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Replacing biorefinery designs that use stepwise fractionation, depolymerization, and conversion processes
with designed tandem process steps can greatly reduce a biorefinery’s operating costs and environmental
impact. Reductive Catalytic Fractionation (RCF) is a highly efficient lignin-first approach that combines
biomass fractionation and lignin depolymerization to generate a hydrogenolysis oil and pulp. The oil is
composed of a complex mixture of phenolic monomers, dimers, and oligomers. Intergrating this chemi-
cal deconstruction process with microbial funneling of phenolics can simplify the product mixture and
make high-value products. We applied RCF to poplar biomass in a biomass-to-bioproduct processing
chain in which the phenolics were funneled to 2-pyrone-4,6-dicarboxylic acid (PDC) by an engineered
strain of Novosphingobium aromaticivorans DSM12444. The pulp was enzymatically digested and the
glucose and xylose was funneled to ethanol by an engineered strain of Saccharomyces cerevisiae
GLBRCY945. By combining biomass fractionation and lignin depolymerization we removed a costly pro-

Received 1st August 2025, cessing step that directly translated into a 29% reduction in the minimum selling price of PDC. This work
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combines experimentation with process modeling of an integrated biorefinery design to show how utiliz-
ing tandem process steps can significantly reduce operating expenses and environmental impact of
rsc.li/greenchem upgrading lignocellulosic biomass to a portfolio of high value products.

Green foundation

1. In this study, we compare the economic and environmental impact of two biorefinery designs to convert poplar biomass to PDC, a bioplastic precursor,
and ethanol, a biofuel that could be converted to sustainable aviation fuel (SAF).

2. The TEA and carbon footprint analysis of the two biorefinery designs shows that the impact of converting biomass to PDC and ethanol could be improved
by combining biomass fractionation and lignin depolymerization into a single process step.

3. This study used methanol as the processing solvent, future studies that explore greener solvents and solvent mixtures could further reduce the carbon foot-
print and environmental impact of the biorefinery.

Introduction

When designing viable biorefineries, it is imperative to maxi-
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efficiencies of a modern pulp mill’s heat and energy inte-
gration has resulted in an excess of lignin, as burning all the
lignin results in ~200% of the requirements. Their remote
location makes utilization of surplus heat and energy outside
of the pulp mill challenging. As lignin is the largest source of
renewable aromatics and is produced in excess, researchers are
exploring economically viable strategies to convert half of the
lignin into drop-in bioderived alternatives to currently fossil-
derived compounds.

“Lignin-first” biorefineries could be designed to maximize
the conversion of the entire lignocellulosic biomass into fuels
and chemicals in a manner that is not solely focused on the
polysaccharides.””” Many of these strategies use solvolysis to
liberate the lignin from the plant cell walls in a “native-like”
form, with or without protecting-groups,® then depolymerize
the lignin through catalytic processing.*” This approach is
performed using one of two biorefinery designs (Fig. 1):* (1)
using discrete stepwise processes of biomass fractionation
(lignin solvolysis), lignin depolymerization (e.g., hydrogenoly-
sis), and monomer up-conversion to fuels and chemicals; (2)
starting with a concerted processes in which lignin solvolysis
and depolymerization occur within the same “pot”, although
typically still following a stepwise mechanism, followed by
monomer up-conversion to the target fuels and chemicals.

Hydrogenolysis is an efficient method of depolymerizing
lignin into a mixture of phenolic monomers, dimers, and oli-
gomers (Fig. 1C). The chemical composition of the mixture is
dependent on the processing conditions, e.g., catalyst, reaction
temperature, reaction time, and lignin feedstock. When hydro-
genolysis and lignin fractionation steps are combined, it is
sometimes referred to as “Reductive Catalytic Fractionation”
(RCF).>™™ The RCF process produces a similar phenolic
mixture (lignin oil) dissolved in the reaction solvent, and a
low-lignin pulp (polysaccharide-based solid residue). These
two product streams can be further refined into discrete target
products.

In previous work,"” we evaluated a discrete stepwise (type 1)
lignin-to-bioproduct processing chain that combined chemical
and biological upgrading in tandem to extract greater value
from the lignin fraction (Fig. 1A). This processing chain
started with isolation of lignin from lignocellulosic biomass
under mild organosolv fractionation conditions using
y-valerolactone (GVL) and water as the solvent system with
dilute sulfuric acid as a catalyst.’ In this scheme, lignin degra-
dation was minimized during the biomass fractionation by the
short residence time and low process temperatures
(<120 °C)."”® Lignin depolymerization by hydrogenolysis in
methanol with Pd/C as catalyst, was followed by hydrogen and
methanol recovery to generate a lignin oil, that was fractio-
nated into phenolic monomers and phenolic oligomer
streams. The oligomer stream was used to generate process
heat and electricity. Through microbial funneling, the result-
ing phenolic monomers were converted to 2-pyrone-4,6-dicar-
boxylic acid (PDC), a surrogate target compound for a micro-
bially produced value-added product and a gateway into
microbial central metabolism.'? PDC isolation was modeled by
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Fig. 1 Schematical representation of lignin-first approaches to ligno-
cellulosic biomass valorization. (A) Type 1, utilizing highly controlled dis-
crete stepwise processing stages. (B) Type 2, capitalizes on value-added
benefits of concerted synergistic process stages. (C) Visualization of

hydrogenolysis based lignin depolymerization integrated with microbial
funneling of phenolic monomers to PDC.
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crystallization as the sodium salt Na(PDC),. A minimum
selling price (MSP) for Na(PDC), salt was initially estimated at
$12.10 per kg (2019%, which is equivalent to $15.9 per kg in
20248%) using conventional hydrogenolysis reactors and it
increased to $19.70 per kg (20198, which is equivalent to $25.9
per kg in 2024$) when thicker reactor walls were considered to
account for the pressure during hydrogenolysis. The techno-
economic analysis (TEA) of this process focused solely on
lignin valorization, adjusting the cost of lignin based on the
production of dissolving pulp and furfural from the polysac-
charides as was previously modeled for the GVL biorefinery
(Fig. 1A),° resulting in two new products (PDC salt and electri-
city) being reported.

Building on this prior work, the present study considers an
integrated lignin-first biorefinery design (type 2) that replaces
the steps of GVL fractionation and lignin hydrogenolysis with
a single RCF step,"* and considers how the lignin and carbo-
hydrate fractions would be utilized. Using RCF increases the
monomer/oligomer product yield on a per kg of biomass basis
through two synergistic effects; (1) by retaining the soluble
metabolites (e.g., glycosylated p-hydroxybenzoate)'® and small
lignin fragments that were lost in the lignin isolation stage of
the GVL-fractionation process; and (2) by increasing the frac-
tion of lignin in the biomass that is depolymerized to the RCF
oil through elimination of acid catalyzed lignin decomposition
and condensation. We show that, using an engineered strain
of Novosphingobium aromaticivorans DSM12444, the complex
mixture of aromatic compounds produced by RCF can be
upgraded to PDC,'? while the low-lignin carbohydrate pulp
was enzymatically hydrolyzed and fermented to ethanol
without any observed inhibitory issues. Switching to an RCF
based (concerted) lignin-first biomass-to-bioproduct proces-
sing chain removed the most expensive stage of the previous
(discrete stepwise) lignin-to-bioproduct (PDC) processing
chain and resulted in a $7.5 per kg (29%) reduction in the
MSP of PDC.

Results and discussion

Untreated biomass vs. high quality lignin from the GVL-
biorefinery

High-quality lignins are close in chemical structural compo-
sition to native lignin, meaning that $-O-4 linkages are >50%
of the inter-unit linkages and the C-C bonds are limited to
those formed through radical coupling during lignification
(B-B, B-5, and 5-5) and not through condensation of partially
depolymerized lignins. In this discussion we exclude deriva-
tized (protected) lignin structures that, by their nature, are not
native and require special consideration in downstream pro-
cessing. The lignin extraction conditions determine the degree
of lignin depolymerization and condensation. As a result,
there have been several different proposed GVL-biorefinery
designs.”'® One aspect that differentiates them is whether
they produce a high-quality lignin stream. The initial design
involved a single high temperature process that dissolved all of

This journal is © The Royal Society of Chemistry 2025
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the biomass, but at the expense of forming a heavily con-
densed lignin.'® On the other end of the spectrum the design
uses a lower process temperature to extract a high-quality
lignin to produce carbon foam as part of a product portfolio
containing dissolving pulp, and furfural.’

In our previous study,'” we explored a lignin-to-bioproduct
processing chain designed to increase the value of the high-
quality lignin, isolated from the GVL-biorefinery (Fig. 1A), to
PDC (a surrogate for microbially derived commodity chemical
products).”> We linked hydrogenolysis of the lignin with
microbial funneling to produce PDC from a variety of biomass
feedstocks (poplar, maple, switchgrass, and sorghum).
Technoeconomic analysis identified the major bottlenecks of
this lignin-to-bioproduct processing chain. The analysis
showed the lignin : solvent (methanol) ratio in the hydrogeno-
lysis greatly impacted the MSP due to the need to recover and
recycle >99% of the solvent. As most of the PDC was produced
from only the phenolic monomers (Arpyon, Arme, arylesters,
and arylcarboxylic acids), distillation of those components
from the oligomers would enable the use of the oligomers for
process heat and energy. Accounting for these constraints, the
TEA indicated that the lignin was nearly 40% of the cost of the
entire lignin-to-PDC processing chain.

Looking more closely at the whole GVL-biorefinery ident-
ifies several drawbacks to the stepwise biorefinery design illus-
trated in Fig. 1A. (1) The yield of isolated high-quality lignin
(77% B-O-4) is ~22% of the total lignin, 5.3 wt% of the
biomass, Table 1. (2) Lignin precipitation and subsequent GVL
recovery is costly and energetically expensive. (3) The acidic
organosolv process partially depolymerizes the lignin reducing
the B-O-4 content by 9% and generating a more condensed
lignin that is enriched in C-C linkages. (4) Some of the shorter
lignin chains, phenolic monomers, phenolic acids, and
soluble metabolites are lost in the lignin isolation step. These
and other aspects of the GVL-biorefinery design made us ques-
tion the use of lignin isolated in the stepwise approach
(Fig. 1A) and instead to use RCF, a design that combines
biomass fractionation and hydrogenolysis into one process
(Fig. 1B). In RCF the lignin is extracted from the biomass in
the presence of a catalyst, either dispersed in the sample, con-
tained within catalyst cages, or placed in-line with the eluting
solvent stream. The goal is to introduce the catalyst that is
needed to depolymerize the lignin to chemically stable pro-
ducts before significant amount of lignin condensation can
occur. The advantage of a catalyst cage and in-line catalysis is
in separation of the catalyst from the delignified biomass;
however, the disadvantage is that the lignin spends more time
in solution before it can get to the catalyst and therefore has a
higher degree of unfavourable condensation events. Using a
dispersed catalyst reduces the mass transport issues but
requires downstream separation and recovery of the catalyst
from the delignified biomass. To allow comparison with the
previous study, we selected to use a dispersed micron-sized
Pd/C catalyst which could be separated by filtration from the
hydrolysate produced by enzymatic digestion of the pulp. The
filtered sugar stream did not contain unexpected inhibitors

Green Chem.
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Table 1 HSQC NMR characterization and hydrogenolysis product distribution obtained from lignin isolated from low-temperature GVL-extraction

and whole-cell-wall poplar

NMR analysis® Isolated lignin® Biomass
S:G 68:32 63:37
SIG 2.15 1.72
(s*/8)° 0.35 0.06
Cinnamaldehyde end-groups 3% 3%
PHBA 26% 20%
B-O-4:p-5:p-p° 77:15:8 86:7:7
Phenolic monomer composition Lignin hydrogenolysis RCF
S:G 63:37 62:38
SIG 1.69 1.65
Sprow 35.8% 45.8%
Gpron 26.0% 30.2%
Hpron 1.3% 4.2%
Spr 14.0% 7.2%
Gpr 1.4% 0.8%
Hp, 3.7% 0.0%
Me-pHB 11.0% 8.7%
Truncated sidechain 6.6% 3.1%
Phenolic monomers wt% of biomass 1.1% (19.9% lignin) 11.0%
Isolated lignin wt% biomass 5.3% N/A

@ Perez et al. 2022.12 7

Values reported on a [0.5 X (Sy/6 + S3/6) 4 (G2) = 100] basis; as a terminal units and pendent groups these components are

overrepresented in the NMR data. “ The condensed S-units (S*) correlation signal increases in abundance vs. the S-units (S,/6 + S’/6) correlation
signals as the lignin gets more condensed. ?values reported on a [Aa 4+ Ba + 0.5 x (C, 4+ C) = 100] basis. N/A = not applicable.

from the process. The hydrogenolysis conditions were only
slightly modified from our previous study to account for the
use of raw biomass in place of the isolated lignin that is
soluble in methanol at hydrogenolysis temperatures. We chose
to continue with methanol as a low boiling point solvent so
that we could directly compare the results of this tandem
biomass-to-bioproduct process with the prior lignin-to-biopro-
duct chain.

Hydrogenolysis of poplar

The hydrogenolysis oil formed under the hydrogenolytic reac-
tion conditions used, was analyzed via GC/FID. As expected
from previous studies,'””*® the aromatic monomer product dis-
tribution from the isolated lignin and raw biomass (not pre-
treated), with Pd/C as the catalyst, heavily favored the pro-
duction of arylpropanol (Arp,oy) over arylpropane (Arp,) or
components with truncated [arylethyl or arylmethyl] side-
chains, as shown in Table 1; the Arp.og : Arp, ratio from the iso-
lated lignin was 77:23, whereas it was 91:9 from poplar
biomass. The increase of 14% Arp.oy from the biomass corre-
lates with a decrease of 2.3% Me-pHB. When the y-hydroxy of a
B-aryl ether is acylated, the hydrogenolytic depolymerization
pathway can proceed via the y-acylated monolignol (e.g.,
sinapyl p-hydroxybenzoate), from which palladium assisted
elimination of the allylic ester forms the free p-hydroxybenzoic
acid and a terminal 3-(aryl)propene.'® Subsequent hydrogen-
ation leads to Arp..'° The increase in relative Arp,oy content
from biomass is favorable in the microbial funneling of hydro-
genolysis products to PDC. As we showed in previous work, an
engineered N. aromaticivorans strain can convert Arpop, Alye,

Green Chem.

arylpropionate, and hydroxy-benzoates to PDC.'* The Arp, and
Arg, species are oxidized on the a-carbon to a mixture of
a-alcohols and a-ketones. Overall, the fraction of aromatic
monomers expected to be funneled to PDC by the engineered
N. aromaticivorans strain was 78% for the isolated lignin and
92% from biomass.

Biological conversion

There are many potential bioreactor designs for funneling
these solutions of phenolic compounds into the target PDC
product, all of which have pros and cons that are application
dependent. For example, running in batch mode with a single
feed (fill, inoculate, incubate), subjects the microbe to the
highest possible inhibitions from substrate toxicity. However,
if the same volume of feed media is added to the batch reactor
in a series of smaller additions, the microbes have a chance to
detoxify the solution (e.g., conversion to PDC) and keep the
substrate concentration below toxicity. This was demonstrated
for N. aromaticivorans strain PDC using a continuous mem-
brane flow reactor design, achieved steady state PDC concen-
trations over 50 mM, with no inhibition.?°

N. aromaticivorans strain PDC converts a wide array of
lignin derived phenolics to PDC. This variety of validated sub-
strates consistently increases and includes the major hydroge-
nolysis products,'® oxidation products (e.g., aromatic ketones,
aldehydes, and acids),” aromatic amides,” and the B-O-5
dimer, which converts into two PDC units.*®

For this study, we used a simple proof of validity assay to
determine the yield of PDC from phenolic compounds in the
hydrogenolysis oil that could achieved if the substrates in the

This journal is © The Royal Society of Chemistry 2025
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feed solution are kept below the threshold of toxicity. Our
approach diluted the hydrogenolysis oil in a minimal growth
media (see Experimental section) that was supplemented with
glucose to provide a carbon source for bacterial growth,'>??>
This dilution reduced the methanol concentration to below
the toxicity and growth inhibition threshold for
N. aromaticivorans and ensured that we were able to accurately
measure the amount of hydrogenolysis oil phenolics added to
each culture. The dilute hydrogenolysis oil medium was mixed
with a fresh culture of the PDC-producing strain of
N. aromaticivorans at a ratio of 1:1 v/v to allow growth and
avoid the lag phase. An abiotic control was prepared by mixing
the same glucose-supplemented medium containing diluted
hydrogenolysis oil with sterile medium at a ratio of 1:1 v/v.
Microbial growth and the concentration of phenolic mono-
mers and PDC in the different cultures and the abiotic control
was monitored periodically during the experiments (Fig. S1).

PDC accumulation in the culture medium from isolated
lignin hydrogenolysis oil reached a maximum concentration of
0.19 + 0.01 mM, which converted to a calculated yield of 139.1
+ 0.3 g PDC kg™ ' lignin, Table 2."> When the combination of
lignin isolation, hydrogenolysis, and microbial conversion
product yields were included into the yield determination the
maximal concentration represented 7.52 + 0.02 g PDC kg™*
poplar.’® In this scenario, the GVL-biomass fractionation
coupled to a lignin-to-bioproduct processing chain, the portfo-
lio of products include: PDC, dissolving pulp, furfural, and
electricity (generated from the condensed lignins).

PDC accumulation in the culture medium from RCF oil pro-
duced from raw biomass reached a maximal concentration of
0.15 + 0.01 mM, which converts to a calculated yield of 58.5 +
3.5 g PDC kg™ poplar, Tables 2 and S1. The product portfolio
from this scenario #2 consists of: PDC, ethanol, and electricity.

Comparing the two scenarios, the yield of PDC from raw
biomass increased by 7.8-fold vs. the isolated lignin. We
propose that the increase in PDC yield comes from: (1) higher
efficiency lignin depolymerization to phenolic monomers
during RCF as compared to hydrogenolysis of GVL-extracted
lignin, in which most of the lignin remained with the biomass
or was condensed; (2) higher arylpropanol content in the RCF
oil also increased the potential maximal yield of PDC; and (3)

Table 2 HPLC-quantified values for the microbial conversion experiments
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retention of phenolic monomers and soluble lignin fragments
in the RCF oil that are typically lost during lignin isolation
using GVL or other approaches.

Enzymatic digestion

Limiting the amount of lignin condensation requires minimiz-
ing the amount of time that the polymer is in solution without
being stabilized through catalytic reduction (or other mecha-
nisms). In this work, we use RCF to generate monomeric phe-
nolics as depolymerization products. The maximal yield of
such a process occurs when the catalyst is dispersed in the
biomass, however this results in a hydrogenolysis pulp con-
taining the catalyst. In RCF, the polysaccharide fraction is des-
tined for enzymatic saccharification and microbial conversion.
To determine if the presence of the heterogenous catalyst or
hydrogenolysis formed compounds that had a negative impact
on polysaccharide saccharification, we treated the RCF pulp
with cellulase enzymes to generate a hydrolysate containing
100 g L™ glucose and 42 g L™" xylose, Table S2. At this point,
the Pd/C catalyst was recovered from the hydrolysate via fil-
tration. The hydrolysate was then inoculated with yeast strain
Y945 to monitor growth and ethanol production (Fig. S2A).
The ethanol production yield of 85.3%, Table 2, and yeast
growth rates did not indicate the presence of inhibitors
derived from the heterogenous catalyst or hydrogenolysis
residue in the RCF pulp. Comparison of the growth curves
with and without the addition of yeast extract supplement
indicated a slight deficiency in nutrients in the hydrolysate,
but no significant reduction in ethanol yield (Fig. S2B).

Process synthesis

Based on the obtained experimental data, we modelled an
integrated biomass-to-PDC process using RCF for biomass
fractionation and lignin depolymerization (Fig. 2). A general
block flow diagram of the biorefinery which consists of nine
major blocks: (1) reductive catalytic fractionation of biomass
(RCF), (2) monomer purification (MNP), (3) PDC production
(PDCP), (4) isolation of PDC product (PDCI), (5) hydrolysis of
carbohydrate-pulp (HYD), (6) fermentation of sugars to
ethanol (FERM), (7) ethanol separation and recovery (SEP), (8)

Phenolic monomer to PDC Isolated lignin® Biomass
Maximal [PDC] (mM) 0.19 + 0.01 0.15 + 0.01
g PDC kg™ ! lignin 139.1 + 0.3 N/A

g PDC kg™ poplar 7.52 £ 0.02 58.5+3.5

Composition of hydrolysate produced from RCF pulp

Before fermentation

After fermentation

Glucose (g L)
Xylose (g L")
Cellobiose (g L™)
Ethanol (g L)
Ethanol yield

“Perez et al. 2022."2

This journal is © The Royal Society of Chemistry 2025

101.5 0

43.1 16.4
6.3 2.1

0 52.6
N/A 85.3%

Green Chem.
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wastewater treatment (WWT), and (9) combined heat and
power generation (CHP).

In this process model, biomass, methanol, and hydrogen
(streams 1, 2, and 3) are introduced into RCF reactors in the
presence of a 5 wt% Pd/C catalyst in the RCF block for a resi-
dence time of 2 hours; see Table S3 in SI for biomass compo-
sition. After reaction, the methanol and hydrogen are recovered
and recycled to minimize fresh solvent and reductant require-
ments; see Fig. S3 in SI for details. The monomer, oligomer, and
carbohydrate pulp stream is sent for solid-liquid separation
through which the polysaccharides are separated from the
lignin-derived fraction. The recovered carbohydrate-pulp (stream
4) is routed to the HYD and FERM blocks for enzymatic hydro-
lysis and fermentation to ethanol, respectively, with ethanol
recovered (stream 11) in the SEP block, following a process con-
sistent with that used by Humbird et al.**

Stream 6 containing phenolic monomers, oligomers, and
residual methanol is directed to the MNP block where a distilla-
tion column with a partial condenser is used for monomer
recovery (Fig. S3). Residual methanol is removed in the column
overhead vapor stream for recycling back to the RCF block
(stream 14). The distillate stream, rich in monomer (stream 15),
is directed to the PDCP block where the monomers are biologi-
cally converted into PDC via microbial funneling, while the oli-
gomers (stream 16) are sent for heat and power generation.

Stream 17 is the growth media needed to support microbial
funneling of the biomass derived phenolics to PDC. The result-
ing extracellular media containing PDC (stream 18) is sent to
the PDCI block, in which PDC is precipitated as a sodium salt
isolated using sodium chloride (stream 19), and recovered as
final product (stream 21), while the process wastewater (stream
20) is sent for wastewater treatment. Catalyst separation was
modeled under the assumption of negligible loss or break-
through, consistent with steady-state operation in an n-th
plant design. The process model for RCF and MNP blocks
were developed and simulated using ASPEN PLUS (V14), with
the corresponding detailed process description and operating
conditions provided in Fig. S3.

Enzyme
(from on-site production) Nutrients

(7) (9)

| 1 (11)

Hydrogen (1)
—ooen sy
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Techno-economic analysis (TEA)

A TEA of this process calculated a MSP for Na(PDC), salt of
$18.39 per kg (Fig. 3A). The largest cost contributor is the RCF
block, accounting for 67.0% of the MSP. Within the RCF
block, the capital cost of reactors and solvent recovery equip-
ment are the primary drivers, contributing $8.19 per kg.
Material costs in the RCF block also play a significant role,
with feedstock costs contributing $1.95 per kg, with the
remainder primarily deriving from makeup methanol. Other
substantial costs are incurred in the heat and power gene-
ration block, with capital costs contributing 10.6% to the MSP.
However, these costs are partially offset by $0.14 per kg from
excess electricity (8 MW) sold to the grid. The PDCP block con-
tributes 11.4% of the production cost to the MSP, primarily
driven by the cost of growth media for biological funneling,
which accounts for 7.6%, see Table S4 in SI for detailed capital
and operating costs.

Due to the substantial amount of solvent required to
achieve effective biomass fractionation and lignin depolymeri-
zation, heat integration in the RCF block is crucial for
minimizing the overall heat duty of the biorefinery. To achieve
this, we implemented two main techniques. Firstly, the reac-
tor’s effluent stream was processed through a series of flash

separation steps allowing for a gradual reduction in
solvent content (Fig. S3). As a result, the energy requirements
of subsequent equipment - particularly the distillation
columns - are minimized, improving the overall energy

efficiency of the biorefinery. Secondly, we employed heat
exchangers to recover heat from the vapor streams from the
flash units to preheat the recycled solvent, reducing the
heating required to bring the recycled stream to reactor con-
ditions. These two improvements lead to ~78% heat load
reduction. The analysis was conducted under the “nth-plant”
assumption, implying that the system operates under steady-
state conditions. As such, the heat-integration scheme is evalu-
ated based on steady-state operation rather than short-term
dynamic disturbances.
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We also conducted a single-point sensitivity analysis to
identify important process and economic parameters (Fig. 3B).
Reducing IRR from 30% (we use a higher IRR due to higher
investment risks associated with new technology) to 10% as in
NREL reports results in the highest reduction (~43%, $7.91
per kg) in the MSP; due primarily to the changes in the dis-
counting factors. Similarly, decreasing the RCF reaction time
from 2 to 1 hour leads to a ~22% reduction ($3.97 per kg) in
the MSP. Reduction in catalyst lifetime from 1 year to 1 month
increases the MSP by $0.27 per kg, while longer lifetime of 2
years reduces the MSP by $0.01 per kg. Reduction in biomass
feedstock cost and increase in xylose-to-ethanol conversion
have the least impacts (3%, and 1%, respectively) on the MSP.

The TEA is extended to assess two cases: (1) selling bio-
methane as a co-product rather than converting it to excess
electricity, and (2) reducing the solvent-to-biomass ratio from
17.25:1 to 12:1 (Fig. 3C). Selling biomethane reduces the
MSP by 3%, mainly due to both capital savings and additional
revenue credits associated with selling biomethane as a renew-
able fuel. From a capital cost perspective, producing excess
electricity using a turbogenerator requires a higher investment
compared to upgrading biogas to biomethane using a pressure
swing adsorption, which also benefits from an investment tax
credit (ITC).>> On the revenue side, selling biomethane as a co-
product results in revenue streams from renewable identifi-
cation number (RINs) under the renewable fuel standard
program,”® and clean fuels production credit (CFPC).””
Reducing the solvent ratio has the highest impact on MSP
(~28% reduction) because lower solvent usage decreases RCF

This journal is © The Royal Society of Chemistry 2025

reactor size and associated capital costs and reduces capital
expenses and heating demands for solvent recovery.

Fig. 4 shows the mass and energy flows in the biorefinery
normalized to 1 kg of Na(PDC), salt production. We observe
that about 22.27 kWh (~85%) of total heat is used for solvent
recovery and monomer purification in the RCF and MNP
blocks, while ~50% (4.26 kWh) of electricity is used in the
RCF block, mainly for hydrogen compression.

Carbon footprint analysis

The net carbon footprint of the process is 0.98 kg CO,e per kg
of Na(PDC), salt (Fig. 5A). The delivered feedstock has the
highest impact with biomass soil organic carbon sequestration
contributing a credit of —2.12 kg CO,e per kg. Offsetting emis-
sions from gasoline based on the produced ethanol contrib-
utes significantly to the carbon credits, whereas the electricity
offset, based on the average U.S. electricity grid, also provides
substantial reduction of —0.64 kgCO,e per kg of product.

There is a higher contribution from the RCF block due to
make-up solvents and catalyst losses (~5% losses assumed).
The growth media for PDC production is the second largest
positive contributor (1.64 kg CO,e per kg), and there is also
significant impact from the hydrolysis block mainly from
glucose purchase for onsite enzyme production.

Furthermore, grid carbon intensity varies widely across
regions—from ~0.020 to 0.887 kgCO,e per kWh within the U.
S. (2019-2023 averages).?® Sensitivity analysis (Fig. S4) showed
the carbon footprint increases to 1.59 kgCO,e per kg Na
(PDC),-salt at the lowest grid intensity and decreases to

Green Chem.
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0.06 kgCO,e per kg at the highest intensity. This reflects the
smaller emission offsets in low-intensity grids and larger
offsets in carbon-intensive grids.

As the source of electricity that is offset is crucial, we
extended the analysis to examine electricity offset from three
different power plants (Fig. 5B), first three stacked plots.
Substantial emission offset was achieved resulting in a nega-
tive footprint if we offset electricity from coal and residual oil
power plants (—1.85 and —1.69 kg CO,e per kg of product,
respectively). Finally, co-producing biomethane rather than
electricity, led to the highest net footprint of 1.53 kg CO,e per
kg of product, due to lower emission offset associated with dis-
placing fossil-based natural gas.

Conclusions

This work advances previous efforts that demonstrated
microbial funneling of depolymerized lignin to a value-added
product, using engineered N. aromaticivorans. In that
approach, isolated lignin was depolymerized before biological
upgrading, resulting in a cost-intensive commodity chemical
production pipeline. In contrast, the current study presents a
fully integrated, lignin-first design in which biomass fraction-
ation and lignin depolymerization occur in a single RCF step.
We found that this tandem process provided both improved
phenolic monomer yields for conversion to a product, while
generating high-quality cellulose-pulp for fermentation into
ethanol. In addition to the economic analysis, we assess the
positive carbon footprint of this integrated process.

The results indicate that the MSP of Na(PDC), salt is $18.39
per kg, with a corresponding net carbon footprint of 0.98 kgCO,e
per kg. The proposed tandem process leads to a $7.50 per kg
(~29%) reduction in cost due to improved monomer yields and
lower biomass cost. Our analysis shows that the RCF block has
the highest cost contribution due to a high solvent-to-biomass
ratio affecting equipment capital costs. Reducing the solvent-to-
biomass ratio from 17.25:1 to 12:1 achieves the highest
reduction in MSP (~24%) while co-producing biomethane rather
than electricity reduces the MSP by ~4%. From a sustainability
standpoint, the solvent make-up and growth media needed for
enzymatic funneling to PDC are the major contributors to carbon
footprint. We further observe that soil organic carbon sequestra-
tion associated with biomass (poplar) cultivation, and electricity
and ethanol offsets provide significant emission reductions.
Importantly, the work reported herein describes an integrated
and experimentally validated pipeline from raw biomass to mul-
tiple products - biofuel, biochemical, and electricity — while
achieving improved economic and environmental outcomes.

Experimental
Materials and methods

Commercially available chemicals were purchased from
Millipore Sigma (St Louis, MO), Fisher Scientific (Chicago, IL),

This journal is © The Royal Society of Chemistry 2025
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VWR (Batavia, IL), TCI America (Portland, OR), Acros
International (Livingston, NJ), Neta scientific (Hainesport, NJ),
and Ambeed (Arlington Heights, IL). Specialty gases (ie.,
hydrogen, argon, and helium) were purchased from Airgas
(Madison, WI). The palladium on carbon (Pd/C) catalyst used
in this study was 5 wt% palladium on a matrix of activated
carbon support (Millipore Sigma P/N: 205680). The catalyst
was used as received.

Poplar biomass preparation

The NM6 hybrid poplar (Populus maximowiczii x nigra) was pro-
duced by the Great Lakes Bioenergy Research Center and used
in previous studies."*® The NM6 trees were nearly 5-year-old
(59 month) at harvest, the bark was removed, and the xylem
tissue was chipped, sorted on a shaker table to pass through
5 mm round hole, and then air dried. After drying the particle
size was further homogenized, by grinding the poplar chips
into a flour using a shaker mill (Retch MM400, 50 mL har-
dened steel jar, 1 x 15 mm hardened steel grinding ball, 30 Hz
for 3 min). The powdered biomass was used without any
further processing. Characterization of the biomass compo-
sition can be found in the SI of Perez et al. 2022 and Pastore
de Lima et al. 2024.">%°

Hydrogenolysis of poplar biomass

Hydrogenolysis of poplar biomass was performed in a 50 mL
Parr reactor. Briefly, 1.377 g of poplar flour was placed into the
reactor. To this was added 76 mg of Pd/C as the active catalyst,
which was used without any pretreatment. Then 30 mL metha-
nol and 65 nmol 1,2-dimethoxybenzene (DMB, internal stan-
dard) were added into the reactor. The reactor was then sealed,
and the reaction mixture was purged with Argon three times,
followed by purging three times with hydrogen, before finally
being pressurized to 30 bars with hydrogen. The vessel was
placed in the furnace and the reactor was heated up to 200 °C
and the pressure increased to 65 bar. After 2 h of reaction, the
reactor was cooled to room temperature with air flow. The
product mixture was filtered through a 2 pm filter and the
hydrogenolysis oil was stored at 4 °C. The phenolic monomer
composition was quantified on a Shimadzu GC-2010Plus with
an FID detector, Table 2, as was previously described.'” The
treated biomass solid residue, which consisted of the polysac-
charides (cellulose and hemicellulose), residual lignin, and
the Pd/C catalyst, was dried under vacuum (<15 mTorr) for
16 h. The dried residue was stored at room temperature and
used in the enzymatic digestion and fermentation study
without further treatment.

Bacterial strains and culture conditions

The engineered strain of N. aromaticivorans DSM12444 lacking
the genes Saro_1879 (sacB), Saro_2819 (ligl), and Saro_2864/5
(desCldesD),*® was used in this study. Cultures were grown in
SMB media supplemented with the indicated carbon source at
30 °C. SMB media contains 20 mM Na,HPO,, 20 mM KH,PO,,
7.5 mM (NH4),SO4, 0.167 mM ZnSO,4, 0.125 mM FeSO,,
0.028 mM MnSO,, 0.006 mM CuSO,, 0.009 mM Co(NO;),,

Green Chem.
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0.016 mM Na,B,0,, 24.319 mM MgSO,, 1.667 mM CaCl,,
0.013 mM (NH,)¢Mo0,0,,. For routine culture and storage, the
growth media was supplemented with 1 g L™ glucose.

Depolymerized lignin bioconversion experiments

Bioconversion experiments were performed following the pro-
tocol described in Perez et al. 2022."* Briefly, the PDC-produ-
cing N. aromaticivorans strain PDC cultures was pregrown over-
night in 10 mL of SMB medium supplemented with 6 mM
glucose. The bioconversion experiments were initiated by
diluting the cultures with 10 mL SMB medium supplemented
with 12 mM glucose and 20 mL L™ of the RCF oil in MeOH
(the RCF solvent). Triplicate culture assays were grown for 25 h
in flasks at 30 °C and shaken at 200 rpm. The bacterial cell
density was monitored periodically using a Klett-Summerson
photoelectric colorimeter with a red filter. Sample aliquots
were periodically removed from the cultures, filtered with a
0.2 um PES syringe filter, and stored at —20 °C for further ana-
lysis of aromatic metabolites, PDC, and glucose as described
previously.'?

Hydrolysate production by enzyme digestion

Hydrolysates were produced from hydrogenolysis-treated
biomass solid residue by enzymatic digestion using a two-step
enzyme-loading strategy, as previously described.’” To obtain a
7% glucan loading, 85 mL Oak Ridge centrifuge tubes
(Thermo Fisher Scientific Inc., Waltham, MA, USA) were
loaded at a solid-to-liquid ratio of 1: 4, with approximately 7 g
hydrogenolysis treated biomass solids, 16.3 mL water, and
3.5 mL 1 M phosphate buffer (126.17 g L' KH,PO, and
11.32 g | K,HPO,). The tubes were autoclaved for 1 h at
121 °C. After cooling to 50 °C, 0.15 mL of undiluted HCI
(~37-38% HCI, w/w) followed by 5 mL of 1 M phosphate buffer
were added to adjust a pH of 5.8. Enzymatic digestion was
initiated by adding 4.1 mL of an enzyme mixture containing
0.7 mL cellulase (NS 22257, Novozymes, Franklinton, NC, USA)
and 0.12 mL xylanase (NS 22244, Novozymes, Franklinton, NC,
USA) diluted in 3.3 mL of MilliQ water. The digesting suspen-
sion was placed on a BT LabSystems vertical rotating mixer
(St Louis, MO, USA). The rotating mixer was inside a Bellco
Biotechnology bench top incubator (VineLand NJ, USA) that
was set to 50 °C and 70 rpm stirring. After 48 h, a second
4.1 mL dose of the enzyme mixture was added, and digestion
was continued for an additional 6 days at 50 °C and 70 rpm.
After 7 days of digesting, the final pH of the sample was ~5.2.
The solids were removed by centrifugation at 8200g at 4 °C for
2 h followed by decanting the supernatant (hydrolysate). The
pH of the hydrolysate was adjusted to 5.8 using 10 M NaOH or
undiluted HCI, filtered-sterilized through a 0.2 pm aPES
Nalgene Rapid-Flow 50 mm bottle top filter, and stored at 4 °C
until it was use in fermentation experiments. HPLC-RID ana-
lysis of the concentration of glucose, xylose, cellulobiose was
performed on an Agilent series 1200 HPLC (Santa Clara, CA,
USA) equipped with 0.01 N H,SO, mobile phase at 0.5 mL
min~' and an Aminex 87H column (BioRad, Hercules, CA,
USA) as described previously.**

Green Chem.

View Article Online

Green Chemistry

Fermentation of the hydrolysate

The approach used to ferment hydrolysates into ethanol by
yeast have been previously described.®’ S. cerevisiae
GLBRCY945%” was prepared from frozen glycerol stocks by iso-
lating colonies onto yeast-peptone-dextrose (YPD; 20 g L™*
peptone, 20 g Lt glucose, 10 g Lt yeast extract) agar grown
overnight under aerobic conditions at 30 °C and sub-cultured
into YPD broth under similar conditions with shaking at 225
rpm. After 12 h, the cultures were centrifuged, and the cell
pellets were resuspended in MilliQ water and inoculated into
sterile Wheaton Serum Bottles (60 mL) containing 4 mL of the
hydrogenolysis treated poplar hydrolysate to achieve a starting
0OD600 of 0.5. Serum bottles were capped under aseptic con-
ditions with a sterile butyl rubber cap, punctured with a sterile
needle connected to a gas manifold and vacuum pump to
remove air and flush with nitrogen gas. Serum bottles were
connected to a respirometer (AER-800; Challenge Technology;
Springdale, AR, USA) using sterile needles (23 gauge) and
placed in an orbital shaker (Innova 2300, New Brunswick,
Edison NJ, USA) at 180 rpm. The volume of gas or carbon
dioxide (CO,) produced by the culture was measured in real-
time over the 60 h fermentation. Final cell density (OD600)
measurements were made with a spectrophotometer (UV-1280,
Shimadzu Scientific Instruments, Columbia MD, USA).
Supernatants of fermentation broth at the end of fermentation
were analyzed by HPLC-RID analysis for glucose, xylose, cello-
biose, ethanol, and other end-products as described pre-
viously.®* Process ethanol yields, expressed as the percentage
of maximal theoretical ethanol yield (0.51 g ethanol per g
sugar) produced from the total glucose and xylose present in
each hydrolysate, were calculated from the initial sugar and
final sugar and ethanol concentrations for each experiment.

Techno-economic analysis

The key data used in the analysis for the biorefinery are
reported in Table 3. The economic analysis in this study is per-
formed using the net present value (NPV) approach to calcu-
late the MSP of Na(PDC), salt required to support the sale of

Table 3 Key plant design data

Basis Description

Capacity 2000 metric ton per day of dry biomass

Block Process condition

RCF Reaction condition 200 °C, 65 bar, 2 h
Dry biomass : methanol : hydrogen 1:17.25:0.052°
Dry biomass : catalyst (5 wt% Pd/C) 1:0.056"
Catalyst lifetime 1 year
Dry biomass-to-monomer yield 6.5%
Carbohydrate retention 70%

PDCP Reaction condition 30°C, 1 atm, 25 h
Monomer-to-PDC yield 90%

HYD Glucose concentration in hydrolysate 112 g L™*
Xylose concentration in hydrolysate 42¢L7"

FERM Glucose conversion to ethanol 100%
Xylose conversion to ethanol 62%

“Mass ratio.

This journal is © The Royal Society of Chemistry 2025
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ethanol product at $2.50 per gasoline gallon equivalent. We
first compute the total capital investment (TCI) based on the
total equipment cost. The TCI entails the total direct cost, total
indirect cost, and working capital. Next, we determine the
annual fixed and variable operating costs. The fixed operating
cost entails labor, supervision, and other overhead costs, while
the variable operating cost includes biomass feedstock,
makeup methanol and hydrogen, catalyst, and other process
related raw material costs. Finally, we determine the MSP
based on a developed optimization model. The economic data
and assumptions, Table §5.%%24727:33739

Life cycle analysis

We perform carbon footprint analysis using the material and
energy balance from the process model used for calculating
the MSP with emission factors sourced from Argonne GREET®
model*® and the literature,** Table S6. The functional unit for
the life cycle analysis (LCA) is 1 kg of Na(PDC), salt. The
system boundary entails biomass (poplar) farming and trans-
portation to the biorefinery, and material and energy inputs at
the biorefinery. We consider offset emissions associated with
surplus electricity by assuming the electricity displaces U.S.
grid electricity. We further consider emission offsets with
ethanol by assuming ethanol displaces emissions from fossil-
based gasoline. We assume biogenic CO, emissions are carbon
neutral. We then calculate the carbon footprint of the Na
(PDC), salt on a per kg basis. The analysis is extended by
examining various cases where the electricity sold offset emis-
sions from electricity generated by different power plants: coal,
residual oil, and natural gas. We also present an analysis for
the case in which biomethane is co-produced rather than
electricity.
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