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Plants and microbes share common metabolic pathways for producing a range of bio-
products that are potentially foundational to the future bioeconomy. However, in planta
accumulation and microbial production of bioproducts have never been systematically
compared on an economic basis to identify optimal routes of production. A detailed
technoeconomic analysis of four exemplar compounds (4-hydroxybenzoic acid [4-HBA],
catechol, muconic acid, and 2-pyrone-4,6-dicarboxylic acid [PDC]) is conducted with
the highest reported yields and accumulation rates to identify economically advantaged
platforms and breakeven targets for plants and microbes. The results indicate that in
planta mass accumulation ranging from 0.1 to 0.3 dry weight % (dwt%) can achieve
costs comparable to microbial routes operating at 40 to 55% of maximum theoretical
yields. These yields and accumulation rates are sufficient to be cost competitive if the
products are sold at market prices consistent with specialty chemicals ($20 to $50/kg).
Prices consistent with commodity chemicals will require an order-of-magnitude-greater
accumulation rate for plants and/or yields nearing theoretical maxima for microbial pro-
duction platforms. This comparative analysis revealed that the demonstrated accumula-
tion rates of 4-HBA (3.2 dwt%) and PDC (3.0 dwt%) in engineered plants vastly
outperform microbial routes, even if microbial platforms were to reach theoretical maxi-
mum yields. Their recovery and sale as part of a lignocellulosic biorefinery could enable
biofuel prices to be competitive with petroleum. Muconic acid and catechol, in contrast,
are currently more attractive when produced microbially using a sugar feedstock. Ulti-
mately, both platforms can play an important role in replacing fossil-derived products.

in planta accumulation j microbial production j value-added bioproduct j technoeconomic analysis
(TEA) j bioeconomy

Reducing the use of fossil carbon sources is central to the global efforts to mitigate the
most catastrophic effects of climate change (1). Although consumption of some fossil
fuels, such as coal, has flattened globally and declined in many developed nations (2),
global petroleum demand has continued to grow steadily, averaging an increase of
around 1 to 2 million barrels per day prior to the pandemic (3). Substantially reducing
the use of crude oil requires that renewable replacements for both fuel and other petro-
chemical products be scaled up in parallel. Building biorefineries that mimic current
petroleum refineries by coproducing a suite of fuels and products that are difficult to
decarbonize via other means is a potentially attractive approach. A prior study explored
the degree to which increasing in planta accumulation of value-added products could
enable economically competitive lignocellulosic biorefineries, finding that compounds
such as latex, limonene, and polyhydroxybutyrate must be accumulated at 0.3 to 1.2%
of total plant dry weight % (dwt%) to justify the costs of extraction, while higher-value
cannabidiol and artemisinin need only reach 0.01 to 0.02 dwt% (4). However, in
planta accumulation is not the only option for producing renewable alternatives to pet-
rochemical products; rapid developments in metabolic engineering and synthetic biology
have enabled host microbes to serve as microbial cell factories that can also produce a
diverse range of products (5). The question of how in planta accumulation and microbial
production of bioproducts compare on a cost basis remains unanswered. Through
detailed process simulation and economic analysis, we seek to better understand how
microbial and in planta production routes compare based on currently demonstrated and
maximum theoretical performance metrics, using four industrially relevant molecules as
exemplars: 4-hydroxybenzoic acid (4-HBA), catechol, cis,cis-muconic acid (muconic
acid), and 2-pyrone-4,6-dicarboxylic acid (PDC).
In planta accumulation of some bioproducts can be cost competitive even if the

remaining biomass is discarded after extraction, particularly for pharmaceuticals,
personal-care products, and other high-value applications such as medical cannabinoids
and high-value proteins (4, 6). Integrating this strategy with the conversion of residual
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biomass to renewable liquid fuels provides an additional reve-
nue stream, thus making lower levels of accumulation and/or
lower-value products viable (4). However, tying bioproduct
extraction from plants with large-scale biorefineries has draw-
backs. Commercial-scale lignocellulosic biorefineries are likely to
operate at scales much larger than typical production facilities
for high-value specialty chemicals (4). If artemisinin were accu-
mulated in planta and extracted prior to biofuel production,
global demand would be met with fewer than 10 commercial-
scale biorefineries, and if the chemotherapy medication vinblas-
tine were produced instead, its global demand would be fully
supplied many times over by just a single facility (4). In contrast,
standalone microbial production of these chemicals using simple
sugars is less capital intensive relative to a fuel-producing ligno-
cellulosic biorefinery (7, 8), so simple sugars can be sized more
appropriately for the scale of the target market.
A variety of model and nonmodel microbial hosts have been

modified to produce industrially relevant chemicals. Metabolic
engineering of Corynebacterium glutamicum has led to the
microbial conversion of monomeric sugars to several valuable
chemicals—such as shikimate, 4-HBA, and 4-aminobenzoate—at
high titers suitable for commercialization (9). Escherichia coli is a
versatile host that has been engineered to produce a variety of
bioproducts including terpenoids, alkaloids, and indigo at high
productivities due to its high growth rate and cell density (10, 11).
The oleaginous and carotenogenic yeast Rhodosporidium toruloides
has demonstrated an ability to metabolize a variety of biomass-
derived substrates to produce bisabolene and pharmaceutical
products (12). These microbial production routes do have draw-
backs; some have not yet reached titers, rates, and yields (TRYs)
that allow them to be competitive with currently available petro-
chemicals. At lower TRYs, the sugar feedstock costs and capital-
intensive recovery and purification processes can dominate the
overall production costs (13, 14).
In this study, we aim to demonstrate how in planta and micro-

bial routes can be compared through technoeconomic modeling
and explore the relative viability of both routes to four chemicals
(4-HBA, catechol, muconic acid, and PDC). Each of these four
molecules has established biosynthetic routes both in microorgan-
isms and in bioenergy crops or model plants, and their successful
production has been demonstrated in the literature (15–18). The
selection of these bioproducts is based on their broad applica-
tions, market values, documentation in peer-reviewed literature,
and potential as a chemical platform (19). 4-HBA is an interme-
diate for the production of food, cosmetic, and pharmaceutical
products (20). Catechol is a precursor to pesticides, flavors, and
fragrances (21). Muconic acid can be used as a precursor to pro-
ducing bio-based nylon-6,6 and polyethylene terephthalate (22).
PDC, owing to its structural similarity to terephthalic acid, can
serve as a precursor to diverse bioplastics with novel functionali-
ties (23). Notably, a recent study also indicated that producing
PDC in plants led to a reduction in lignin content and, thus,
improved biomass saccharification efficiency (16). Although these
exemplar compounds represent a small fraction of potential in
planta and microbially produced products, they provide a repre-
sentative range of options through which we are able to gauge
the competitiveness of each strategy and establish yield/accumula-
tion thresholds needed to reach cost parity.

Results

Technoeconomic Results. In this study, we developed separate
process simulation and cash flow models for the selected bio-
products (4-HBA, catechol, muconic acid, and PDC) using

SuperPro Designer v12 and Python. Separate scenario models
captured the two alternatives: 1) accumulation of the product
in planta followed by extraction prior to the deconstruction
and conversion of remaining biomass to ethanol; and 2) dedi-
cated microbial production of the product using glucose as a
feedstock. The rationale for modeling microbial conversion of a
glucose feedstock rather than lignocellulosic sugars is that cur-
rently available literature has not demonstrated the ability to
convert pentose sugars to the four products analyzed in this
study, nor have prior studies explored the use of mixed hydro-
lysates. In each case, we use the simulations to calculate a mini-
mum selling price (MSP) for the purified bioproduct. In the
plant system, the mass accumulation rate (dwt%) of each bio-
product in biomass sorghum (a proxy bioenergy feedstock
crop) is based on the highest reported yield in the literature
(3.2 dwt% 4-HBA [18], 3.0 dwt% PDC [16], 0.06 dwt%
muconic acid [15], and 0.045 dwt% catechol [17]). This repre-
sents the average mass accumulation rate in all of the harvest-
able sorghum biomass, including both stems and leaves. Once
the biomass is delivered to the biorefinery, bioproducts are
extracted by solvents. The remaining biomass is routed for
downstream conversion to ethanol, consisting of processes
including one-pot high-gravity ionic liquid (IL) pretreatment,
enzymatic hydrolysis, fermentation, ethanol recovery and puri-
fication, wastewater treatment, and onsite energy generation.
To determine the selling price for lignocellulosic ethanol, a
base case lignocellulosic biorefinery was modeled first where no
bioproduct is extracted from the biomass sorghum, and only
ethanol is produced as the product. In the base case model, the
minimum ethanol selling price (MESP) is $1.44/liter of gasoline
equivalent (LGE), and this biorefinery generates 248 L ethanol
per bone-dry tonne of biomass and requires a capital investment
of ∼$420 million. In the microbial systems, there is no analo-
gous base case biorefinery because each bioproduct is modeled as
the single main product from a dedicated facility using glucose
as the feedstock.

In scenarios where bioproducts are accumulated in planta
and extracted prior to converting biomass to ethanol, the reve-
nue collected from the sale of ethanol impacts the minimum
viable threshold for accumulation (see Fig. 1). We quantified
the bioproduct MSP across three possible ethanol selling prices:
1) a base case price ($1.44/LGE) as calculated in our base case
ethanol biorefinery model, 2) a target fuel price ($0.66/LGE or
$2.50/gasoline gallon equivalent) as set by the U.S. Depart-
ment of Energy (DOE) (24), and 3) a historical average gaso-
line price ($0.40/LGE or $1.53/gal of gasoline) based on 1940
to 2020 average U.S. gasoline rack prices (25). A higher ethanol
selling price translates to a lower bioproduct MSP. Even in the
base case ethanol price scenario ($1.44/LGE), the relatively low
accumulation rates (<0.1 dwt%) in planta reported for catechol
and muconic acid result in challenging economics. Biorefineries
that extract catechol from biomass sorghum must sell the prod-
uct for $36.6/kg, which is approximately triple the MSP that
can be achieved through microbial conversion of glucose based
on the best reported TRY. This MSP for catechol produced in
planta is also approximately 7 times its current market price.
Based on the ethanol selling price corresponding to the base case
scenario ($1.44/LGE), muconic acid could be sold at a mini-
mum price of $18.9/kg, which is ∼4 times the achievable MSP
if muconic acid is produced microbially from glucose. Increasing
accumulation rates for in planta production of muconic acid and
catechol will be crucial to making this option competitive. In
contrast, the best-reported accumulation rates in plants are con-
siderably higher for 4-HBA (3.2 dwt%) and PDC (3.0 dwt%).
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As a result, 4-HBA and PDC accumulated in biomass can be
sold for $0.5 and $0.6/kg, respectively, which are well below
their current market prices. If fuel ethanol must be sold at the
DOE target price ($0.66/LGE), the MSPs for 4-HBA and PDC
increase to ∼$3.0/kg, and these MSPs increase further to ∼$4.0/kg
if ethanol sells for the long-term historical average U.S. gasoline
rack price ($0.40/LGE).
Notably, under all three ethanol price scenarios, 4-HBA and

PDC accumulated in planta can be sold for a value below their
current market prices, suggesting that engineering bioenergy

feedstocks to accumulate these commodity chemicals in all or
most of the plant tissue may give the resulting biorefineries an
advantage over competing production routes. Extraction costs
do vary across each bioproduct. Among the selected bioprod-
ucts, we find that catechol extraction at the integrated lignocel-
lulosic biorefinery results in the highest capital investment
(∼$40 million) mainly due to the energy-intensive extraction
processes and comparatively low accumulation rate, while
4-HBA extraction results in capital costs totaling ∼$30 million
(see SI Appendix, Fig. S1 for process flow diagrams).

Fig. 1. MSPs obtained from plant systems (highest demonstrated accumulation) and microbial routes (demonstrated and maximum theoretical yield sce-
narios). In the plant systems, three ethanol selling prices are assumed: 1) ethanol produced in the integrated biorefinery is sold at $1.44/LGE, as quantified
in the base case model; 2) ethanol is sold at the target fuel selling price of $0.66/LGE ($2.50/gal gasoline equivalent), as set by the U.S. DOE (24); and 3) etha-
nol selling price is equivalent to the 1940 to 2020 historical average U.S. gasoline rack sales price ($0.40/LGE or $1.53/gal of gasoline) (25). In the microbial
system, the demonstrated case is developed based on the state-of-the-art reported yield for these bioproducts, and the theoretical case is built assuming
the maximum theoretical yield. Detailed input parameters used for technoeconomic modeling are documented in SI Appendix, Table S1. Numerical results
are listed in SI Appendix, Table S2.
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The strengths and weaknesses of microbial production across
the four products explored here are different from the plant sys-
tems. Catechol and muconic acid are less costly to produce
microbially, based on demonstrated yields. Using the best-
reported microbial production yield of 0.26 mol catechol/mol
glucose, or 0.16 g catechol/g glucose (42% of the theoretical
maximum yield, as determined by elementary mode flux analy-
sis), with a titer of 4.47 g/L (26), we found that catechol must
sell for an MSP of $11.1/kg (Fig. 1), which is double its cur-
rent market price. Muconic acid production via microbial con-
version of glucose, on the other hand, has been demonstrated
at a much higher yield (0.378 mol muconic acid/mol glucose,
or 0.298 g muconic acid/g glucose, with a production rate of
0.1 g/L/h, corresponding to 50% of the theoretical yield [27]);
thus, it achieves a lower MSP of $4.4/kg. The price of pure
glucose ($0.59/kg [28]) is the largest cost contributor for all
microbially produced bioproducts, as shown in Fig. 1. For
4-HBA, its product recovery process is more capital intensive
due to the extra acidification and the purification processes rela-
tive to other processes. For other bioproducts, the capital cost
of the bioconversion process is higher than the final product
purification process. In an optimal scenario, where yields are
increased to the theoretical maxima and residence times are
reduced (theoretical yield scenario in Fig. 1; details in SI
Appendix, Table S1), the MSPs of all four bioproducts could be
reduced to prices approaching those of commodity chemicals,
ranging from $2 to $5/kg. The MSPs of PDC and 4-HBA in
the theoretical yield scenario are $2 and $3.7/kg, respectively,
which are comparable with their market selling prices but still
higher than the achievable MSPs in the plant systems. For cate-
chol, 4-HBA, and muconic acid, the theoretical maximum
yield is obtained using flux analysis. However, no theoretical
maximum yield has been reported for PDC using flux analysis,
so we use reaction stoichiometry to estimate the theoretical maxi-
mum yield. The results of our technoeconomic analysis (TEA)
of microbial production are aligned with prior studies. For exam-
ple, Kr€omer et al. found that 90% of theoretical yield (predicted
by flux analysis) and a titer of 100 g/L of 4-HBA produced in C.
glutamicum results in selling prices in the range of $1.61 to $3.
59/kg with water recycling and/or biomass recycling scenarios
(29). When producing catechol from lignin, Mabrouk et al. pre-
dicted the selling price to be $1,100/t with 2,544 kg per day of
biomass from olive tree residue (30). For muconic acid produc-
tion using first-generation sugar at the price of $0.27/kg (consid-
erably lower than our assumed price of $0.59/kg) and assumed
production yield of 0.4 mol/mol glucose and rate of 1 g/L/h, the
previously predicted MSP was $1.95/kg (27).

Cost Comparison between Plant and Microbial Systems. To
better understand the potential economic advantages of one
expression system over the other, we compared the production
costs of these four bioproducts in both plant and microbial sys-
tems by varying mass accumulation rates (dwt%) in bioenergy
crops and yields from glucose (% of theoretical maximum)
in microbial routes. Specifically, we modeled feedstock input
amounts of 2,000 bone-dry tonnes of biomass sorghum per day
in the plant systems and a bioethanol selling price of $1.44/LGE
as calculated in our base case biorefinery. We only altered the
mass accumulation rates of bioproducts in the plant system to
calculate the final MSPs for each bioproduct. In microbial sys-
tems, the daily glucose input is fixed at 1,000 bone-dry tonnes,
and we varied the production yields to quantify the final MSPs
for each bioproduct. Bioconversion times range from 24 to 144 h,

depending on the reported titers and yields for each specific
product (SI Appendix, Table S1).

The cost comparison results for plant and microbial systems
are shown in Fig. 2. Solid icons denote the highest reported
yield in either engineered plants or microbial routes; the corre-
sponding empty (outline only) icons show the mass accumula-
tion rate or production yield required in the other system to
reach cost parity when producing the same bioproduct. We
find that the breakeven accumulation rate for plant systems
required to compete with microbial production across the four
products explored here ranges from 0.1 to 0.3 dwt% of all
plant tissue in a bioenergy crop (biomass sorghum, in this
case). The highest reported yields of 4-HBA and PDC (shown
in Fig. 2) are well beyond the threshold needed to compete with
microbial routes, at 3.2 (18) and 3.0 dwt% (16), respectively.
The breakeven yield for microbial production of these com-
pounds from glucose, given the 3.2 and 3.0 dwt% accumulation
rates, far exceeds the theoretical maxima for both compounds.
However, it is conceivable that bioenergy crops might achieve
more modest accumulation rates in some cases, particularly if
high accumulation rates can be achieved only in particular com-
ponents of the plants (e.g., stems or leaves). Based on the
reported yields of 4-HBA and PDC in microbial routes (solid
green and yellow triangles in Fig. 2), the minimum required in
planta mass accumulation rates are ∼0.2 dwt% for 4-HBA
(empty green triangle) and ∼0.3 dwt% for PDC (empty yellow
triangle) to reach cost parity with microbial production from
glucose. This finding provides a clear indication that it may be
more advantageous to produce PDC and 4-HBA in planta, and
if engineering efforts aimed specifically at high-yielding bioen-
ergy crops result in lower accumulation rates, this may still be
competitive as long as those rates exceed 0.2 to 0.3 dwt%.

Unlike 4-HBA and PDC, production of catechol and
muconic acid so far proves to be more advantageous in
microbes when compared to the best-demonstrated accumula-
tion in plants. With the current highest reported microbial
yield of catechol (0.26 mol/mol glucose or 0.16 g/g glucose
[26], corresponding to 42% of theoretical yield) and muconic
acid (0.378 mol/mol glucose or 0.298 g/g glucose [27], corre-
sponding to 50% of theoretical yield), the mass accumulation
rates required in plants are ∼0.15 and ∼0.3 dwt%, respectively.
The highest reported mass accumulation rates of catechol and
muconic acid in engineered plants are considerably lower than
these thresholds: catechol has been accumulated at 0.045 dwt%
(17), and muconic acid was accumulated at 0.06 dwt% (15)
(Fig. 2, Inset). Based on these best-demonstrated accumulation
rates, microbial production routes must only exceed 8 and 12%
of theoretical maxima for muconic acid and catechol, respec-
tively, to outcompete the in planta production route.

Uncertainty Analysis. The scenarios presented—specifically, the
scenarios in which bioproducts are coproduced alongside ligno-
cellulosic ethanol—carry considerable uncertainty. An important
source of long-term uncertainty is the expected selling price for
lignocellulosic ethanol, which will depend on the behavior of
energy markets and any policy incentives applied to low-carbon
fuels in the future. The bioproduct selling prices are also uncer-
tain because these products are not well established as commod-
ity chemicals. We investigated the impact of these factors by
varying selling prices ($/kg) of these four bioproducts and mass
accumulation rates (dwt%) in biomass sorghum needed to reach
a range of MESPs ($/LGE) in lignocellulosic biorefineries.

As expected, higher accumulation rates of bioproducts in
planta increase revenue and result in a reduced MSP for fuel
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ethanol (Fig. 3). When selling ethanol at a fixed price, the min-
imum required bioproduct selling price decreases as the bio-
product accumulation rate increases. To reach cost parity with
a base case biorefinery in which no bioproduct is extracted
($1.44/LGE; see dot symbol [“•”] in Fig. 3) under the lower
mass accumulation rate scenario (0.05 dwt%), the required sell-
ing price of catechol is the highest ($40/kg) among four bioprod-
ucts due to its more capital-intensive extraction process, followed
by PDC ($36/kg), muconic acid ($28/kg), and 4-HBA ($22/kg).
For comparable selling prices (<$50/kg), increasing the accumu-
lation rate to ∼0.2 dwt% enables the biorefinery to reach the
target ethanol selling price of $0.66/LGE (see “x” in Fig. 3). To
compete with long-term historical gasoline rack price ($0.40/LGE;
see plus sign [“+”] in Fig. 3), a bioproduct selling price in the
range of $30 to $50/kg combined with 0.2 to 0.4 dwt% accu-
mulation would be required.
Ultimately, the competitiveness of these in planta accumula-

tion routes to bioproducts depends on their intended market.
If PDC, 4-HBA, catechol, and muconic acid are to be sold into
commodity markets, their selling prices must be at least an
order of magnitude lower than the selling prices previously dis-
cussed. Both 4-HBA and PDC have already been accumulated
in planta at levels higher than what is needed to reach cost par-
ity with ethanol using the base case price (target rates of ∼2.0
and ∼1.0 dwt%, respectively). Even if ethanol must sell at a
price equal to the long-term historical gasoline rack price, the
required accumulation rates for PDC and 4-HBA (∼3.0 dwt%)
are comparable with the current state of the art. These results
suggest that if similar accumulation rates can be achieved in the

harvestable biomass for sorghum or any other high-yielding
biomass crop, extraction of these bioproducts can benefit biorefi-
neries in the immediate future. Catechol (0.045 dwt%) and
muconic acid (0.06 dwt%), however, require dramatic improve-
ments in accumulation rates to become viable. These results are
consistent with previous findings that established minimum in
planta accumulation rates needed to offset the cost of extraction
(a breakeven price for a facility producing ethanol and not recov-
ering a bioproduct) (4).

Regardless of which bioproduct is produced, the biomass sor-
ghum price has the greatest impact on costs for the plant pro-
duction systems. In microbial production systems, product
yield and glucose feedstock price are the two leading sources of
variation (see results in SI Appendix, Figs. S5 and S6). If the
biomass sorghum price is increased from $95 to $120/bone-dry
tonne in the plant systems, the bioproduct MSPs can increase
by as much as ∼80%, assuming the ethanol selling price must
remain constant. A common theme in the sensitivity analysis for
the plant systems is that if the ethanol selling price is held cons-
tant, even small changes to capital and operating costs result in
large changes in the bioproduct MSP because those changes in
the facility economics must be compensated for by altering the
price of a comparatively small-volume product. For microbial
production, there may be opportunities to source cheaper sugars,
assuming pure glucose is not required. Shifting from pure glu-
cose ($0.59/kg) to first-generation sugar ($0.27/kg) will decrease
the bioproduct MSP by $1.0 to $4.0/kg.

Process parameters also impact the MSP of bioproducts under
both the microbial and the plant systems. We find extraction

Fig. 2. Comparison of MSPs ($/kg) between in planta accumulation and microbial routes to bioproducts, using the base case ethanol selling price ($1.44/LGE)
for lignocellulosic biorefineries that convert residual biomass after bioproduct extraction from plants. The solid circles represent the highest reported mass
accumulation rates in plants, and the empty circles represent the corresponding yields required to reach cost parity using microbial routes for the same prod-
ucts. The solid triangles indicate the highest reported yields as a fraction of maximum theoretical yields in microbial systems. For catechol, 4-HBA, and muconic
acid, the theoretical maximum yield is determined by flux analysis; no theoretical maximum yield has been reported for PDC using flux analysis, so we use
reaction stoichiometry to determine its theoretical maximum. The empty triangles represent in planta mass accumulation rates needed to reach cost parity
with the best-reported microbial yields for each bioproduct. Breakeven microbial production yields for 4-HBA and PDC exceed the theoretical maximum and,
therefore, are not shown. (Inset) The in planta accumulation rates for muconic acid and catechol, which are less than 0.08 dwt%.
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efficiency (measured as a percentage of maximum recovery) for
plant systems can vary the MSP by ∼25%, followed by extrac-
tion time and temperature. This is because longer extraction
times and higher temperatures increase the facility’s energy use.
Improving parameters related to lignocellulosic ethanol produc-
tion in the plant system—such as glucan-to-glucose conversion
rate, xylan-to-xylose conversion rate, and glucose utilization—
can decrease bioproduct MSPs by up to $20/kg since these mini-
mize total costs and increase revenue at the facility. Additionally,
decreasing IL (the biomass pretreatment solvent) cost in lignocel-
lulosic biorefineries from $2 to $1/kg can also decrease the
bioproduct MSP by up to $10/kg. For microbial production sys-
tems, improving production yield relative to the best currently
demonstrated values can reduce the bioproduct MSP by 40 to
74% (see SI Appendix, Fig. S6 for detailed results).

Discussion

In this study, we aimed to elucidate the economic competitive-
ness of two different paths to producing bioproducts: directly

accumulating the products in bioenergy crops for eventual
recovery at biorefineries and dedicated microbial production of
those same bioproducts using glucose as a feedstock. Develop-
ing detailed technoeconomic models for both sets of scenarios
across four bioproducts that can be produced microbially and
in planta allowed us to explore breakeven yields and accumula-
tion rates. Our results suggest that with the exception of bio-
products accumulated at very high rates (>1 dwt%), microbial
and plant systems are likely to be competitive, and product-
specific performance in both systems will be the deciding factor
in which platform is most attractive. In plant systems, accumu-
lating low-to-moderate value bioproducts in bioenergy crops can
improve the economics of biorefineries only when a high mass
fraction of bioproducts can be achieved. For example, with a 3.2
dwt% of 4-HBA accumulated in biomass sorghum, 19,000
tonnes per year of 4-HBA could be produced alongside ethanol
at a commercial biorefinery processing 2,000 bone-dry tonnes
per day of sorghum, and this will result in a market-competitive
MSP of the bioproduct. PDC production in planta is similarly
attractive, given the 3.0 dwt% accumulation. However, due to

Fig. 3. Bioproduct selling price ($/kg) versus mass accumulation rate (dwt%) in engineered biomass sorghum utilized as feedstock in lignocellulosic biorefi-
neries. The bar on the right side of each subplot shows the MESP ($/LGE) obtained in lignocellulosic biorefineries. The dot symbol in each subplot is the bio-
product selling price at each mass accumulation rate for reaching cost parity with the base case biorefineries developed in this study ($1.44/LGE, as calcu-
lated in our base case model). The “x” in each subplot refers to the product selling price and mass accumulation rate required to reach a target ethanol
selling price ($0.66/LGE [24]). The plus symbol in each plot corresponds to a product selling price and mass accumulation rate needed for ethanol to reach
parity with the U.S. long-term historical gasoline rack price from 1940 to 2020 ($0.40/LGE [25]).
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the lower mass accumulation rates of catechol and muconic acid,
biorefineries coproducing catechol or muconic acid cannot com-
pete with microbial production. To reach cost parity with micro-
bial routes, a large improvement (up to fourfold) in the mass
accumulation rates of catechol and muconic acid in engineered
plants is required. The approximate relationships between target
accumulation rates and microbial yields can be used to evaluate
other compounds that are outside the scope of this study. For
example, cannabidiol for medical applications can be extracted
from Cannabis sativa L., which can accumulate up to 7.5 dwt%
in planta (31). Although cannabidiol can also be produced from
Saccharomyces cerevisiae using galactose (32), our results would
suggest that microbial production may have challenges compet-
ing with the plant system, barring any other potential advantages
of microbial production.
Environmental impacts, while not incorporated into our cost

analysis, are important to consider and may directly impact the
economics in cases where facilities are eligible for policy incen-
tives tied to greenhouse gas (GHG) emissions mitigation. The
life-cycle GHG footprint of producing biochemicals micro-
bially from glucose is driven by the type of feedstock from
which glucose is sourced (e.g., corn, sugarcane, potato, wheat)
and the energy footprint of the bioconversion process itself (33,
34). Because PDC, 4-HBA, catechol, and muconic acid are all
produced aerobically, which involves sparging the bioreactor
with air, there will be no pure CO2 stream available for capture
and sequestration. If, however, some other bioproduct of inter-
est can be produced anaerobically, this would present an oppor-
tunity for very low-cost capture and sequestration of the pure
CO2 stream from fermentation (35). Additionally, sourcing
sugars from alternative sources, such as lignocellulosic biomass,
can reduce the GHG footprint of the feedstock (36). The in
planta accumulation route involves downstream conversion of
biomass to ethanol as a renewable fuel blendstock, so the
potential for GHG benefits are twofold: ethanol can displace
the use of petroleum fuels, and the pure CO2 stream from etha-
nol fermentation can be captured and sequestered (35). Such a
strategy can become economically favorable after accounting
for policy incentives tied to low carbon fuels (35).
Although the analysis presented here is focused on in planta

accumulation and microbial production as two competing
alternatives, one could reasonably suggest that the two strategies
should be combined in a single biorefinery to maximize bio-
product yield and avoid additional separation and purification
steps. In this integrated case, the bioproduct could be retained
throughout pretreatment and saccharification of the biomass,
assuming it remains stable, and loaded into the bioconversion
reactor, where lignocellulosic sugars are microbially converted
to produce additional bioproduct. However, this strategy would
require additional information regarding the potential losses of
bioproduct during pretreatment, saccharification, and interme-
diate separations required prior to bioconversion. To produce
each bioproduct in a lignocellulosic biorefinery, the production
must be carried out in microbial hosts capable of coutilizing
pentose and hexose sugars, which has not yet been demon-
strated for the best-available yields used in our analysis. During
bioconversion, retained bioproduct would also contribute to
the overall titer in the reactor. The higher titers could require
additional dilution to avoid toxicity issues, although such limi-
tations will be product and host dependent.
As an exploratory analysis, we evaluated the potential for

PDC production in this integrated configuration where in planta
accumulation and microbial production are combined (see SI
Appendix, Fig. S3 for the process flow diagram). We analyzed

the differences between two scenarios: one in which PDC is
extracted from the biomass prior to deconstruction and plant-
derived sugar is converted to PDC downstream, and a second
scenario in which the PDC accumulated in planta is carried
through bioconversion and recovered alongside microbially pro-
duced PDC. The goal of this exercise was to gauge the impor-
tance of eliminating upfront recovery of PDC accumulated in
planta. Both scenarios relied on the same demonstrated TRYs
used previously for glucose and do not incorporate hypothetical
production from xylose. In an optimistic case where only 5% of
PDC from the plant is lost during upstream processing, the sav-
ings achieved in the integrated configuration are relatively modest
(<10%) when compared to a facility that extracts and recovers
PDC prior to pretreatment and then later converts plant-derived
glucose to additional PDC (see SI Appendix, Fig. S4 for results).

In summary, accumulation of bioproducts in high-yielding
crops and production of bioproducts using microbial hosts
both have important roles to play in the expansion of the vol-
ume and diversity of bioderived compounds needed to replace
fossil-derived products. Our results suggest that accumulation
rates exceeding ∼1.0 dwt% in plants are likely to outcompete
microbial production of bioproducts, assuming the remaining
biomass can be valorized through conversion to a liquid fuel
(although conversion of biomass to other nonfuel products may
achieve similar results). For microbial routes that have achieved
yields at or above half of the theoretical maximum, this option is
likely to be competitive with, or superior to, in planta accumula-
tion, assuming realistic accumulation rates fall in the range of
0.1 to 0.3 dwt%. These guidelines can help the research com-
munity take a more systematic approach in setting realistic per-
formance targets, prioritizing research and commercialization
efforts in different chassis based on their relative advantages, and
evaluating progress toward economically viable bioproduct pro-
duction at scale.

Materials and Methods

Scenario Description. In this study, SuperPro Designer v12 was used to
develop technoeconomic models of four bioproducts (4-HBA, PDC, catechol, and
muconic acid) that can be produced from both plant and microbial systems. The
simplified process flow diagram for both systems is shown in Fig. 4. In the plant
systems, we adopted integrated lignocellulosic biorefineries to maximize the uti-
lization of bioenergy crops to produce biofuels and bioproducts simultaneously.
We assume the selected bioproducts can be accumulated in engineered biomass
sorghum at a range of mass fractions (dwt%). Biomass sorghum was selected as
a representative bioenergy crop because of its high biomass yield, its natural
drought tolerance and water-use efficiency, and the relative ease with which
sorghum can be engineered when compared to other bioenergy crops such as
Miscanthus (37–40). In our simulated biorefineries, the desired bioproduct accu-
mulated in the engineered biomass sorghum is extracted up front (before down-
stream deconstruction and bioconversion). We assume that the bioproduct is
accumulated in the whole plant, meaning that the dwt% indicates an average
accumulation in all harvestable biomass (accumulation levels in some types of
tissue may be higher than others in practice). We also assume that the bioprod-
uct will remain stable during biomass harvest, drying, and storage. During bio-
product extraction, we model extraction processes intended to avoid further
breakage down the cell wall. Such premature deconstruction of the cell wall can
release impurities such as sugars or lignin to complicate the bioproduct recovery
process. The simulated lignocellulosic biorefineries include the following: 1) feed-
stock handling section to remove foreign materials and to store feedstock onsite
for a short time; 2) extraction processes tailored to each bioproduct; 3) inte-
grated one-pot high gravity IL (cholinium lysinate) pretreatment to deconstruct
the lignin-cellulose-complex structure of biomass cell wall; 4) enzymatic hydroly-
sis and fermentation processes to break down polysaccharides to monosacchar-
ides and then convert glucose and xylose to ethanol; 5) ethanol recovery and
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purification; 6) wastewater treatment to clean wastewater for reuse; and 7) onsite
energy generation to fulfill the heat and electricity demands of the facility where
the excess electricity is sold to the grid at a price of $0.068/kWh (41).

In microbial systems, sugar (pure glucose) is used as the carbon source to
produce bioproducts. Other nutrients are provided based on medium require-
ments of host organisms for each bioproduct. Unlike plant systems, in microbial
systems, only desired bioproducts will be produced using the established pro-
duction pathways, and no coproduct is produced. The microbial production facil-
ity starts with a feedstock section to receive raw materials. After mixing, 10% of
the glucose is sent to three-stage onsite seed fermentation processes, and the
rest is routed to the aerobic bioconversion process to produce bioproducts under
specific conditions. After the bioproduct is synthesized in the bioconversion pro-
cess, it goes through a recovery and purification process designed for each bio-
product, and wastewater is treated offsite.

Selection of Bioproducts. In this study, we selected four bioproducts (4-HBA,
PDC, catechol, and muconic acid) that can be accumulated in engineered plants
and also produced from microbial hosts. These products were selected because
of their diverse set of potential applications; we deliberately did not focus on
compounds whose sole (or primary) use is in pharmaceuticals, such as artemisi-
nin or morphine, because of the risk that coproduction at lignocellulosic biorefi-
neries would overwhelm their limited market volumes (4,42). However, the

results could be generalized to pharmaceuticals, with the caveat that the purifica-
tion processes may be more extensive in some cases.

4-HBA is regarded as a valuable intermediate to produce a diverse range of
final products that can be used in food, cosmetics, and pharmaceuticals (20). Its
market size is projected to reach US$80 million by 2026 at a growth rate of
5.2% from 2021 to 2026 (43). High accumulation of 4-HBA was reported in
transgenic tobacco (26.5 dwt% of 4-HBA glucose conjugates in the leaves, equiv-
alent to 12.2 dwt% of free 4-HBA) (44) and sugarcane (7.3 dwt% of 4-HBA glu-
cose conjugates in the leaves, equivalent to 3.2 dwt% of free 4-HBA) (18). In the
microbial system, C. glutamicum was reported to have a higher tolerance to
4-HBA toxicity, and the maximum titer of 4-HBA produced was 36.6 g/L, with a
yield of 0.41 mol/mol glucose or 0.314 g/g glucose (45).

Given the similar structure between PDC and terephthalic acid, PDC is a valu-
able industrial chemical to make diverse polyesters with novel functionalities (23).
By engineering E. coli, the highest titer of PDC reported to date was 16.72 g/L
from glucose (23). In P. putida, the highest reported yield was 0.341 mol/mol
produced from glucose or 0.348 g PDC/g glucose (27). In the plant system,
Lin et al. introduced PDC biosynthetic genes into the Arabidopsis and reported
∼3 dwt% PDC yield in plant biomass with a 40 to 45% reduction in lignin con-
tent in the stems of transgenic lines relative to the wild-type plants (16).

Catechol is mainly produced as a precursor to pesticides, flavors, and fragran-
ces (21). The total pesticides export value increased from US$38.5 billion in

Fig. 4. Simplified process diagrams for bioproduct production in plant systems and microbial systems. In plant systems, the bioproduct is accumulated in
the engineered biomass sorghum and then extracted onsite before the remaining biomass sorghum is used to produce ethanol.
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2017 to US$40.5 billion in 2019, according to the Food and Agriculture Organiza-
tion of the United Nations (46). Bio-based catechol using lignin as the starting
material has been estimated to achieve a 2% reduction in greenhouse gas emis-
sions, 7% reduction in ecotoxicity, and 59% reduction in fossil fuel use relative to
fossil-based catechol (47). In the microbial system, a catechol yield of 0.26 mol/mol
glucose (or 0.16 g/g glucose) was achieved in recombinant E. coli, which corre-
sponds to 42% of the maximum theoretical yield determined by elementary
node flux analysis (26).

The production of muconic acid attracts much attention due to its end use in
the production of several polymers, such as nylon-6,6 and polyethylene tere-
phthalate (22). The muconic acid market size is expected to be US$111.8 million
by 2023 at an expanding growth rate of >7% from 2019 to 2024 (48). Muconic
acid has been successfully produced in Arabidopsis at 637 μg/g in the best
transgenic line (15). In the microbial system, muconic acid produced in E. coli
reached a titer of 36.8 g/L in a 2-L fed-batch bioconversion reactor (49), and the
final yield of muconic acid from glucose has been reported at 0.378 mol/mol
glucose or 0.298 g/g glucose in engineered P. putida (27). Choi et al. recently
reviewed the bio-based muconic acid pathway in several microorganisms and
found that using engineered C. glutamicum in muconic acid biosynthesis
resulted in a high titer of 85 g/L (50).

Extraction Processes in Plants. 4-HBA is extracted by 50% (vol/vol) methanol
with a loading rate of 150 mg to 1 mL at 70 °C for 6 h (18). After extraction,
bead milling is used to further separate the product from the mixture; then, the
wastewater is sent to centrifugation to remove the debris. Methanol is distilled
and recycled back to the extractor, with a 95% recovery rate. 4-HBA is further
dried, crystallized, and stored onsite. Catechol is extracted by 80% (vol/vol) etha-
nol, which is produced onsite in our modeled biorefinery configuration. The
extraction process takes 8 h at 80 °C and is repeated twice (17). Then, the extrac-
tant is sent to the evaporator and subsequently sent to the centrifuge. After cen-
trifugation, the catechol is dried, crystallized, and stored onsite. PDC is extracted
by 80% (vol/vol) methanol with a PDC loading rate of 50 mg to 1 mL for three
times at 70 °C for 8 h (16, 51). Then, the PDC-containing slurry is washed with
NaCl and dehydrated to a higher concentration. Later, PDC is filtered, crystallized,
and stored onsite. Muconic acid is directly extracted by 80% (vol/vol) methanol
with a loading rate of 50 mg to 1 mL at 70 °C for 6 h (15). This extraction pro-
cess is repeated twice. Then, the biomass tissue is centrifuged, filtered, evapo-
rated, and stored onsite. Methanol is evaporated, condensed, and recycled at
95%. The process flow diagrams for these four bioproducts extraction processes
in the plant system are shown in SI Appendix, Fig. S1.

Production Processes in Microbial Hosts. 4-HBA is produced in engineered
C. glutamicum from glucose at 33 °C for 24 h. The yield reported in C. glu-
tamicum was 0.41 mol/mol glucose (or 0.31 g/g glucose), and the maximum
theoretical yield of 0.58 g/g glucose (or 0.76 mol/mol glucose) was obtained by
metabolic network analysis (52). 4-HBA is accumulated extracellularly in fermenta-
tion broth (53). Its purification and separation process follows the procedure pub-
lished by Kr€omer et al., and the final purity of 4-HBA is ∼99% (29). Catechol is
produced from glucose in engineered E. coli at 32 °C for 72 h (26). The yield of
catechol was 0.16 g/g glucose (or 0.26 mol/mol glucose) in a fed-batch fermen-
ter at 37 °C, corresponding to 42% of the theoretical maximum determined by
elementary node flux analysis (26). The maximum theoretical yield is 0.376 g/g
glucose (or 0.61 mol/mol glucose) (26). After the bioconversion process, catechol
is separated from the mixture stream and purified to the final purity of ∼99%.
PDC is produced from glucose using P. putida in fed-batch fermenters at 30 °C
for 144 h that produces 12.9 g/L PDC with a yield of 0.341 mol/mol glucose
(27). The purification process follows the description by Mase et al., and the final
purity is ∼99% (54). Muconic acid is produced from glucose using engineered
P. putida at 35 °C for 89 h. The final yield was 0.378 mol/mol glucose (or 0.298
g/g glucose), and the maximum theoretical yield was 0.739 mol/mol glucose

(or 0.583 g/g glucose) using flux balance analysis (27). The purification and
recovery process follows the description previously published by the National
Renewable Energy Laboratory (NREL), and the purity of muconic acid is ∼99%
(55). The process flow diagrams are shown in SI Appendix, Fig. S2.

TEA. We first developed a mass and energy balance of each process and then
conducted the discounted cash flow analysis to obtain the final MSP of each bio-
product produced either from plant systems or from microbial systems. In the
plant system, the lignocellulosic biorefinery is assumed to operate 24 h per day
and 330 d per year (7,920 h per year) for 30 y. Biomass sorghum is used as the
feedstock, and the unit price of biomass sorghum is $95 per bone-dry tonne
(4, 35), with a range of $60 to $120 per bone-dry tonne (56). The biorefinery
takes in 2,000 bone-dry tonnes per day of biomass sorghum feedstock, which is
milled and routed to pretreatment. The IL pretreatment takes place at 140 °C for
3 h (57). The IL is recycled after fermentation, and the recycle rate is assumed to
be 97%. The unit price of IL is $2/kg, with a range of $1 to $5/kg (58). In enzy-
matic hydrolysis, 10 mg protein per g of glucan is used, and the hydrolysis time
is 3 d (57). In bioconversion, glucose-to-ethanol and xylose-to-ethanol conversion
rates are assumed at 95 and 85%, respectively (59). Remaining lignin, solids,
and biogas produced in the wastewater treatment section are sent to the heat
and power generation section to produce onsite heat and power. Excess electric-
ity produced in the heat and power generation section is sold to the grid as a
coproduct. In microbial systems, glucose is used as the feedstock with a price of
$0.59/kg, as reported in 2020 (28). The microbial production facilities take in
1,000 bone-dry tonnes of glucose per day. The demonstrated scenario is based
on the highest reported yields from experiments, and the theoretical scenario is
based on the maximum theoretical yields. The current market prices for 4-HBA,
PDC, catechol, and muconic acid are $2.6, $5.5, $5.0, and $1.5/kg, respectively
(29, 60–62). To better understand the parameters that determine the final cost,
we conducted a sensitivity analysis by exploring the maximum and minimum val-
ues of the input parameters. The data are documented in SI Appendix, Table S1.

Data Availability. All input parameters and study data are included in the arti-
cle and/or SI Appendix. The code and SuperPro Designer process models used to
generate results are available upon reasonable request.
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