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strategies in lignocellulosic
biorefineries

Emmanuel A. Aboagye a and Christos T. Maravelias *ab

Lignocellulosic biorefineries can generate various energy-rich side streams, including biogas from

anaerobic digestion, a lignin stream from biomass pretreatment, and conversion residues. This study

evaluates different chemical energy utilization strategies in lignocellulosic biorefineries based on energy

and carbon efficiencies, cost, and greenhouse gas mitigation potential. Specifically, using modeling and

optimization, we examine strategies that include electricity generation, biogas upgrade to biomethane,

lignin valorization, and carbon capture and storage. We find that upgrading biogas to biomethane

demonstrates the highest energy efficiency and leads to the lowest minimum fuel selling price for the

main product, ethanol. The biorefinery with carbon capture and storage achieves the lowest net carbon

footprint. Lignin valorization has the highest carbon footprint due to the additional materials required for

lignin depolymerization, despite its potential to produce high value bioproducts.
Sustainability spotlight

Lignocellulosic bioreneries are expected to play a pivotal role in achieving net-zero emissions. In addition to producing liquid fuels, bioreneries have energy-
rich side streams (lignin, biogas, and conversion residues) which can also be converted to valuable co-products. In that respect, a central question is how these
side streams should be utilized to balance economic and environmental performance. While most studies have focused on electricity co-production, alternative
strategies like biomethane production, lignin valorization, and carbon capture and storage may offer superior outcomes. Accordingly, this system-level study
analyzes the energy and carbon ows, as well as economic and environmental impacts of different lignocellulosic bioreneries, to understand the major trade-
offs and derive key insights that can inform the adoption of lignocellulosic biofuels.
1 Introduction

The adoption and development of second-generation lignocel-
lulosic bioreneries1–3 can play a critical role towards
a sustainable energy future.4 Lignocellulosic bioreneries not
only offer a renewable and reliable source of bioenergy but also
contribute to greenhouse gas (GHG) reduction,5–7 energy secu-
rity,8 and can drive economic growth.9 The majority of system-
level studies focus on converting excess chemical energy from
side streams (e.g., lignin, biogas from anaerobic digestion,
wastewater sludge, and conversion residue) into a single co-
product, typically electricity.10–14 These studies have demon-
strated that co-producing electricity can enhance overall energy
efficiency and help displace fossil-based grid emissions.
Although, this approach offers a straightforward means to
utilize surplus energy, generate additional revenue, and inte-
grate renewable energy into existing power infrastructure, it
may not necessarily constitute the best way of utilizing these
energy-rich side streams. Alternative strategies may lead to
ineering, Princeton University, Princeton,

ment, Princeton University, Princeton, NJ,

y the Royal Society of Chemistry
systems that are economically more attractive and more
sustainable.

Upgrading biogas to biomethane1,15–17 is one such alterna-
tive. Biomethane, a renewable fuel, can be directly injected into
natural gas pipelines. However, research on capturing and
upgrading biogas to biomethane in second-generation bi-
orenery design remains limited. Lignin valorization18–21 is
another promising alternative, with considerable research
focused on studying various technologies and products, placing
special emphasis on advancing catalytic approaches20,22,23 to
enhance key economic drivers.24,25 Utilizing the surplus chem-
ical energy in the side streams for heat generation further
enables the integration of carbon capture and storage (CCS),26–28

which can signicantly reduce GHG emissions.11,27,29

While these strategies have been proposed, it remains
unclear which one is the best in terms of economic viability,
environmental sustainability, and overall system performance;
as well as under what incentive structure. Furthermore, it is
unclear how the use of natural gas for CO2 capture impacts the
economic potential and fossil-based emissions of bioreneries.
Additionally, the impact of numerous factors, such as renew-
able energy and fuel incentives, CO2 sequestration credits,
energy demand of co-product technologies, and co-product
selling prices is not fully understood.
RSC Sustainability
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Accordingly, the goal of this study is to assess and compare
different lignocellulosic biorenery strategies, identify key
drivers, evaluate trade-offs, and draw insights into system
performance. We study three co-production baseline systems:
(1) surplus electricity generation, (2) upgrading biogas to bi-
omethane, and (3) valorizing lignin into high value bioproduct.
We examine carbon and energy ows, economic potential,
carbon footprint (CF), as well as overall energy efficiency of
these baseline systems. We then study a biorenery with carbon
capture and sequestration and subsequently explore the
implications of natural gas usage. We extend the scope of our
study to investigate the impacts of key parameters on system
economics and CF, and further explore options for CO2 miti-
gation by integrating carbon capture in the three baseline
systems. Finally, we extend the work for the electricity and bi-
omethane baseline systems to assess how geographic variability
in co-product selling price could inuence, potentially, the
preferred biorenery systems across the contiguous United
States (U.S.).
2 Methods

In this section, we present the co-production baseline systems,
the CCS system, and the integrated (co-production and CCS)
systems. We then discuss key data, assumptions, and the opti-
mization model used for the analysis. We represent each bi-
orenery using the Latin letter “B”with a subscript denoting the
co-product (“EL” – electricity, “BM” – biomethane, “LV” – lignin
valorization), and a superscript indicating the presence of CCS.
In bioreneries where we have CCS integrated with co-
production, additional energy may be required, hence we use
a preceding “+” to signify that natural gas and electricity
purchases are allowed. Thus, the general representation is given
as +BCCS

{EL,BM,LV}. The abbreviations of the biorenery systems are
as follows:

� BEL: biorenery with electricity co-production.
� BBM: biorenery with biomethane co-production.
� BLV: biorenery with biochemical co-production via lignin

valorization.
� BCCS: biorenery with carbon capture and storage.
� +BCCS

EL : integrated biorenery with electricity co-production
and carbon capture and storage.

� +BCCS
BM : integrated biorenery with biomethane co-

production and carbon capture and storage.
� +BCCS

LV : integrated biorenery with lignin valorization and
carbon capture and storage.
2.1 Biorenery systems description

To ensure consistency and derive insights applicable across all
bioreneries, we use the following subsystem in all baselines:
biomass undergoes pretreatment, followed by enzymatic
hydrolysis to convert carbohydrates into sugars which are fer-
mented to produce ethanol with the release of CO2; ethanol is
recovered as fuel while the residual stream is separated into
stillage and lignin; biogas consisting of 73 wt% CO2 and 23 wt%
CH4 is produced from the stillage through anaerobic digestion.
RSC Sustainability
In the BEL system, all side streams (lignin, biogas, wastewater
sludge, conversion residue) are combusted to generate heat and
electricity with excess electricity sold to the grid (Fig. 1a). In the
BBM system (Fig. 1b), a fraction of CH4 is recovered from the
biogas stream to produce biomethane, while the CO2 stream is
vented. The remaining biogas, wastewater sludge, and the
lignin streams are used to meet biorenery energy require-
ments. In the BLV system (Fig. 1c), a fraction of the lignin stream
is converted into valuable biochemical. We use acetic acid as
a model compound to represent lignin valorization. In the BCCS

system (Fig. 1d), we have the option to capture CO2 from the
fermentation CO2-containing stream (∼95 wt%), biogas (73 wt%
CO2, 23 wt% CH4), and post-combustion ue gas (∼20 wt%). If
CO2 from biogas is captured, the remaining methane is
combusted.

In all the integrated systems (+BCCS
EL , +BCCS

BM , and +BCCS
LV ), we

can capture CO2 from the gas outlet of fermentation and ue
gas. However, in the +BCCS

BM system, CO2 resulting from bi-
omethane recovery can also be captured (see Fig. 1 in SI for
details).
2.2 Basis, data, and assumptions

In all analyses, we express results for producing 1 kg of biofuel
from corn stover (dry basis). Corn stover is selected as a repre-
sentative lignocellulosic feedstock due to its extensive charac-
terization in the literature and relevance to U.S. biorenery
deployment; results should therefore be interpreted as
benchmark comparisons rather than universal feedstock-
agnostic values, though we expect that the qualitative ndings
of this study to be valid across lignocellulosic feedstocks.
Process and economic data are sourced from NREL
reports,10,13,30,31 while emission factors for CF analysis are
from the US Life Cycle Inventory32 database. The composition
of corn stover is provided in Table S1. Conversion data
for components, auxiliary material consumption, lower
heating values, and other process related parameters are
detailed in Tables S2–S5. We assume an acetic acid yield of 0.39
kg per kg of lignin feedstock.33,34 The energy demand for each
block is listed in Table S6. The chemical-to-heat conversion in
the combustor has 80% efficiency,13 while the heat-to-electricity
efficiency in the turbogenerator is 40% (ref. 35) with 50% heat
recovery.35

Feedstock and utility prices, nancial incentives, and other
economic related data can be found in Table S5, while Table S6
contains block production cost (see Note S1 for production cost
explanation). For the analysis of spatial specicity, state-level
co-product selling price and emission factor can be found in
Table S7. Other emission factors are listed in Table S8. For
electricity, the average emission factor of the US grid is assumed
(107 g CO2e per MJ). We assume that corn stover is a byproduct
of corn farming and exclude soil organic carbon sequestration
in CF analysis. Biogenic CO2 emissions are assumed to be
carbon neutral. Pressure swing adsorption and mono-
ethanolamine absorption are used for CO2 capture from biogas
and ue gas streams, respectively with efficiencies of 98% and
85%, respectively.36,37
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Block flow diagram of the three co-production baseline systems, and the carbon capture system. (a) BEL, (b) BBM, (c) BLV and (d) BCCS.
Abbreviations: DA: dilute acid, HYD: hydrolysis, FERM: fermentation, SEP: separation, FILT: filtration, WWT: wastewater treatment, CB:
combustor, TBG: turbogenerator, UTL: utility, CCS: carbon capture and storage, LV: lignin valorization, PSA: pressure swing adsorption, SQN:
sequestration, BM: biomethane, BP: bioproduct, EL: electricity, BFS: biomass feedstock, PrBi: pretreated biomass, Hyls: hydrolysate, FeBr:
fermentation broth, EtOH: ethanol, SeRe: separation residual, Stlg: stillage.

Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

3/
20

26
 3

:5
7:

34
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
2.3 Process modeling

Detailed mathematical equations and conventions are provided
in the SI Methods, with some main equations presented here.
Variables are denoted by italicized Latin letters, with a super-
script indicating different features associated with the system.
We develop mixed-integer nonlinear programming (MINLP)
models to minimize the total cost, C as indicated by eqn (1).
This cost represents the minimum fuel selling price (MFSP)
needed so that the total revenue from selling the biofuel and
other products equals the total costs, that is, it is at breakeven
price.

C = CFES + CTRN + CPRD + CUTL + CSEQ − RCOP − RCSS (1)

The developed models consist of material and energy
balances, economic and CF calculations, and constraints. We
use binary variables for block selection and for logical restric-
tions (e.g., if we sell electricity to the grid, then we cannot
purchase grid electricity), while continuous variables are used
for material, energy, and cash ows.

The total cost consists of feedstock (CFES), feedstock trans-
portation (CTRN), production (CPRD), utility (CUTL, natural gas or
electricity purchase), and sequestration (CSEQ) costs. These are
© 2026 The Author(s). Published by the Royal Society of Chemistry
offset by revenue from co-product sales and incentives (RCOP),
and carbon capture credits (RCSS). Production cost entails
capital and operating costs. Sequestration cost includes trans-
portation to the geological site, and the sequestration process,
while CO2 capture costs are incorporated into production costs.
Co-product incentives include renewable energy credits
(RECs),38 clean fuel production credit (CFPC)39 and renewable
identication number (D3-RIN under the renewable fuel stan-
dard program).40

We calculate the net CF, G for each biorenery using eqn (2).
This accounts for all direct and indirect emissions of the bi-
orenery, GBRN including feedstock handling, transportation,
auxiliary material consumption in the biorenery, and natural
gas and electricity usage. To estimate the net CF, we subtract the
displaced emissions due to co-product production (GDIP), and
the amount of carbon captured by systems with carbon capture
options (GCCS), from the biorenery direct and indirect emis-
sions. We report the results associated with CF in grams of
carbon dioxide equivalent per megajoule of ethanol (g CO2e per
MJ), unless otherwise stated.

G = GBRN − GDIP − GCCS (2)
RSC Sustainability
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When we compare the economic viability, with and without
natural gas purchase, in the carbon capture system, we employ
the marginal abatement cost metric41 which is an economic
indicator used to assess the additional cost of mitigating a unit
mass of GHG emission when a different emission reduction
strategy is used. In the integrated systems where we implement
emission constraint for CO2 mitigation, we use eqn (3) for
different values of epsilon (3).

G # 3 (3)

Finally, we use NG
EL C

CCS:f1;2;3g
fEL;BM;LVg to denote the system congu-

ration in a solution shown in gures. Here, “C” represents
a system conguration based on the model solution, “NG” and
“EL” are used to imply whether natural gas and electricity are
purchased, while numbers 1–3 represent the CCS capture
options (“1” – fermentation CO2, “2” – biogas CO2, “3” – ue gas
CO2).
3 Results

In the following sections, we present the analysis for the co-
production baseline systems, examine the carbon capture
system, and present the analysis of the various extensions to the
baselines, with all results interpreted within a consistent
comparative framework to evaluate performance across systems
under identical sub-system modeling assumptions.
Fig. 2 Energy and mass flows of the three co-production baseline system
Abbreviations: DA: dilute acid, HYD: hydrolysis, FERM: fermentation, SEP:
TBG: turbogenerator, PSA: pressure swing adsorption, LV: lignin valorizati
SQN: sequestration, BFS: biomass feedstock.

RSC Sustainability
3.1 Co-production baselines

Producing 1 kg of biofuel (26.8 MJ of ethanol) requires 3.94 kg of
biomass (63.9 MJ) of corn stover, with 42% of the total chemical
energy converted to biofuel, and 27.2 MJ (55% lignin, 36%
biogas, 3% glucan, 3% wastewater sludge, 1% xylan) available
for different utilization strategies.

The BEL system (Fig. 2a) uses all 27.2 MJ for heat generation,
resulting in 21.8 MJ of heat produced. Here, 1.1 MJ of the
generated heat is initially used for heating, while the remaining
95% is sent to the turbogenerator to maximize electricity
production. This results in 5.8 MJ of electricity being sold to the
grid, indicating that ∼0.22 MJ of renewable energy can be
generated per MJ of biofuel produced.

Fig. 2b illustrates the BBM system where 18.9 MJ is used for
heat and power generation and 8.3 MJ is upgraded to bi-
omethane. Notably, the pressure swing adsorption employed
for the upgrade, which requires only electricity, consumes
∼17% of the electricity generated. If an alternative upgrading
technology requiring both heat and electricity is employed,
a reduced amount of biomethane would be produced because
additional heat would need to be sourced from the biogas that
is upgraded (see Fig. S2 for such analysis).

In the BLV system (Fig. 2c), 72% (wt) of the lignin stream,
which corresponds to 11.6 MJ, is used for valorization with the
rest combusted. The portion of the lignin stream that can be
valorized into bioproduct, from an energy perspective, depends
s, and the carbon capture system. (a) BEL, (b) BBM, (c) BLV and (d) BCCS.
separator, FILT: filtration, WWT: wastewater treatment, CB: combustor,
on, CCS: carbon capture and storage, BM: biomethane, BP: bioproduct,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Key metrics of the three co-production baseline systems, and the carbon capture system. (a) Energy and carbon efficiencies; determined
by dividing the energy and carbon contents of the fuel and co-product by the corresponding energy and carbon contents in the biomass. (b)
MFSP and net CF; the “whisker” in the net CF of the BEL system represent scenarios where electricity sold offsets emission from four different
power sources; the “excess” amount of emission offset relative to the baseline are 48.7, 17.9, −22.7, 46.8 g CO2e per MJ, for coal, natural gas,
nuclear, and diesel power plants, respectively. (c) Sequential, changes in MFSP of the BBM system resulting from the removal of D3-RINs, CFPC,
and both incentives, read cumulatively from the baseline value. (d) Impact of emission factor reduction (improvement in grid carbon intensity) on
carbon footprint for the BEL system.
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primarily on the energy requirements of the valorization block
(see Fig. S3a–d for water ows).

The BBM system has the highest energy efficiency (58%) due
to the higher specic energy of biomethane, while the BLV has
the lowest (Fig. 3a). From a carbon efficiency standpoint, the
BBM has the highest (38%) whereas BEL has the lowest (Fig. 3a).
All systems have ∼8% carbon losses, primarily in the pretreat-
ment and hydrolysis blocks. However, the BLV system incurs
additional losses (∼7%) in the valorization block (see Fig. S3 for
carbon ows).
3.2 Co-product revenue

In the BEL system, the additional benet from selling electricity
includes revenue from RECs (US$1 per MWh was used), which
results in a MFSP of US$4.63 per GGE (Fig. 3b). Assuming an
upper bound of US$35 per MWh on RECs decreases the MFSP
by 5%. The BBM has the lowest MFSP at US$3.94 per GGE
(Fig. 3b). The additional benets from biomethane sales
include the D3-RIN and the CFPC (US$0.05 per gal and US$0.20
per gal were used, respectively). Applying the upper bound for
each incentive reduces the MFSP by 50% (US$1.97 per GGE). In
© 2026 The Author(s). Published by the Royal Society of Chemistry
the absence of the D3-RIN, CFPC, or both, the MFSP increases
from the baseline value to US$3.97, US$4.45, and US$4.47 per
GGE, respectively (Fig. 3c). In the BLV system (Fig. 3b), revenue
comes from acetic acid sales. This results in a MFSP of US$4.86
per GGE (see Fig. S4a for MFSP breakdown of each system).
3.3 Co-product emission offset

From a sustainability perspective (Fig. 3b), the BEL exhibits the
lowest CF, with a net value of 16.5 g CO2e per MJ, followed by
BBM (36.9 g CO2e per MJ) and BLV systems (53.1 g CO2e per MJ).
The BEL offsets approximately 23.2 g CO2e per MJ of emissions
(based on the average emission factor of the US electricity grid).
However, as the carbon intensity of the electricity grid declines
due to increased penetration of renewables, the emissions
offset due to surplus electricity decreases (from 23.2 to 4.6 g
CO2e per MJ), increasing the carbon footprint of the BEL system
(Fig. 3d). Additionally, if electricity sales result in emission
offset from different power sources, the amount displaced, and
consequently the net CF, would vary as indicated by the black
vertical line in the BEL net CF gure. Producing biomethane
enables 2.8 g CO2e per MJ offset, while 11.6 g CO2e per MJ is
RSC Sustainability
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displaced for acetic acid production. However, the high net CF
of the BLV system is due to the auxiliary chemicals needed for
lignin depolymerization (see net CF breakdown in Fig. S4b).

3.4 Carbon capture system

Fig. 2d shows the BCCS system where all CO2 from the fermen-
tation is captured while the biogas stream is combusted,
leading to the capture of 55% of the CO2 from ue gas. The
system generates 20.7 MJ of heat and power with 29% used for
capture. The energy and carbon efficiencies are 42% and 30%,
respectively (Fig. 3a). However, if we consider the carbon
captured, the carbon efficiency increases to 73%. We use
a credit of US$85 per Mg, given to facilities that capture and
store CO2 in the US which translate to a MFSP of US$4.64 per
GGE (Fig. 3b), with a net CF of −68.7 g CO2e per MJ and 106.2 g
CO2 per MJ captured (see Fig. S4 and S5 for MFSP and CF
breakdown, and carbon ow). If natural gas is purchased for
carbon capture, the captured CO2 increases to 135.3 g CO2 per
MJ, requiring 0.059 kg of natural gas. However, the MFSP
increases by 4% with a net CF of −96.8 g CO2e per MJ (see
Fig. S6 for breakdown). This translates to a calculated marginal
abatement cost of US$55 per Mg of CO2 captured.

3.5 Co-product selling price and production costs

Price uctuations could signicantly inuence biorenery
economic viability. For example, in 2022, U.S. electricity prices42

varied, from US$0.07 to US$0.25 per kWh, while biomethane
Fig. 4 MFSP and CF of co-production systems as a function of co-produ
system, production cost of turbogenerator block: 0.001–0.1 US$ per kW
system, production cost of pressure swing adsorption block: 0.01–0.2 US
system, production cost of lignin valorization: 0.01–0.35 US$ per kg, se

RSC Sustainability
prices ranged between US$0.14 and US$1.45 per kg, with acetic
acid prices43 ranging between $0.63 and $0.87 per kg. Therefore,
we assess how co-product selling price and their block
production cost impact each baseline system. In this analysis,
we allow electricity and natural gas purchases when internal
energy supply is insufficient to meet heating and power
demands. These purchases, however, introduce emissions.

In the +BEL system (Fig. 4a and d), lower production costs
and higher selling prices lead to about 0.03 kg of natural gas
purchase and increased electricity sales (from 5.8 MJ to 6.7 MJ),
resulting in a reduced MFSP. Contrary to expectations, the net
CF is not the highest with natural gas purchase. While the
purchase of 0.03 kg of natural gas contributes 0.52 g CO2e per
MJ to CF, the sale of electricity contributes−26.8 g CO2e per MJ,
yielding a net reduction of −26.3 g CO2e per MJ. At higher
production costs and lower selling prices, natural gas is not
purchased, and the biorenery reverts to the baseline BEL with
5.8 MJ of electricity sold, leading to a net reduction of −23.2 g
CO2e per MJ, and hence higher net CF.

In the +BBM system (Fig. 4b and e), when production costs
are high and selling prices are low, 82% of the biogas stream is
allocated to biomethane production and the rest is used for
energy generation, resulting in a lower CF, but higher MFSP. As
production cost decreases and selling price increases, the entire
biogas stream is used for biomethane production, necessitating
grid electricity purchase. This reduces the MFSP but increases
the net CF.
ct selling price and corresponding block production cost. (a and d) +BEL

h, selling price of electricity: 0.02–0.15 US$ per kWh. (b and e) +BBM

$ per kg, selling price of biomethane: 0.1–1.0 US$ per kg. (c and f) +BLV

lling price of acetic acid: 0.1–1.0 US$ per kg.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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At higher production costs and lower selling prices for the
+BLV system (Fig. 4c and f), 72% of the lignin stream is valo-
rized, with electricity (2.7 MJ) generated by the biorenery,
hence lower net CF, but higher MFSP. However, at lower
production costs and higher selling prices, all the lignin stream
is valorized, leading to electricity purchase (2.3 MJ) to meet the
electricity demand. This results in a lower MFSP but higher net
CF.

3.6 CO2 mitigation strategies in co-production systems

We examine CO2 mitigation strategies in the co-production
baselines by integrating carbon capture in each system. We
explore two approaches: (1) vary sequestration credits and (2)
enforce emission constraints. Electricity and natural gas
purchases are allowed.

Fig. 5a shows how sequestration credits impact the MFSP,
amount of CO2 captured, net CF, and amount of external energy
purchased. At lower credits, we capture no CO2, leading to
higher CF and MFSP in all systems. In +BCCS

EL , we begin
capturing fermentation CO2 at US$51.5 per Mg, reducing elec-
tricity sales from 5.8 MJ to 5.4 MJ. At US$106 per Mg, maximum
CO2 capture from ue gas stream makes capturing nancially
more attractive than selling electricity. In +BCCS

BM , we similarly
start capturing at US$51.5 per Mg from both fermentation and
the biogas separation. This increases electricity purchases from
1.3 MJ to 2.2 MJ. At US$106 per Mg, we capture 47% of ue gas
CO2, necessitating 4.4 MJ of electricity purchase. To capture the
maximum CO2 from ue gas stream, credits must be around
US$127 per Mg. In +BCCS

LV , we start to capture CO2 from
fermentation at US$46.9 per Mg as the fraction of lignin that is
valorized decreases from 72% to 65% to account for needed
electricity. At US$81.8 per Mg, 65% CO2 capture from ue gas
requires burning the entire lignin stream, and at US$106 per
Mg, maximum CO2 capture necessitates purchase of electricity.
Both +BCCS

EL and +BCCS
LV achieve similar CF and CO2 capture at

credits above US$106 per Mg by trading-off co-product
production for carbon capture and hence have the same trend
of imported energy.
Fig. 5 Outcomes of CO2 mitigation strategies. (a) Impact of sequestratio
and imported energy (blue lines). +BCCS

EL system: solid lines, +BCCS
BM syste

calculated as the megajoule of electricity and natural gas purchased
+BCCS

BM system in blue, +BCCS
LV system in green. Values in parenthesis in

percentage lignin valorized.

© 2026 The Author(s). Published by the Royal Society of Chemistry
Next, we x the sequestration credits at US$85 per Mg, and
we impose emission constraints using targeted reduction values
(epsilon) to gain deeper insight into CO2 mitigation strategies.
From Fig. 5b, we observe that at more stringent emission
constraints all three systems exhibit higher costs. At −107.4 g
CO2e per MJ, all systems capture the maximum possible CO2

from fermentation, and ue gas (and from biogas for
+BCCS

BM system) with the purchase of natural gas and electricity.
Once the constraint is relaxed, the MFSP starts to reduce
gradually. We observe that between −100 g CO2e per MJ and
−50 g CO2e per MJ, it is possible to reduce emission by a factor
of 2 for ∼14% increase in cost.

4 Discussion

Building upon the analysis presented so far, we derive addi-
tional critical insights to further inform future biorenery
deployment.

4.1 Further insights

One of the important aspects to examine, from the energy
utilization perspective, is the total energy consumed (heat and
electricity) to make biofuel and co-product, and the primary
energy content of co-product per kg of biomass feedstock pro-
cessed. Focusing on the three baselines, Fig. 6a indicates that
the BLV system has the highest specic energy consumption.
Furthermore, the BBM system has the highest primary energy
content of co-product per kg of biomass feedstock (∼2.0 MJ
kg−1, Fig. 6a), with the BLV having the lowest value of ∼0.7 MJ
kg−1. In Fig. 6b, we observe relatively similar revenue per kg of
biomass feedstock for both BEL and BLV. However, this obser-
vation could change depending on the target chemical for
lignin valorization. Additionally, the BLV system appears to
currently have the highest production cost.

In the BCCS system, the specic energy consumption is ∼5.3
MJ kg−1 (Fig. 6a), and the main option for energy consumption
reduction is to improve the capturing efficiency of technologies
at lower energy demand for, mainly, ue gas CO2. In Fig. 6b, we
n credit on MFSP (red lines), CF (green lines), captured CO2 (grey lines)
m: dash-dash lines, +BCCS

LV system: dash-dot lines. Imported energy is
. (b) Impact of emission constraint on MFSP. +BCCS

EL system in red,
dicate percentage carbon captured by respective CCS options, and

RSC Sustainability
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Fig. 6 Insights into co-production baseline and carbon capture systems. (a) Energy insights. Specific energy consumption, and content of co-
product stream are determined by dividing the total energy (heat and electricity) use, and the energy content of the co-product by the mass of
biomass feedstock, respectively. (b) Cost insights. Production cost is defined as the total production cost of all blocks in the biorefinery system
divided by the biomass feedstock.
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see that BCCS benets from higher revenues from CO2 captured,
which helps to offset some of its elevated production costs.
4.2 Natural gas purchase for CCS

In terms of carbon capture, a question that oen arises is
whether burning natural gas to capture CO2 at the biorenery is
environmentally better than being energetically self-sufficient.
In Section 3.4, we showed that more CO2 can be captured by
Fig. 7 State-level analysis. (a and b) MFSP of selected biorefinery system
biomass availability scenarios from the 2023 Billion Ton44 report. (c and
term” and “mature-market high” scenarios from the 2023 Billion Ton rep

RSC Sustainability
burning natural gas. With a calculated marginal abatement cost
of US$55 per Mg CO2, this system leads to an acceptable miti-
gation cost (US$50–$100 per Mg CO2) as proposed by the
Intergovernmental Panel on Climate Change (IPCC)41 for Bi-
oenergy with Carbon Capture and Storage (BECCS), suggesting
that using natural gas for CCS in bioreneries may be both
environmentally and economically favorable. However, it is
important to note that burning natural gas introduces fossil-
in each US state under the “near-term” and “mature-market high term”
d) CF of selected biorefinery system in each US state under the “near-
ort.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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based CO2 alongside the biogenic CO2 from biomass in the
post-combustion ue gas stream. Although this approach
allows capturing more CO2, the capturing process from the ue
gas is not 100% efficient, hence a portion of the fossil-based
CO2 gets released (∼27.8%), making the biorenery less renew-
able. If the natural gas is from a renewable source, then the
introduced carbon would be considered biogenic, mitigating
concerns about fossil-based emissions and preserving the
renewability of the biorenery.
4.3 Spatial insights

We conduct a spatial analysis of potential biorenery systems
across the contiguous U.S. solving the electricity and bi-
omethane models using 5 year average state-level co-product
selling price and emission factor data. The “near-term” and
“mature-market high” biomass availability scenarios in the U.S.
Billion Ton (BT) Report44 is then used to determine which states
can support biorenery deployment. For a biorenery system to
be built, we assume the state should have sufficient biomass to
support a biorenery processing 2000 dry Mg per day feedstock
(which translates to an annual minimum biomass threshold of
730 000 Mg per year). From the BT report, the total biomass
availability in the U.S. under the “near-term” scenario is ∼628
million dry Mg per year, while that of the “mature-market high”
is ∼1361 million dry Mg per year.

Fig. 7 gives the MFSP (Fig. 7a and b) and net CF (Fig. 7c and
d) for the selected biorenery system in each state. We observe
that the BEL system is favored in the northeast (e.g., Massa-
chusetts [US$3.59 per GGE], Connecticut [US$3.57 per GGE],
and New York [US$3.85 per GGE]) and west coast (California
[US$3.56 per GGE]) states, due to the relatively high electricity
prices, with the BBM system chosen in the remaining states.

From a sustainability perspective, in states where the BEL

system was chosen, we observe lower CF due to higher avoided
emissions, which results from high grid emission factors. For
example, the BEL system achieves a net CF of 16.9 g CO2e per MJ
in Massachusetts due to avoided emission of 22.9 g CO2e per MJ
resulting from a high grid emission factor of 105.7 g CO2e per
MJ (380.4 g CO2e per kWh of electricity).

In the near-term scenario (Fig. 7a and c), there is no bi-
orenery system that is constructed in states like Wyoming,
Vermont, and District of Columbia, as these states do not have
sufficient biomass to support the required biorenery capacity.
However, in the mature-market high scenario (Fig. 7b and d), all
but District of Columbia meet the required biomass threshold
for biorenery deployment.

In this study, we assumed that the average biomass truck
transportation distance is 50 km, but note that increase in the
average distance, will not have a signicant impact in the
results shown in Fig. 7 (see Fig. 8 in SI for transportation
distance impact on MFSP and net CF).
5 Conclusion

This work provides a comprehensive system-level assessment of
second-generation lignocellulosic bioreneries in terms of
© 2026 The Author(s). Published by the Royal Society of Chemistry
economics, CF, carbon and energy efficiency, and carbon
capture potential.

We nd that from an energy efficiency viewpoint, co-
producing biomethane leads to the highest efficiency (58%).
From an economic standpoint, co-producing biomethane
results in MFSP reduction between 15% to 55% relative to co-
producing electricity, due to current nancial incentives for
renewable fuels production. Without incentives for biomethane
co-production, the MFSP reduction is ∼3.5%.

From a sustainability standpoint, bioreneries with CCS
present the best option. However, if we consider only the three
co-production systems, co-producing electricity is the best
option (net CF of 16.53 g CO2e per MJ) and can achieve further
signicant reductions (∼49 g CO2e per MJ), if we consider
avoided emissions from different power sources. Even with 80%
decline in grid carbon intensity due to future decarbonization,
co-producing electricity results in ∼5% lower net carbon foot-
print relative to the baseline biomethane co-production. If
integrated co-production and CCS are considered, then the
economic viability is strongly inuenced by sequestration
credits. We nd that credits exceeding US$106 per Mg could
substantially reduce the MFSP and net CF across all systems,
while xing the credits and enforcing emission constraints
could reduce emissions by a factor of 2 albeit at a cost ∼14%
higher.

In terms of spatial considerations, we observe that having
a biorenery with biomethane co-production might be advan-
tageous in most U.S. states. In more than 45 states, this system
is preferred, highlighting the strong economic advantage of
biomethane co-production under current favorable market
conditions. Conversely, in states with high electricity price such
as Massachusetts, New York, and California, the electricity co-
production system is preferred, further beneting from
greater avoided emissions due to high grid carbon intensities.

The ndings of the paper underscore the importance of
aligning nancial incentives, emission reduction targets, and
regional resource availability to accelerate commercial deploy-
ment. As no second-generation lignocellulosic bioreneries
have yet been built in the U.S., this analysis provides insights
into which system offers the most promise and under what
conditions, thereby informing investment, siting, and policy
decisions that can support the scale-up of sustainable biofuels.
While electricity co-production has traditionally dominated
system-level studies, our analysis reveals that a case for bi-
omethane co-production also deserves further attention.
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