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Most biorefineries rely on fermentation to produce a single molecule, such as ethanol. This exposes facilities to
price volatility and limits their flexibility to respond to market shifts and critical domestic supply chain needs.
Reorienting biomanufacturing toward greater flexibility necessitates the development of versatile production
platforms and chemicals with multiple upgrading options to broaden the suite of products. This study presents a
design that leverages biomass ensiling, ionic liquid pretreatment, industrial microbial hosts, and catalytic
upgrading. The result is a platform to convert sorghum to organic acids, indigoidine (an example of a polymer
precursor and alternative to a textile dye), and varying ratios of gasoline and jet fuel blendstocks. The facility can
reach net average profits above $111 per bone-dry metric ton of biomass, but only if industrial-grade organic
acids are recovered and indigoidine can be used as a one-to-one replacement for synthetic indigo dye at current
market prices. Results further demonstrate that economic performance is strongly governed by product alloca-
tion decisions, particularly the balance between fuels and higher-value chemical products. Rather than relying on
single-product optimization, this work highlights a portfolio-based production strategy that enables dynamic
adjustment of product outputs in response to market conditions. Overall, the integrated use of flexible feedstock
processing, multiproduct upgrading, and selective valorization pathways provides a framework for improving
the economic resilience and adaptability of future lignocellulosic biorefineries.

1. Introduction

A key value proposition for expansion of biorefineries and bio-
manufacturing is their ability to satisfy a variety of fuel and chemical
production needs, relying primarily on domestic resources such as
lignocellulosic biomass, starches, and sugars [1-3]. However, with its
focus squarely on maximizing profits in the highly competitive and low-
profit-margin fuel and commodities markets, most fermentation facil-
ities have prioritized the production of single molecules, such as ethanol
[4] and lactic acid [5]. This raises the question of whether a bio-
manufacturing platform built for greater flexibility can compete and
what strategies might enable it to be both responsive and efficient.

Most prior technoeconomic analysis (TEA) and life-cycle assessment
(LCA) studies have focused on either maximizing conversion of carbon
in polysaccharides in biomass to salable products [4] or maximizing

conversion of carbon in both polysaccharides and lignin [2,3,6,7]. More
recent studies have expanded toward integrated biorefineries producing
fuels and chemicals [8-10]; however, these systems are still typically
evaluated under single-product or limited-co-product optimization
frameworks, with relatively little exploration of dynamic product allo-
cation or portfolio-based design strategies. At the same time, recent
advances in catalytic and reaction-environment engineering demon-
strate that biomass- and COy-derived intermediates can be selectively
converted into diverse value-added products with high efficiency,
highlighting the technical feasibility of flexible, multiproduct conver-
sion platforms [11-13]. In contrast to these prior approaches, this work
explicitly evaluates a multiproduct optimization framework that enables
simultaneous production of fuels, platform chemicals, and specialty
products under varying allocation ratios, thereby extending beyond
conventional single-objective TEA/LCA studies.
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This focus on efficient conversion does not account for the value of
flexibility, which is difficult to quantify. There may be strategically-
valuable molecules with unique or emerging applications, like indigoi-
dine [6], that may need to be scaled up on short notice. However,
continuous large-scale production of such specialty chemicals could
quickly flood the global market if treated as a primary output, and is
therefore more appropriately considered within a flexible product
portfolio rather than a standalone production target. In this study,
indigoidine is therefore used as a representative example of a high-
value, emerging product class rather than a target for full displace-
ment of existing dye markets. This study seeks to design and analyze
lignocellulosic biorefinery configurations that balance efficient conver-
sion with the need to offer more flexible biomanufacturing for future
domestic supply chains. Accordingly, the focus is on evaluating product
portfolio flexibility and dynamic allocation among fuels, platform
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chemicals, and specialty products, rather than optimizing around any
single surrogate molecule.

Along the entire biomanufacturing supply chain, there are various
opportunities to extract value. The key is in identifying which oppor-
tunities yield benefits that outweigh their costs. Some biomass may
either naturally contain sufficient levels of compounds that can be
extracted and sold, or may be modified to accumulate them [14,15]. The
biomass storage process itself can yield potential products, as biomass
ensiling is a common storage method [16] and the ensiling process
naturally generates carboxylic acids, including acetic, lactic, and butyric
acids, which can aid in biomass pretreatment processes and can them-
selves be recovered as products [17,18]. Once biomass is delivered to
the biomanufacturing facility, it is possible to deconstruct and convert it
to targets that are valuable targets and also function as platform
chemicals that can be upgraded to other products.
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Fig. 1. An overview of the multiproduct biorefinery considered in this study. This model biorefinery integrates biomass sorghum production, supply, and conversion
into isoprenol, 1,4-dimethylcyclooctane (DMCO), indigoidine, and organic acids, primarily acetic and lactic acids, as the main products. This modeled biorefinery
allows for product adjustments. Specifically, isoprenol can be used as a gasoline blendstock or upgraded into DMCO. Similarly, lignin can be diverted to indigoidine
production or sent to onsite heat and power generation. SP; represents separation point 1, where part of the solid fraction is sent to the lignin depolymerization unit

and the remainder is used for onsite heat and power generation. SP, represents se;

paration point 2, where part isoprenol is stored onsite for direct use and the

remainder catalytically upgraded to DMCO. The detailed modeling data, including the process flow sheet, material inputs, equipment sizing, and cost estimates, are

available in the Project PISCES database [28].
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To probe the hypothesis that a multiproduct biorefinery can compete
with single-product facilities and identify optimal product ratios, we
designed and simulated a biorefinery capable of taking ensiled sorghum
biomass and producing varying ratios of gasoline blendstock, jet fuel
blendstock, and high-value specialty chemicals in different ratios
(Fig. 1). Specifically, the envisioned facility produces isoprenol, 1,4-
dimethylcyclooctane (DMCO), indigoidine, and three organic acids.
Isoprenol is biologically produced from biomass-derived sugars [19-21]
and serves as a gasoline blendstock or can be upgraded into isoprene, a
precursor to synthetic rubber used in tires. Isoprenol can also be
upgraded to high energy-density jet fuel blendstock, DMCO (9.2%
higher energy density than Jet-A), using a low-cost iron-based catalyst
[22]. A portion of the lignin stream is depolymerized and diverted for
biological production of indigoidine [6,23] while the remaining fraction
is used onsite for heat and power generation. Indigoidine has applica-
tions in textile dyeing, food coloring, and manufacturing bio-transistors
[24-27]. Acetic, lactic, and butyric acids are all naturally produced as
part of the biomass ensiling process [17], which can be recovered after
biomass pretreatment.

This study addresses open questions regarding the conditions under
which biorefineries can achieve price and lifecycle CO5 emissions parity
with petroleum-based processes, at the currently demonstrated product
yields. In doing so, it provides a systematic comparison of multiproduct
allocation strategies within a unified TEA and LCA framework, com-
plementing prior studies that have primarily focused on single-product
optimization or fixed coproduct configurations. We evaluate the impli-
cations of maintaining demonstrated yields at commercial scale,
achieving high recovery of organic acids, and the strategic allocation of
lignin toward co-product generation. The analysis considers trade-offs in
product diversification and the potential for an adaptive bio-
manufacturing framework in which versatile platform chemicals and
high-value co-products are produced from a single biomass feedstock to
enhance economic viability.

2. Methods
2.1. Process model development

We designed and modeled both single-product and multiproduct
biorefineries using the SuperPro Designer software [29]. The detailed
modeling data, including the process flow sheet, material inputs,
equipment sizing, and cost estimates, are documented in our publicly
accessible data-sharing platform (Project PISCES) [28]. The modeled
biorefinery processes 2000 bone-dry metric tons (bdt) of biomass sor-
ghum per day (Fig. 1). The moisture content of delivered ensiled
biomass sorghum is assumed to be 60% [16]. We considered a typical
biomass harvesting and supply system as documented in a prior study
[16]. In this system, biomass sorghum is harvested using a forage
harvester, directly loaded into a box truck, transported to the bio-
refinery, and ensiled adjacent to the biorefinery prior to use [16]. The
biomass trucking distance is calculated assuming that 5% of the land
around the biorefinery is sorghum fields [16], with a biomass sorghum
yield of 22.4 metric tons per hectare (10 tons per acre) [30].

The biomass ensiling process not only prevents aerobic degradation
of biomass sorghum due to its high moisture content but also generates
carboxylic acids—such as acetic acid, lactic acid, and butyric acid—in
concentrations ranging from 8% to 11% [17]. In addition, the selec-
tion of ensiled biomass is supported by prior studies [17,18] showing
that ensiling alters biomass physicochemical properties in a way that
improves downstream deconstruction efficiency, including reduced
pretreatment severity (lower ionic liquid and enzyme requirements) and
enhanced sugar and product yields compared to dry sorghum. These
advantages arise from partial structural disruption during the ensiling
process and the presence of fermentation-derived organic acids, which
collectively improve biomass accessibility and conversion performance.

The organic acid-rich ensiled biomass feedstock is conveyed from
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storage piles to the biomass deconstruction unit, where it undergoes
pretreatment with cholinium lysinate ([Ch][Lys]), an ionic liquid (IL)
[17]. Compared to conventional pretreatment methods such as dilute
acid, hydrothermal, and alkaline processes, cholinium lysinate ([Ch]
[Lys]) offers milder operating conditions, improved selectivity, and
more effective disruption of lignocellulosic biomass [31,32]. It has
demonstrated strong delignification performance and high glucose
yields after enzymatic saccharification of pretreated substrates [31,33].
In addition, [Ch][Lys] is recyclable and chemically tunable, supporting
process integration and sustainability [34]. It is not toxic to enzymes and
microbes at a low concentration (below 10 wt%), enabling potential
one-pot processing without extensive washing prior to hydrolysis
[31,33]. These properties make it well suited for multiproduct bio-
refinery configurations requiring efficient valorization of both carbo-
hydrate- and lignin-derived streams. Ensiled biomass is pretreated at
140 °C for 3 h with 5 wt% IL loading [17]. Following pretreatment,
organic acids are recovered. We consider a conventional chemical sep-
aration approach [35,36], including flash and thin film evaporation
followed by fractional distillation. However, recent developments in
membrane-based water removal, followed by distillation and crystalli-
zation, could improve purity [36,37]. We assume a baseline organic acid
recovery rate of 95% and also conduct a scenario analysis with a
pessimistic recovery rate of 60%.

The pretreated slurry after organic acid recovery is sent to the
enzymatic hydrolysis reactor. The pores formed during pretreatment
enhance enzyme accessibility, resulting in glucose yield of 91.5% at a
low enzyme loading rate of 10 mg-protein/g-glucan [17]. After hydro-
lysis, the solid and liquid fractions are separated. The liquid fraction
(sugar solution) after recovery of IL is directed to the isoprenol
bioconversion unit, while the solid fraction—primarily composed of
insoluble lignin and unutilized cellulose and hemicellulose—is sent to
the lignin depolymerization unit (Fig. 1). The IL is recovered using a
pervaporation system, as demonstrated in a prior study [38].

The liquid fraction, after the recovery of the IL, primarily contains
simple sugars, including glucose and xylose, which are catabolized by
the bacterial production host Escherichia coli, to produce isoprenol [19].
Following bioconversion, isoprenol is recovered using a distillation and
decantation system consistent with prior study [39], while the remain-
ing byproducts are sent to the wastewater treatment unit.

As a baseline assumption, half of the recovered isoprenol is stored
onsite for direct use as a gasoline blendstock, while the remaining
portion is sent to the catalytic conversion unit for upgrading into DMCO.
However, we analyzed the detailed cost and lifecycle COy emissions
impacts by varying the direct use of isoprenol from 1% to 99%. The
isoprenol upgrading process involves the dehydration of isoprenol to
produce isoprene, the dimerization of isoprene in the presence of an
iron-based catalyst to form 1,6-dimethyl-1,5-cyclooctadiene (DMCOD),
and the hydrogenation of DMCOD to yield DMCO [22,40]. The final
DMCO product is recovered via distillation and stored onsite.

In addition to isoprenol and DMCO, indigoidine is another major
product of the modeled biorefinery. It is biologically produced from
lignin-derived bio-intermediates [23,41]. The process begins with the
depolymerization of lignin or the solid obtained after enzymatic hy-
drolysis. This study considered base-catalyzed lignin depolymerization
with an NaOH loading rate of 2 wt% of the whole slurry [2]. For the
current state-of-the-art scenario, we calculated that 26.7% of lignin is
converted into aromatics, including p-coumaric acid, ferulic acid, and
vanillic acid, based on the lignin solubilization rate [17] reported in a
prior study and lignin depolymerization data from previous works
[2,42]. The depolymerized slurry is then directed to the indigoidine
bioconversion unit.

In the bioconversion reactor, Pseudomonas putida metabolizes lignin
monomers to produce a blue dye (indigoidine) inside the microbial cell.
A separate aerobic bioconversion reactor is used for this process similar
to isoprenol (Fig. 1). Theoretically, approximately 99 g of indigoidine
can be produced from 100 g of lignin monomers [41]. This process
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requires a substantial amount of nitrogen when compared to isoprenol
production in E. coli, which is supplied in the form of ammonium sulfate.
After bioconversion, the solid and liquid fractions of the slurry are
separated by vacuum filtration. The filtrate is routed to the wastewater
treatment unit, while the remaining solid fraction is sent to the cell lysis
unit.

In the cell lysis process, tetrahydrofuran (THF) is added as it helps
break down the cell mass and it is easier to recover due to its low boiling
point of 66 °C [6]. After cell lysis, the cell mass is separated using
another vacuum filtration and sent to the onsite energy generation unit.
During this filtration, additional THF is used to wash the cell mass
instead of water, minimizing the loss of indigoidine with the solid mi-
crobial cake. The washed materials are then mixed with the filtrate. The
indigoidine-solvent mixture is sent to a distillation unit to recover THF,
followed by a successive evaporator to remove water and residual sol-
vent impurities. The waste materials are delivered to the wastewater
treatment unit, while the purified indigoidine is stored onsite.

The wastewater treatment, onsite energy generation, and utility
stages are developed based on methods and assumptions documented in
prior studies [4]. A combination of anaerobic and subsequent aerobic
wastewater treatments used in this study recovers clean process water,
which is then utilized in the upstream processes, including biomass
deconstruction and bioconversion. The solid waste is sent to the landfill
for disposal, with a disposal cost of $42.13 per metric ton assigned in the

Table 1
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process model [2].

Additionally, the anaerobic treatment of wastewater generates
biogas primarily from unutilized sugars. The biogas, along with the
remaining solid fraction of biomass and makeup natural gas, is burned in
a boiler to generate process steam. Any process steam produced in excess
of the biorefinery's demand is sent to the turbo-generator to produce
electricity. The solid waste, such as ash, produced in the boiler is
handled similarly to the solid waste from the wastewater treatment
stage.

Finally, the utility section provides the necessary cooling water,
chilled water, and process water to the entire plant. This stage includes a
groundwater pumping system, cooling water tower, and chilled water
system. Assumptions for these units are consistent with those from
previous studies [2,4].

Table 1 summarizes the major data inputs for ensiled biomass sor-
ghum conversion to isoprenol, DMCO, and indigoidine. In addition to
these single-point values, the ranges, standard deviations, and proba-
bility distributions used to model key input parameters are provided in
Supporting Information (Table S1). These ranges were used for sensi-
tivity and uncertainty analyses to better reflect industrial-scale
variability.

Major data inputs for ensiled biomass sorghum conversion to isoprenol, DMCO, and indigoidine.

Parameters Units State-of-the-art Optimal future Parameters Units State-of-the-art Optimal future
scenario® case scenario® case
Biomass feedstock supply Isoprenol bioconversion in E. coli
Biorefinery size® bdt/day Bioconversion time [19] h 63.0 36.0
Feedstock cost [16] $/bdt 101.8 89.5 Glucose-to-isoprenol [19] wt% 14.0 30.3
COy emissions [16] kgCO4e/bdt 130.2 112.6 Xylose-to-isoprenolH wt% 12.6 27.2
Soil organic c arbor'1 kgCOqe/bdt  —46.0 —80.0 Indigoidine bioconversion in P. putida
sequestration [43]
Moisture [16] % 60.0 60.0 Bioconversion time [23,41] h 144.0 48.0
Biomass composition [44] Glucose-to-indigoidine [41] wt% 33.0 63.24
Cellulose wt% 30.0 35.0 Xylose-to-indigoidine [45] wt% 32.0 66.96
Hemicellulose wt% 15.0 18.0 Lignin-to-indigoidine [23] wt% 73.91 88.99
Lignin wt% 20.0 15.0 Isoprenol upgrading to DMCO [22,40]
Lactic acid wt% 4.8 8.0 Isoprenol-to-isoprene % 95.0 98.0
. . Isoprene dimerization
-0/ 0,
Acetic acid wt% 2.7 3.0 (DMCOD) % 90.0 98.0
Biomass deconstruction [44] Isoprene recovery % 98.0 99.0
DMCOD to DM isolated
Solid loading rate wt% 30.0 30.0 yielgo 0 DMCO isolate wit% 97.0 98.0
L . . mg/g-
Ionic liquid (IL) loading wt% 5.0 2.5 Hydrogen mixing rate oil 2.94 2.94
Hyd: ti talyst
IL cost $/kg 2.0 0.5 yerogenation catalys Wt% 0.75 0.75
loading
Lignin to soluble lignin % 36.5 16.0 Recovery and separation
Enzyme loading rate mg/g: 10.0 7.0 Product recovery’ % 95.0 98.0
glucan
Cellulose to glucose % 91.5 98.0 IL-recovery’ % 97.0 99.0
Tetrahydrofi loadi
Xylan to xylose % 71.6 95.0 r:tj,’ yaroturan foading % 50.0 40.0
Hydrolysis time h 48.0 36.0 Tetrahydrofuran loss’ % 2.0 1.0
Lignin depolymerization Tetrahydrofuran cost [46] $/kg 3.3 2.0
NaOH loading rate [2] % 2.0 2.0 Organic acid recovery’ % 95.0 98.0
Lignin to lignin monomers” % 26.7 55.0 Equivalent product credits
@State-of-the-art scenario considers demonstrated yield of simple sugars and lignin monomers  Gasoline price [47] $/L 0.59 0.59
as well as their conversion rates demonstrated at the bench-scale. Jet fuel price [48] $/L 0.60 0.60
“Assumed for analysis in this study similar to economies of scale as determined in prior Synthetic Indigo price*
studies [4]. Y goP $/kg 5.74 5.74

9The isoprenol yield from xylose is assumed to be 90% of the yield reported for glucose.

[49-51]

P Monomer yield is calculated based on the mass balance data reported in a prior modeling study [2], a range of experimental monomer yields summarized in a
previous review [42], and similar work [52] conducted by JBEI researchers on ionic liquid-pretreated biomass. We considered the conversion of soluble lignin after
ionic liquid pretreatment (32% of the initial lignin [17]) of 53% and a range of 8-20% conversion of the remaining lignin to monomers [2,42], yielding an average of

26.7% conversion of the initial lignin to monomers.

¥ Assumed for analysis in this study similar to the product recovery assumed in prior studies [2,4,6].
® Assumed for this analysis based on loading rates reported for similar solvents [6].
" The price of natural (plant-based) indigo averages $228/kg, ranging from $15 to $1058/kg [49,50].
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2.2. Modeling an optimal future case

Compared to the state-of-the-art design discussed in the previous
section, we also developed a scenario that pushes each performance
metric to its practical limit. This optimal future case scenario provides
insight into the lowest achievable cost. This scenario considers a large-
scale biorefinery of 3000 bdt/day, along with near-theoretical limits
of sugar yield and sugar and lignin conversion rates (Table 1 and Sup-
plemental Table S1). While increasing the size of the biorefinery pro-
vides the advantage of economies of scale, feedstock supply costs and
associated lifecycle CO2 emissions follow a reverse economy of scale.
The lower costs and lifecycle CO, emissions from biomass sorghum
production and the supply chain in the future case, relative to the state-
of-the-art scenario, are due to higher biomass yields (28 bdt/ha) [30],
sustainable farming practices with lower nutrient application, and best
management practices to reduce truck waiting and handling times [16].
The detailed inputs are documented in our prior work [16].

This optimal future case should be interpreted as an aspirational
upper-bound scenario representing best-case process performance and
system efficiency, rather than a near-term industrial outcome. It is used
to explore theoretical limits and identify key performance drivers under
highly optimistic but transparent assumptions.

Our model captures the impacts of variations in biorefinery size and
other capital and operating parameters with high fidelity while
computing the material and energy balances, as well as capital and
operating cost estimations. This allows the use of the same baseline
process model with different sets of parameters.

2.3. Determination of minimum selling price and net profit

After performing material and energy balance analyses, capital and
operating costs were determined. We adjusted the cost of each process
equipment gathered from previous studies based on the new size and
scaling exponent. Each equipment cost was further adjusted to 2020
(analysis year) USD using the plant cost index, after which the capital
cost was determined. The cost factors used to determine the total capital
cost were consistent with prior studies. The annual operating cost in-
cludes biomass feedstock cost, costs of process chemicals, waste disposal
cost, utility cost, and other fixed operating costs (labor, maintenance,
property taxes, and insurance).

The minimum selling price of each product (i.e., isoprenol, DMCO,
and indigoidine) was determined using discounted cash flow rate of
return (DCFROR) analysis and compared with petroleum-based equiv-
alents. For each product, the total revenue generated from the remaining
products and/or coproducts—sold at the current market prices
(Table 1)—was assigned as credit. We considered an internal rate of
return (IRR) after taxes of 10%, a biorefinery lifetime of 30 years,
operating hours of 7920 h (330 days/year and 24 h/day), and an income
tax rate of 21% [2,53]. Other economic evaluation parameters used for
the DCFROR analysis are consistent with previous techno-economic
studies [4].

In addition, policy incentives in this analysis are applied at the
product level rather than being explicitly tied to specific feedstocks or
regions, in order to maintain general applicability of the framework. We
include scenarios in which jet fuels receive a 50% higher subsidy relative
to non-jet fuels, consistent with the original design of the Inflation
Reduction Act (IRA) 45Z clean fuel tax credit [54], and reflective of
additional policy support mechanisms specific to renewable jet fuels (e.
g., Carbon Offsetting and Reduction Scheme for International Aviation
(CORSIA) [55]). While it is beyond the scope of this study to replicate
the full complexity of methodologies used to determine exact incentive
values, we apply a simplified range of incentive levels (e.g., on the order
of $3/gal for isoprenol and DMCO, with an additional 50% premium for
DMCO) that reasonably approximates real-world policy signals. Varia-
tions in product prices and the extent to which indigoidine displaces
synthetic indigo dye are also evaluated to capture uncertainty. Region-
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specific incentives (e.g., for lignin valorization) are not explicitly
modeled and may influence applicability depending on local policy
contexts.

We define the annual net profit as the difference between total rev-
enue and the sum of all expenses and income tax. Total revenue is
determined by selling all products and coproducts—including isoprenol,
DMCO, indigoidine, organic acids, and onsite electricity (beyond the
facility's own use)—at their market prices (Table 1 and Supplementary
Table S1). The total annual cost is the sum of the annuitized capital cost
and annual operating costs. Income tax is determined by calculating
taxable income and applying an income tax rate of 21% [2]. Taxable
income is calculated as the difference between gross revenue and the
sum of production costs, loan interest, depreciation, and prior year
losses. The annual net profit is then divided by the annual bone-dry
metric tons of biomass utilized at the biorefinery to determine the
annual net profit per metric ton of biomass feedstock.

2.4. Lifecycle COz-equivalent emissions

Material and energy inputs from the feedstock supply model and
biorefinery process model in SuperPro Designer were used to evaluate
lifecycle CO, emissions footprint. Lifecycle CO2 impact vectors for these
materials and energies were obtained from published LCA databases
[56,57]. The LCA model calculates the total carbon footprint by
considering the input-output matrix for all relevant inputs and their
associated lifecycle CO2 impact vectors.

For the multiproduct biorefinery considered in this study, coproduct
handling for carbon footprint evaluation is complex, as the conventional
system expansion method can lead to ambiguous results, such as large
negative carbon footprints. Therefore, two approaches were used to
calculate the carbon footprint.

The first approach, the system displacement method, determines
coproduct credits by displacing equivalent petroleum-based products.
Carbon credits for onsite electricity are calculated by displacing grid
electricity (U.S. electricity mix), while credits for organic acids, indi-
goidine, isoprenol, and DMCO are determined by displacing petroleum-
based counterparts (except lactic acid). Lactic acid from biomass
ensiling replaces corn stover-derived lactic acid, as it is primarily pro-
duced through microbial fermentation. While mass, energy, and eco-
nomic allocations are potential options for allocating the carbon
footprint among products and coproducts, this study excludes them due
to the diversity of product uses, values, and market demands.

The second approach evaluates the total lifecycle COy emissions
reduction relative to petroleum. It calculates the lifecycle CO, emissions
of the entire biorefinery without allocating emissions to specific prod-
ucts, then compares these emissions to those of a petroleum refinery
producing equivalent products and coproducts. This approach is
considered more accurate in reflecting the overall lifecycle CO, emis-
sions reduction from producing bioproducts compared to petroleum-
based products.

2.5. Uncertainty analysis

We evaluated uncertainties in the selling prices and carbon footprints
of isoprenol, DMCO, and indigoidine by fitting probability distributions
to all input parameters (Supplementary Table S1). The selection of
probability distributions was based on the nature of the inputs and data
availability, as documented in our recent study [53].

3. Results and discussion
3.1. Affordable biofuels and biochemicals at various product ratios
Fig. 2 shows the minimum selling prices at different product ratios,

determined through rigorous material and energy balance analyses,
accounting for their impacts on capital and operating costs. The results
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DMCO due to a high energy-density (9.2% higher than Jet-A). All costs, including the projected selling prices of gasoline, jet fuel, and synthetic indigo dye, are

expressed in 2020$.

reveal a wide range of possibilities for achieving price parity for iso-
prenol, DMCO, and indigoidine with their petroleum counterparts, even
at the currently demonstrated yields in bench-scale experiments, pro-
vided the yields remain unchanged at the commercial scale. Maximizing
direct isoprenol use requires diverting at least 46.8% of lignin to indi-
goidine production to reach price parity with 2020 market prices
(Fig. 2a and b). This threshold decreases with higher petroleum fuel
prices, synthetic indigoidine prices, or policy incentives. For example,
aligning with 2050 petroleum prices reduces lignin diversion to 17.2%
(Fig. 2a), while a 20% increase in synthetic indigoidine prices lowers the
threshold to 37.6% (Fig. 2c). A policy incentive of $3/gal reduces the
lignin threshold to 35.2% (Fig. 2d). Conversely, maximizing DMCO
production requires at least 1.4 times more lignin to be converted to
indigoidine (Fig. 2a and b) than in the direct isoprenol use scenario to
achieve price parity with petroleum.

Current market dynamics favor the direct use of isoprenol, as
increasing DMCO production requires a higher lignin conversion to
indigoidine. However, if the price premium for DMCO is increased to
three times the current market price of petroleum jet fuel of $0.6/L [48],
the biorefinery can produce more DMCO than isoprenol (Fig. 2b). This
also holds true when no incentives are provided for isoprenol and a

$4.5/gal incentive is given only for DMCO. A higher premium for DMCO
is possible because it has a 9.2% higher energy density than Jet-A [22],
which either reduces fuel costs for passenger or freight transport or in-
creases flight range, providing substantial benefits to the end users. For
instance, replacing conventional Jet-A entirely with DMCO allows an
airline to save 46.5 L of fuel per passenger (a 10.3% reduction compared
to Jet-A) on a typical international flight from San Francisco (SFO),
United States, to London (LHR), United Kingdom [40].

3.2. Lifecycle CO emissions implications at various product ratios

Fig. 3 presents the overall CO5 emissions reduction from a multi-
product biorefinery by comparing its total emissions to those of an
equivalent petroleum refinery producing the same products. This
method does not allocate emissions to specific products but instead
calculates total lifecycle CO5 emissions for producing a set of products.
Overall, the modeled biorefinery achieves an average lifecycle COy
emissions reduction of 30% at the current state of technology, with
greater reductions achieved by increasing direct isoprenol use and
reducing lignin diversion to indigoidine (Fig. 3). This is primarily
because diverting isoprenol to DMCO production requires additional
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Fig. 3. Lifecycle CO, emissions reduction from a biorefinery producing mul-
tiple products, including isoprenol, DMCO, indigoidine, organic acids, and
electricity, relative to a petroleum refinery producing an equivalent amount of
those products.

material and energy inputs while simultaneously reducing the final
product yield. In addition, increasing lignin diversion to indigoidine
production raises the makeup natural gas to meet the facility's heat and
electricity demands, thereby increasing associated emissions.

System expansion is a widely applied method for determining life-
cycle COy emissions, endorsed by the Intergovernmental Panel on
Climate Change (IPCC) [59,60] and incorporated into biofuel policies
around the world [60,61]. Under this framework, we observe highly

Chemical Engineering Journal 543 (2026) 177641

favorable lifecycle COze reductions that vary according to which prod-
uct is treated as the primary output (Supplemental Fig. S1), high-
lighting the challenges of applying system expansion to complex multi-
product biorefineries. Supplemental Fig. S1 demonstrates that adjusting
product ratios can create substantial opportunities to achieve carbon-
neutral biofuels. Although high coproduct output can support carbon-
neutral or even carbon-negative performance, biorefineries must bal-
ance cost and emissions, as allocating more carbon to the primary
product generally reduces production costs. Thus, strategic adjustment
of product ratios provides a flexible means to optimize both economic
performance and lifecycle CO, emissions.

3.3. Comparing uncertainty in minimum selling price across multiproduct
and standalone biorefineries

The increased number of input variables in the modeled multi-
product biorefinery results in greater uncertainty in the selling prices of
isoprenol, DMCO, and indigoidine compared to when they are produced
in standalone biorefineries (Fig. 4). This highlights the challenges of
managing a multiproduct biorefinery, especially when uncertainty exists
in raw material use, energy consumption, product yield, and market
conditions. However, while the technical complexity of multiproduct
biorefineries increases risk, the increased number of products also en-
ables risk reduction through diversification, provided the prices of all
products are not strongly correlated.

The results show a 20-30% likelihood of isoprenol, DMCO, and
indigoidine selling prices reaching cost parity with their petroleum
counterparts when produced together. Achieving price parity when each
of the fuel molecules is produced individually remains highly chal-
lenging; although the lower bound of the isoprenol minimum selling
price approaches gasoline parity under optimistic assumptions, sus-
tained cost competitiveness is unlikely without substantial process
intensification beyond conventional optimization. We observed greater
uncertainty when allocating more isoprenol to DMCO. This was mainly
due to uncertainty in the isoprenol-to-DMCO conversion rate as the
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Fig. 4. Uncertainties in the minimum selling price of isoprenol, DMCO, and indigoidine at the current state of technology, produced in multiproduct and standalone

biorefineries.

(a) Uncertainties in the minimum selling price of isoprenol. (b) Uncertainties in the minimum selling price of DMCO. (c) Uncertainties in the minimum selling price
of indigoidine. In a single-product biorefinery, isoprenol production is solely from sugars (mainly glucose and xylose), while indigoidine production comes from both
sugars and lignin-derived intermediates, as P. putida can catabolize both sugars and aromatics. For a multiproduct biorefinery, a typical cost-parity point is considered
where 50% of isoprenol is retained for direct use as a gasoline blendstock, and the other 50% is diverted to DMCO production as well as 55.2% of lignin is diverted to

indigoidine production (Fig. 2-a), with the remainder used for combustion.
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technology transitions from the current state of technology to when it is
fully optimized. In contrast, indigoidine production showed lower un-
certainty. These results highlight that a product with a higher conver-
sion yield results in minimal impact, as the effect per unit of product is
small. More importantly, the likelihood of cost parity for indigoidine
decreases substantially, from nearly 100% when produced alone to 25%
in a multiproduct biorefinery, as sugars are diverted to lower-value
products like isoprenol and DMCO. Diverting all biomass carbon sour-
ces to large-scale indigoidine production could oversaturate the market
unless new applications are explored. Currently, based on the use of
petroleum-derived indigo, the primary application of indigoidine ap-
pears to be in textile dyeing. However, indigoidine distinguishes itself in
this use case through its environmental profile: it mitigates the gener-
ation of toxic waste [51] and high chemical demand of synthetic indigo
production while avoiding the land-use intensity and yield limitations of
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natural plant-based indigo cultivation [50].

For both single-product and multiproduct biorefineries, several input
parameters substantially contribute to the uncertainty in selling price,
particularly those affecting material and energy requirements, product
yield, or both. Key contributors from biomass production and supply
include biomass yield, supply radius, organic acid generation during
ensiling, and biomass quality at the pretreatment reactor throat, pri-
marily determined by carbohydrate and lignin content. In the biomass
pretreatment, hydrolysis, and lignin depolymerization stages, uncer-
tainty in model predictions arises primarily from variability in process
parameters, including ionic liquid loading and recovery rates, enzyme
loading rate, and glucose, xylose, and lignin-derived bio-intermediates
yields.

Variability in parameters associated with bioconversion—including
sugar-to-isoprenol and lignin intermediate-to-indigoidine conversion
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Figures (a), (c), and (e) illustrate the annual net profit per bone-dry metric ton (bdt) of biomass feedstock with or without policy incentives, at isoprenol retention
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yields, bioconversion time, and bioreactor energy consumption (e.g.,
agitation)—substantially affects the minimum selling price of the
product. Implementing advanced bioreactor designs, such as bubble
column reactors with optimized oxygen supply and mixing, can help
mitigate these effects. Similarly, conversion yields at each stage of
isoprenol-to-DMCO upgrading—a three-stage process—are critical fac-
tors influencing the minimum selling price. Addressing these sources of
variability through process optimization and technological improve-
ments is essential to enhance economic viability.

3.4. Lignin utilization thresholds for profit and carbon reduction

Lignin conversion to value-added biochemicals or biomaterials is a
major topic of interest in current research. Here, we first demonstrate
how lignin conversion to indigoidine impacts biorefinery process eco-
nomics and lifecycle CO, emissions, using a multiproduct biorefinery as
arepresentative example (Fig. 5). We created three different biorefinery
configurations by adjusting the ratios of two major biofuels, isoprenol
and DMCO, and considered process parameters optimized to reach 90%
of the theoretical biomass-to-product yield. Results show that the impact
of lignin-derived products is highly specific to biorefinery configurations
(See Fig. 5).

For the isoprenol-rich biorefinery configuration, only 5% of lignin
allocation to indigoidine production is sufficient to generate net profit
without any policy incentives. Key parameters impacting this threshold
include variabilities in indigoidine price, the amount of indigoidine
required for functional displacement, and the purity or recovery of
industrial-grade organic acids. For instance, at a low indigoidine selling
price of $3/kg and a 60% recovery rate of high-purity organic acids,
20% of lignin must be allocated to indigoidine production. Policy in-
centives for both isoprenol and DMCO can offset revenue losses. In fact,
even without indigoidine production, the biorefinery can generate a net
profit if industrial-grade organic acids are recovered.

The value and purity of organic acids and indigoidine consistently
impact the net profit of other biorefinery configurations. Biorefinery
configurations with 50% and 5% of isoprenol allocated for direct use
require at least 9.5% and 26.6% of lignin allocation to indigoidine
production, respectively, to generate a net profit without policy in-
centives. In a conservative scenario with a low indigoidine selling price
of $3/kg and a 60% industrial-grade organic acid recovery rate, these
configurations require at least 50% and 90% lignin allocation to indi-
goidine, respectively. This highlights the importance of lignin valori-
zation for biofuels requiring intensive conversion steps. In such cases,
producing high-energy-density products like DMCO adds value to the
biorefinery by either providing performance advantages or generating
incentives.

With policy incentives of $0.8/L ($3/gal) for isoprenol and $1.2/L
($4.5/gal) for DMCO, a multiproduct biorefinery with selected product
ratios can generate an average net profit of $382-$467/bdt ($111-
$252/bdt without policy incentives), with 50% lignin allocation to
indigoidine (Fig. 5). This net profit increases with higher lignin utili-
zation. A 50% lignin utilization is highly feasible, as the biorefinery can
generate net profit across a wide range of isoprenol and DMCO ratios.
Even in a conservative scenario with a low indigoidine selling price of
$3/kg and a 60% industrial-grade organic acid recovery rate, the
average net profit ranges from $55-$236/bdt with 50% lignin allocation
to indigoidine.

Results show that lignin allocation to indigoidine up to 50% is
generally beneficial for lifecycle CO2 emissions reduction. However,
further diverting lignin to indigoidine leads to increased lifecycle COe
emissions in the biorefinery due to higher use of supplemental natural
gas for heat and power. Unlike the minimum selling price, the multi-
product biorefinery consistently achieves an overall lifecycle CO2
emissions reduction of 70-80% without SOC benefits and 80-88% with
SOC benefits, with a higher reduction observed when the biorefinery
produces a larger fraction of isoprenol.
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4. Conclusions

Converting a single biomass stream into bio-based gasoline, jet fuel,
and platform chemicals presents substantial opportunities for flexible
product allocation, enabling economically viable and low-carbon out-
comes. In this study, we evaluated conditions under which biorefineries
can achieve price parity with commercial alternatives at currently
demonstrated yields, provided high recovery of organic acids is main-
tained and biomass-to-product conversion approaches theoretical max-
ima. Our analysis shows that for a typical allocation of 50% isoprenol
and 50% lignin by mass, the modeled biorefinery can achieve a net
annual profit exceeding $123 per bone-dry ton of biomass, alongside a
greenhouse gas emissions reduction of over 75%, increasing to more
than 84% when soil organic carbon sequestration is included. Organic
acids generated during biomass ensiling, including acetic acid, lactic
acid, and butyric acid, contribute significantly to both economic per-
formance and life cycle emissions benefits, although challenges remain
in recovering industrial-grade acids due to their similar boiling points.
High-value co-products such as pigments (e.g., indigoidine) provide
additional revenue streams compared to low-value fuel blendstocks
(isoprenol and DMCO), with potential applications in textile dyeing,
food coloring, and bioelectronics, emphasizing the importance of
diversified markets. Efficient microbial conversion of real biomass-
derived intermediates, including sugars and lignin-derived com-
pounds, remains a key bottleneck for scale-up, as laboratory demon-
strations rely on specialty pure chemicals. Catalytic upgrading of
isoprenol to DMCO, while validated at small scale, also requires com-
mercial demonstration. Nevertheless, the analysis indicates that multi-
product biorefineries can generate strong profitability across a range of
product ratios and market scenarios, leveraging lignin and carbohydrate
streams to optimize both economic and environmental performance.
Overall, the results highlight the feasibility of a scalable, adaptive bio-
manufacturing framework in which versatile platform chemicals and co-
products derived from a single biomass feedstock enable substantial
lifecycle CO9. reductions, economic resilience, and enhanced sustain-
ability of biofuel and biochemical production.
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chemicals, energy sources, and coproducts. Supplementary information
related to this article can be found online at https://doi.org/10.1016/j.
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