJ, respectively. These results are comparable with the higher-yield,
microaerobic conversion scenarios for isopentenol; however, these water footprints are still
about 2-fold higher than the water footprint of gasoline (as is generally the case for biofuels,
even without feedstock irrigation).

Future Performance Targets and Greenhouse Gas Emissions Mitigation Cost

In this study, we demonstrate that improving product yield to near the theoretical maximum is
essential to reduce the minimum selling price, GHG emissions, and water footprint of
isopentenol. Biological constraints limit the maximum possible theoretical yield, so we
consider an optimal isopentenol yield of 36.8 wt% from convertible sugar, which is 90% of the
stoichiometric theoretical yield. This is close to the DXP pathway-dependent maximum
isopentenol yield of 37.6 wt% reported in a previous study, and would require extensive
metabolic engineering research and development efforts to achieve.? There are other potential
strategies for achieving high yields; for example, host microbes could be engineered to utilize
other plant-derived intermediates as a hydrogen source, which would enable yields beyond the
stoichiometric maximum discussed here.®? However, yield improvements alone are not
sufficient to achieve any of the minimum selling price targets,?* the RFS GHG reduction target,
nor a water footprint comparable with gasoline. With this assumed optimal yield along with
the baseline values for other process parameters (Tables 1 and S2), the minimum selling price
and GHG emissions are reduced to $2.0/L-gasoline equivalent ($7.6/gge) and 48.2 gCO,e/MJ,
respectively. In contrast, the RFS requires 37.2 gCO,¢/MJ or less (60% reduction relative to
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gasoline). Detailed process parameters and their values are presented in Table 1. Additionally,
improving the product yield from the baseline value to the optimal reduces the water
consumption and withdrawals to 0.64 and 1.57 L/MJ, respectively. These are large reductions
relative to the baseline results (Figure 2); however, further efforts are required to hit the
targeted selling prices, the RFS GHG emissions mitigation target, and water footprints more
comparable to gasoline.

To explore additional feedstock and process improvements that can help reach the target
selling prices, GHG footprint, and water footprints, we conducted a single-point sensitivity
analysis (see Figures S3 to S6). We find that a high-quality biomass feedstock (total
carbohydrates >70 wt%) is central to the optimal future case, resulting in lower minimum
selling price, GHG emissions, and water footprint. Research focused on modifying the
secondary cell wall to increase cellulose and hemicellulose content, and/or screening existing
varieties for these traits while maintaining high yields is critical to achieving cost and
environmental targets. Sustainable agricultural practices with reduced application of nutrients
(particularly nitrogen) and alternative feedstock harvesting machinery and trucks, reliant on
lower-carbon energy sources including electricity or natural gas are required to reduce
emissions associated with the feedstock supply system. For sorghum specifically, avoiding
high moisture content at the time of harvest is essential to minimizing dry matter losses (SI-
Table S1) or degradation of biomass quality of over the time. Additionally, efficient
deconstruction methods are required to release >90% of the sugars from the feedstock. IL-
pretreatment has the potential to liberate sugars at >90% yield from a variety of biomass
sources, although further research is required to reduce the IL loading rate (<10 wt%-based on
the total slurry), to increase IL recovery (>97 wt% of the initial IL), while maintaining high sugar
yields. The pH adjustment step can be eliminated by switching to biocompatible protic ILs.29:55
Saccharification efficiency must also improve with lower enzyme loading rates (<10 mg
protein/g-glucan). Improving product yield while switching from aerobic to microaerobic
bioconversion conditions is particularly effective at reducing the GHG footprint. Achieving all
the optimal process conditions discussed above (also outlined in Table 1) reduces the minimum
selling price, the overall GHG emissions, water consumption, and water withdrawals of
isopentenol to $0.62/L-gasoline equivalent ($2.3/gge), 8.9 gCO.¢/MJ, 0.121 L/MJ, and 0.23 L/MJ,
respectively. These values can be thought of as near-theoretical minima for a very mature
supply chain and conversion process. Further detailed discussion about potential future
research pathways is available in a recent review article.®*

In reality, efforts to optimize the feedstock and conversion process for minimized costs, GHG
emissions, and water use will not result in guaranteed single-point results but rather a range
depending on a host of technological, time-dependent, and region-dependent variations
beyond the control of researchers. Figure 3 shows the results of a Monte Carlo simulation for
the Current, Baseline, and Optimal scenarios. There is a non-zero, but low, likelihood of
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achieving the optimal selling price of $0.62/L-gasoline equivalent. However, Figure 3 indicates
that there is an approximately 10% likelihood of achieving the targeted selling price of
isopentenol of $0.79/L ($3/gge) and water footprint for isopentenol below the gasoline
baseline. With potential future improvements in the optimal scenario (see details in Figure
S13), the GHG emissions from isopentenol production have a 70% likelihood of reaching a 60%
or greater reduction relative to gasoline (Figure 3-b) and there is more than 60% likelihood of
achieving water withdrawals below the gasoline baseline (Figure 3-d).
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Figure 3. Cumulative probability distributions for minimum selling price (a), GHG emissions
(b), water consumption (c), and water withdrawal (d) under current and baseline yield
scenarios and optimal future cases.

Combining life-cycle GHG emissions results with the estimated MSP allows us to calculate the
cost of carbon mitigation, which can be interpreted as the price that would need to be placed
on a metric ton of CO,e emissions in order to reach cost parity with gasoline. This makes it
possible to compare bio-based isopentenol with a wider range of other technologies based on
the cost-effectiveness of emissions mitigation. At currently-demonstrated yields and process
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conditions, isopentenol has a larger GHG footprint than gasoline; an aerobic bioconversion
pathway at 14 g of isopentenol yielded per 100 g-sugar generates 26% more net fossil GHG
emissions than gasoline. Potential microaerobic pathways at the same currently-
demonstrated yield reduces the overall GHG emissions by 17% relative to gasoline but the
prohibitively high cost results in a very high GHG mitigation cost of $6,363/t-CO.e avoided (for
microaerobic pathways). In the baseline scenario (50% of theoretical yield and aerobic
conditions), there is an approximately 20% chance of GHG emissions reductions relative to
gasoline (Figure 4-a).

a. Baseline scenario b. Optimal future case
1.0 . 1.0 '
U ! a |
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- - = EPA 2020 high-impact of $123/tCOp ---- Social cost of carbon of $805/tCOz

Figure 4. Likelihood of achieving different GHG mitigation costs for isopentenol under the
baseline scenario (a) and the optimal future case (b) (Table 1 and SI- Figure S13). ‘USD’ refers to
the United States Dollar.

When the product yield is pushed to the maximum theoretical value while holding all other
parameters at their baseline values, the net GHG emissions are reduced by 54.2-68.7%,
depending on the conversion pathways, resulting in a carbon mitigation cost of $363-612/t-CO,
avoided. Additional research and development efforts leading to the optimal scenario
discussed earlier can achieve a 9o% GHG emissions reduction relative to gasoline and a carbon
mitigation cost to $9.3/t- CO,e avoided. For comparison, California’s cap-and-trade value is
$15.10/t-CO,e and this does not account for the additional value of RFS renewable
identification numbers (RINS) or Low Carbon Fuel Standard (LCFS) credits.®* This is a very
encouraging result, although it should be thought of as a theoretical minimum value rather
than an expected value (about 5% certainty, Figure 4-b). At GHG mitigation values closer to
the EPA 2020 high-impact value of $123/t-CO,e, an optimized isopentenol production process
has a nearly 50% likelihood of being competitive. These results suggest that, although
extensive further research and development are required, including large improvements in
isopentenol yield and titer, bio-based isopentenol has potential to be an economically
attractive gasoline blendstock and compete with other renewables on the basis of carbon
mitigation cost.
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