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This work highlights the potential of forestry residues as profitable and sustainable
biorefinery feedstocks to address global environmental, social, and resource security
concerns associated with our current fossil fuels-based economy. We conducted techno-
economic analysis (TEA) and life cycle assessment (LCA) for a model integrated reductive
catalytic fractionation (RCF)-molten salt hydrolysis biorefinery using forestry residues
differing in species, tree part, and phenophase as feedstocks.

We demonstrated that through optimized feedstock selection, approximately 4x and 8x
reductions in greenhouse gas emissions and phenolic minimum selling prices can be
achieved, respectively. Furthermore, we identified biomass with high RCF yields and
hemicellulose contents as optimal feedstocks.

TEA and LCA revealed emission and cost drivers, such as the RCF reactor pressure. Future
research on these key parts of the process can improve the overall biorefinery
sustainability.
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Abstract

Forestry residues have immense potential as alternative feedstocks to petroleum, yet their inherent
complexity remains a major challenge to widespread use. Pairing temporal rhythms of plant biology
with biorefinery performance is critical to industrial-scale biorefinery development. Here, we
provide the first report of a techno-economic analysis (TEA) and life cycle assessment (LCA) for a
model integrated reductive catalytic fractionation (RCF)-molten salt hydrolysis process for forestry
residues varying in tree part, species, and phenophase. All forestry residues resulted in net-negative
greenhouse gas (GHG) emissions vs. comparable petroleum feedstocks, with GHG emissions
potentially reduced >4.0x through composition-based feedstock selection (e.g., harvesting American
beech bark in spring vs. summer). Moreover, American beech twigs/branchlets and bark in leafed
and emergence phenophases, respectively, had 7.9x lower predicted phenolic minimum selling
prices (MSPs) vs. other feedstocks and MSPs within the current global phenolic market range.
Hemicellulose content and RCF yield emerged as key parameters impacting GHG emissions and
biorefinery revenue, identifying hardwood twigs/branchlets in the leafed phenophase as optimal
biofeedstocks. Biorefinery expenses were dominated by purchased equipment, raw materials, and
utility costs, highlighting essential areas for future study. Notably, RCF reactor pressures drove 85-
90% of equipment costs, but sensitivity analysis revealed that decreasing the pressure 20% could
reduce the phenol MSP 4-fold. Structural carbohydrate dynamics were also investigated using a two-
step acid hydrolysis method to resolve tissue- and species-level patterns in biomass composition
throughout the year to enable harvest optimization based on TEA/LCA findings. Ultimately,
elucidating the impact of biofeedstock dynamics on biorefinery performance enables harvest
optimization, informed engineering design, and progress towards an expanded bioeconomy.
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Introduction

Lignocellulosic biomass is a vast renewable resource with tremendous potential as a fossil fuel
alternative to address global resource scarcity and sustainability challenges.(1-4) Lignocellulosic
biomass-derived products have the potential to significantly reduce environmental impacts relative
to petroleum-derived products by mitigating GHG emissions and generating socioeconomic
benefits.(5) Unlike first-generation biofeedstocks (i.e., food crops), this resource does not compete
with food production or occupy arable land, making itan attractive feedstock
for biorefineries.(6) Forestry residues and other underutilized lignocellulosic sources are
particularly promising because they are available in enormous quantities, at low costs, and with
minimal additional environmental impact.(7-9) In the U.S. in 2023, ~30 million dry tons of forestry
residues were estimated to be available in the near term, with up to 63 million dry tons potentially
available in a mature market scenario at $40-70/dry ton.(10) Despite their availability and potential
for valorization, most of these residues are burned for energy generation or left in forests.(11) A
major challenge to employing these residues as biorefinery feedstocksis their structural
complexity and compositional diversity.(4, 7) Thus, thereis a significant need to predict
biofeedstock structural complexity and understand its economic and environmental impact to inform
feedstock selection, inventory management, and processing conditions to enable profitable and
sustainable industrial biorefineries.

Structural carbohydrates, such as cellulose and hemicellulose, typically constitute >50% of biomass
dry weight and form the rigid framework of plant cell walls.(12-14) Cellulose is a semi-crystalline
glucose polymer with degrees of polymerization reaching up to ~10,000 units, whereas
hemicellulose is an amorphous, heterogeneous polymer composed of mixed hexose and pentose
sugars with degrees of polymerization of ~50-300 units.(13, 14) The cell wall microstructure and
strength are strongly influenced by cellulose crystallinity, hemicellulose branching, and
carbohydrate composition.(15, 16) These structural features impact the overall efficiency of biomass
fractionation and deconstruction; therefore, understanding how carbohydrate composition varies
across species and residue types is critical for anticipating biorefinery performance.(17-19)
Furthermore, several studies have now demonstrated that lignin (i.e., the aromatic, heterogeneous
network comprising >40 wt% in forestry residues (20)) also must be valorized for biorefineries to
achieve commercial viability without inhibiting the efficiency of sugar liberation during
deconstruction.(21-23) Lignin-first biorefinery strategies address part of this challenge by extracting
and stabilizing lignin early in processing to mitigate the production of more recalcitrant lignins.(13)
Reductive catalytic fractionation (RCF) is the most common such approach and uses a hydrogen
donor and metal catalyst to solvate, depolymerize, and stabilize lignin.(13) Molten-salt-hydrate
(MSH) saccharification provides a complementary route for cellulose-rich streams by efficiently
liberating sugars under mild conditions relative to other carbohydrate hydrolysis strategies that
require concentrated acids and/or high temperatures.(24-27) Mechanistic studies have revealed that
selective and efficient deconstruction in the MSH catalytic system originates from strong
interactions between the Lewis acidic metal ion (Li*) and coordinated water molecules, disrupting
both intra- and intermolecular hydrogen bonding and resulting in high sugar yields from structural
carbohydrates while separating <95% pure lignin as solids.(26, 28, 29) In combination, an integrated
RCF-MSH biorefinery can efficiently convert forestry residues into valuable products — including
p-xylene and furfural from structural carbohydrates and phenolics from lignin. Global markets are
valued at ~§13 billion (2023) for p-xylene and ~$440 million (2021) for furfural.(30, 31) Although
the majority of the current commercial p-xylene is fossil fuel-based, the current global market size
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of biobased p-xylene is valued at $615 million (2024) and is anticipated to continue growing.(32)
Phenolic products also show promise as precursors for biobased lubricants, polymers, additives,
cosmetics, and pharmaceuticals.(33-37) Literature indicates that the production of p-xylene, furfural,
and phenolics from forestry residues can achieve a net-negative global warming potential relative to
petrochemical alternatives,(38) yet the economics and the influence of species-, phenophase- and
residue-specific carbohydrate and lignin composition on integrated RCF-MSH performance remains
largely unexplored. Quantification of the impacts of variations in structural carbohydrate and
lignin composition, abundance, and dynamics can inform process optimization and guide feedstock
selection for improved biorefinery outcomes.

In this study, we evaluated the biomass composition of forestry residues, namely bark,
twigs/branchlets, and foliage, across four species and phenophases to capture full-year variation
relevant to biorefinery performance. This year-round dataset enabled realistic integration of
feedstock variability into downstream process modeling. For the first time, we directly connected
forestry residue biofeedstock dynamics to biorefinery economics and environmental impacts to
understand how biomass composition shapes biorefinery performance. We conducted a techno-
economic analysis (TEA) and life cycle assessment (LCA) for forestry residues in an RCF-MSH
integrated lignocellulosic biorefinery to produce p-xylene, furfural, and phenols. Comparison of
forestry residues across tree part, phenophase, and species highlighted how biorefinery outputs,
economics, and greenhouse gas (GHG) emissions are dictated by feedstock selection. For instance,
furfural yields were 91% higher in the scenario in which twigs/branchlets were used vs. bark for the
same species and time of year (i.e., American beech in the leafless phenophase) because of the
difference in hemicellulose quantities between residues. As hemicellulose content and RCF yields
were the biomass composition components that most significantly impacted GHG emissions and
biorefinery revenue, we proposed that forestry residue harvesting should be optimized to maximize
the valorization of twigs/branchlets from hardwood trees in the leafed phenophase. Furthermore, we
identified major drivers for biorefinery costs as purchased equipment, raw materials, and utilities,
for which the RCF reactor (pressure), biomass drying/transportation & LiBr, and steam were the
dominant contributors, respectively. We discuss key areas of current and future research for
biorefinery development to reduce these expenses and ultimately increase the economic viability of
commercial biorefineries. Overall, this study bridges the gap between plant biology and biorefinery
performance, highlighting the immense potential of forestry residues as profitable and sustainable
biofeedstocks.
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Results and Discussion

Elucidating the dynamics of structural carbohydrates

Forestry residues (bark, twigs/branchlets, foliage) were collected for four species native to the
Eastern U.S. (American beech, sweet birch, pitch pine, yellow poplar) in each of the four canopy
phenophases (senescence, leafless, emergence, leafed). Structural carbohydrates were analyzed in
dry, extractive-free residues using a two-step acid hydrolysis procedure to quantify the sugars via
high-performance liquid chromatography (HPLC).(39) Fig. 1 shows glucan (cellulose), xylan
(assumed to be the primary component in forestry residue hemicellulose),(38, 40-43) and total
structural sugars (reported as the sum of glucan and xylan) grouped by species and residue.
Tabulated biomass compositional data can be found in Tables S1 and S2.
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Fig. 1. Structural carbohydrate contents grouped by hardwoods and softwoods. Glucan, xylan,
and total structural sugars for A-C) Hardwoods (American beech, sweet birch, and yellow poplar)
and D-F) Softwoods (pitch pine) for twigs/branchlets, foliage, and bark. Total structural sugars are
the sum of glucan and xylan. The box indicates the interquartile range of the data, spanning from the
first to the third quartile. The whiskers indicate the minimum and maximum data points, the square
within the box denotes the mean, and the horizontal line inside represents the median (50th
percentile). For all hardwood twigs/branchlets and bark, n = 24, for hardwood foliage, n = 18, and
for all softwood tree parts, n = 8. Values are reported on a dry, extractive-free basis.

Twigs consistently had the highest median structural sugar concentrations in hardwoods, likely
because this woody tissue tends to be dominated by cellulose and hemicellulose.(38, 44) Bark, in
contrast, had lower and more variable sugar content. This finding aligns with previous studies noting
its higher proportions of lignin, suberin, and extractives.(20, 45) Foliage showed the greatest
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variability, most likely reflecting fluctuations in carbohydrate pools that are driven by phenology
and species-specific differences in photosynthetic activity, storage, and sugar export,(46) with
softwoods exhibiting the highest foliage structural sugar concentrations overall. Across species,
structural carbohydrates also followed broad phenophase patterns: bark and twigs showed higher
glucan and xylan values during the leafed and leafless phenophases and lower values during
emergence and senescence, whereas foliage structural sugar content peaked in the leafed phenophase
and declined in senescence and leafless. Distinct differences were observed between softwood (pitch
pine) and hardwood species (American beech, sweet birch, yellow poplar; Fig. 1). For both
twigs/branchlets and bark, the median xylan content was significantly different (piwigs = 0.013, ppark
= 0.020) between hardwoods and softwoods. Foliage in pitch pine was more variable and generally
higher than hardwoods throughout the year. Within hardwood species, yellow poplar had the highest
sugar concentrations across tissues, and American beech had the lowest. In twigs/branchlets across
all species, xylan varied significantly (p = 0.015), suggesting that xylan drives the differences
between species. This finding is consistent with the species-level differences observed in these
woody tissues; differences in secondary cell wall composition have been reported among species —
hardwoods typically contain higher proportions of xylan-rich hemicellulose.(47) Tabulated
statistical data are shown in Tables S3-S5, and additional structural carbohydrate plots are shown in
Figs. S1-S3.

Connecting feedstock selection to biorefinery performance

Beyond understanding the dynamics of the forestry residues themselves, it is critical to connect how
changes in feedstock impact overall biorefinery economics and environmental impacts. A process
model for an integrated RCF-MSH biorefinery was adapted from literature(38) and used as the basis
for the TEA and LCA. Herein, for the first time, phenophase, species, and tissue type are taken into
account to conduct both an LCA and a TEA. Forestry residues were assumed to contain the following
components: cellulose, hemicellulose, lignin, extractives, and ash. The cellulose and hemicellulose
data were those reported in the previous section. The lignin, ash, and extractive contents and the
RCEF phenolic yields used in the process model were taken from previous work.(20) For more details
on the model, inputs (Table S6), and assumptions, see the Experimental Methods and SI Section 3.
The biorefinery model (Fig. 2) consists of three steps. In the first step, RCF converts lignin to
phenolics but leaves the structural carbohydrate fraction intact. The RCF reactor was loaded with
methanol, hydrogen gas, and a 5 wt% Ru/C catalyst, and operated at 80 bar and 250 °C. After
separations and cooling steps, the unreacted biomass entered the second step of the process, MSH,
which converts cellulose and hemicellulose into p-xylene and furfural. In this step, LiBr breaks down
cellulose and hemicellulose, which are then converted to hydroxymethylfurfural (HMF) and furfural
in a biphasic reactor and separated. The HMF undergoes hydrodeoxygenation and cycloaddition
reactions to produce p-xylene, which is then purified. Unreacted lignin and humin byproducts then
enter step three of the process, steam and power generation (STP), which burns them to generate the
electricity and steam used in the biorefinery. Phenols, p-xylene, and furfural were chosen as the
biorefinery outputs to maximize the whole biomass valorization by generating valuable products
from all three primary components of the forestry residues (lignin, cellulose, and hemicellulose,
respectively).
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Fig. 2. Process overview diagram of modeled biorefinery. Biomass enters the biorefinery, in
which lignin is fractionated and deconstructed in the RCF process (green) to produce phenols. The
unreacted biomass from the RCF enters the MSH process (blue), which hydrolyzes and dehydrates
the sugars to produce furfural and p-xylene. The lignin and humin waste enter the STP (purple), in
which they are burned to reduce overall energy use for the biorefinery. LP, MP, and HP stand for
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dimethylformamide, respectively. Solid lines represent material flows, and dashed lines represent
heat/power flows.
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A representative sample set of nine forestry residues showing variation in phenophase, species, and
tree part was used in the process model to elucidate how feedstock selection impacts overall
biorefinery outputs (Fig. 3). These nine residues were chosen to have a complete set of each of the
four species, four phenophases, and three tree parts. Furthermore, this representative set enables
isolated comparison of the impact of each parameter (e.g., American beech bark can be evaluated in
each phenophase). There are substantial differences in composition and RCF phenolic monomer
yield across the nine residues, enabling the identification of the impact of feedstock composition on
overall biorefinery performance. In just one example, furfural yields (expressed in %change relative
to the lower output) can increase by 91% by choosing American beech leafless twigs/branchlets over
American beech leafless bark, 76% by choosing leafless American beech bark over leafed-winter
(W) pitch pine bark, or 88% by choosing the American beech bark in the leafless over American
beech bark in the leafed phenophase. Hemicellulose content largely drives these significant
differences in biorefinery product output. In another example, biorefinery phenolic outputs are
significantly higher in American beech bark in the leafed phenophase, relative to all other
phenophases, due to the large differences in phenolic monomer yields between these phenophases.
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Techno-economic analysis

TEA is a holistic framework that encompasses various economic evaluation approaches, and
different economic metrics may be applied depending on the study objective. Herein, a TEA was
conducted to identify the impact of biomass compositional dynamics on biorefinery economics and
highlight key cost and revenue drivers. Fig. 4 shows the annualized cost distribution, revenue-
composition relationship, and phenol minimum selling price (MSP) for all forestry residue
feedstocks. The MSP of phenol was used as the primary economic indicator, as phenol is the main
target product of the RCF pathway. Revenues from co-products, including furfural and p-xylene,
were incorporated as credits in the overall economic analysis. The phenol MSP, therefore, reflects
the minimum price required for the entire system to achieve economic feasibility. Three major
components dominated the total expenses for all feedstocks: purchased equipment, raw materials,
and utilities. Their relative contributions changed slightly from case to case, with variations within
1-8% across all scenarios, indicating that the overall cost structure remained comparable among
different biomass types. As lignin and total structural carbohydrate contents for each biomass fall
within a ~10% range (55-65 wt% for lignin, 20-30 wt% for carbohydrates), the total amount of
solvents, catalysts, and energy required in the RCF and MSH processes was similar, leading to
comparable cost structures across forestry residues.
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Fig. 4. TEA results for selected forestry residues. A) Annualized cost distribution, B) revenue
distribution with hemicellulose content and RCF yield, and C) MSP of phenol for each biomass case.
Cap is capital cost; Purchased equip. is purchased equipment cost; G&A OH is general and
administrative overheads; Op is operating cost; and MSP is minimum selling price. The purple band
represents the 2025 global phenol market price range.

(cc)

Looking at the detailed cost breakdown, purchased equipment, raw materials, and utilities were the
major process expenses. 85-90% of the purchased equipment expenses came from the RCF reactor
for every case, primarily because of the high operating pressure of 80 bar. This finding agrees with
literature that has also reported the RCF reactor as a dominant biorefinery expense.(21, 48) The
dominant contributions to the raw material price were the pretreated biomass and LiBr, which
accounted for around 50% and 30%, respectively. The pretreated biomass price included the
expenses for harvesting, collecting, drying, and transportation — steps that are necessary to supply a
process-ready feedstock. Among these, transportation and drying typically accounted for the largest
portions of the overall biomass cost, 30-45% and 20-30%, respectively. The MSH process uses a 1:5
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biomass-to-LiBr ratio by mass, so a large amount of LiBr is circulated through the process. Even
though LiBr is recycled within the process, the combination of high unit price and high usage makes
LiBr a key cost driver. Approximately 45% of the utility price came from steam, and about 30%
came from hot oil, reflecting the strong thermal demand of the RCF-MSH system. Other utilities,
such as electricity, cooling water, and refrigerant, contributed to much smaller fractions. The detailed
capital and operating costs for all individual cases are in SI Section 4.

Unlike the cost segment, the annual revenue showed a much larger change between feedstocks,
which was mainly governed by the hemicellulose content and the RCF yield (Fig. 4B) Hemicellulose
is converted to furfural, which has a higher selling price ($1650/ton) in comparison to p-xylene
($1091/ton) and phenol ($1120/ton), so cases with higher hemicellulose fractions generated higher
revenue. For instance, leafed American beech twigs/branchlets, emergence American beech bark,
and leafless American beech bark contained relatively large hemicellulose fractions and
consequently achieved higher annual revenues. In contrast, leafed American beech bark, senescence
American beech bark, and leafed-W pitch pine bark contained less hemicellulose content and
exhibited lower annual revenues. The RCF yield was the second most important factor for the
revenue. Leafed American beech twigs/branchlets, which have both the highest hemicellulose
content (30 wt%) and the highest RCF yield (18 wt%), achieved the largest revenue among all
forestry residues. Leafed American beech bark had the lowest hemicellulose (3 wt%) and high lignin
(64 wt%) content, but it had moderate revenue due to its relatively high RCF yield (16%).
Conversely, senescence American beech bark had a composition similar to leafed American beech
bark (4 wt% hemicellulose and 68 wt% lignin) but the lowest RCF yield (5%), leading to the lowest
revenue. These trends demonstrate that, under similar cost structures, variations in hemicellulose
content and RCF yield were the primary drivers of revenue and overall economic performance of
the biorefinery process. Although uncertainty in these parameters may affect the absolute values of
revenue or MSP, the relatively consistent cost structure across feedstocks and the dominant role of
these variables in determining revenue suggest that the overall trends and ranking among feedstock
scenarios remain robust.

In this study, three products (phenol, furfural, and p-xylene) were generated, but the economic
comparison was focused on the RCF section by analyzing the results in terms of phenol MSP (Fig.
4C). The selling prices of furfural and p-xylene were fixed at their 2025 average market values, and
the purple band in Fig. 4C indicates the current global phenol market price range in 2025 ($0.80-
$1.30/kg).(49) When the MSP values were compared with this band, leafed American beech
twigs/branchlets, emergence American beech bark, and leafless American beech bark emerged as
the most promising cases. Leafed American beech twigs/branchlets had the lowest MSP ($0.88/kg),
which is the most competitive with the current market range. This finding is consistent with the
annual cost and revenue analysis results. For the American beech twigs/branchlets case, a sensitivity
analysis was performed to examine how variations in key process and economic parameters
influence the overall economic performance of the process. The RCF reactor pressure had the
strongest effect on the phenol MSP (resulting in an MSP decrease to >$0.20/kg for a 16 bar reduction
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in reactor pressure), mainly due to the sharp increase in reactor price at higher operating pressures.
The furfural selling price was identified as the second most influential factor (resulting in an MSP
reduction to >$0.40/kg for a $0.33/kg increase in selling price), reflecting its large contribution to
the total revenue. The detailed sensitivity analysis results can be found in SI (Fig. S4).

Life cycle assessment

LCA provides a comprehensive system-level assessment by accounting for upstream and
downstream impacts, including raw material production, utility consumption, transportation, process
integration, co-product credits, and biogenic carbon effects. Herein, the global warming potential
(GWP, expressed in kg of CO, equivalents (CO,eq)) was evaluated using a functional unit of 1
metric ton of forest residues processed. As shown in Fig. 5, GWP values varied substantially
depending on phenophase and tissue type, ranging from —380 kg CO,eq for leafed American beech
bark to —1540 kg CO,eq for emergence American beech bark. Emissions were primarily driven by
combustion and utility use, with smaller contributions from pretreatment and chemical inputs. These
impacts were partially offset by mechanisms such as biogenic carbon uptake, on-site utility
generation, and the avoided burden method that allocates environmental credits to co-products.(38)

Among the co-products, furfural contributed the largest GWP credit (—10.1 kg CO,eq/kg furfural),
followed by phenols (3.5 kg CO,eq/kg phenols) and p-xylene (2.4 kg CO,eq/kg p-xylene).
Accordingly, scenarios with higher furfural yields (stemming from high hemicellulose contents)
tended to have lower overall GWP, tracking with the trends in the economic analysis. GWP also
varied across broader biological dimensions. Across species, for a fixed phenophase and plant
constituent, GWP values ranged from —390 kg CO,eq (pitch pine) to —1100 kg CO,eq (American
beech). Across phenophases, GWP ranged from —380 to —1540 kg CO,eq, with leafed American
beech bark the highest and emergence American beech bark the lowest. Across plant tissues, values
spanned —380 to —1170 kg COeq, with leafed American beech bark again showing the highest GWP
and leafed American beech foliage the lowest. In previous work, the GWP was calculated for the
bark, twigs, and foliage in the leafed phenophase for yellow poplar with values of -850, —1110, and
—650 kg CO,eq, respectively. Comparing these values to the current results for yellow poplar and
American beech, the ranges are similar, with yellow poplar spanning —650 to —1110 kg CO,eq and
American beech spanning —380 to —1540 kg CO,eq. This alignment is expected, as both are
hardwood broadleaved species with comparable carbon compositions, although a more recent
version of the Ecoinvent database was used in this study vs. the previous study.(50) Uncertainty in
biomass composition and conversion yields will influence final product distributions, which in turn
affect the calculated GWP results. Because multiple co-products contribute avoided-burden credits,
changes in product distribution may alter the absolute magnitude of GWP without necessarily
changing the broader comparative interpretation across feedstock scenarios. For all forestry residues
considered, GWP was a net negative, highlighting that forestry residues are promising as sustainable
biorefinery feedstocks. It is also worth noting that the utilities generated from the combustion exceed
the utilities consumed in the process, and therefore each unit of energy produced provides a carbon
offset. Together, these findings underscore the importance of considering species, phenophase, and
plant tissue type in evaluating the climate impact of biomass utilization, as each factor contributes
meaningfully to the overall GWP.
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use/production, and co-product allocation. Star markers (%) denote the net GWP.
Harvest optimization strategies and recommendations for future development

Together, the biomass characterization, TEA, and LCA can provide insights into harvest
optimization strategies for forest residue biorefineries. Both the TEA and LCA identify
hemicellulose as a critical driver for economics and sustainability, and our compositional analysis
indicates that twigs/branchlets consistently have the highest xylan contents across species.
Hardwood twigs also have significantly higher xylan values than softwood twigs, therefore making
them a better biorefinery feedstock. Furthermore, RCF yield, which was determined to be highest in
twigs/branchlets in the leafed/leafed-spring/summer (S) phenophase in previous work,(20) was
identified as the second main driver for profitability. These findings indicate that hardwood
twigs/branchlets in the leafed phenophase are the optimal forestry residue biofeedstock. This finding
can also be used to screen other potential inputs that could be economically and environmentally
viable using the metrics of high hemicellulose and RCF yields. For instance, grasses have the highest
hemicellulose content compared to hardwoods and softwoods, and grassy energy crops and
agricultural residues (i.e., miscanthus, switchgrass, sorghum, corn stover) have significantly higher
hemicellulose contents than tree biomass and would therefore likely produce significantly larger
furfural yields.(51, 52) In another example, hybrid poplar has been genetically engineered to have
improved RCF yields by reducing native interunit C-C bonds.(53) For such strategies to be feasible,
higher-throughput characterization approaches that can screen for both RCF and hemicellulose
yields will need to be adopted, such as a thermogravimetric analysis or fluorescence- screening
approach,(54, 55) though future work is needed to further generalize these methods to additional
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feedstock types. Furthermore, additional studies on combined biorefinery feedstocks are useful to
further understand the impacts of mixed biomass biorefinery inputs and potentially optimize the
process to practically handle mixed inputs while maximizing profitability and mitigating
environmental impacts. The trends identified herein are evident in the four trees in this study that
grow primarily in the Eastern temperate deciduous forest biome. Future work can determine if these
trends can be extended more broadly to species in other geographic regions, climates, and
conditions.(56, 57) Engagement with the timber industry could be valuable to determine a practical
pathway to implement these harvest optimization approaches. The industrial implementation of these
strategies depends on practical logistics, including the seasonality of site access and external factors
such as extreme weather events.(7, 58) For instance, in colder regions, logging operations often halt
in the winter, so strategies that target the leafless phenophase may not be feasible.(58) Beyond
changing harvesting strategies, feedstock screening could be implemented to optimize biorefinery
operations in the form of inventory management approaches, including tagging or sorting based on
species/phenophase/residue type and long-term storage systems.(59, 60)

In addition to providing insight into feedstock selection, the TEA and LCA also highlighted areas
for future biorefinery development. Understanding the impact of biofeedstock dynamics on
biorefinery performance is crucial to inform process decisions, mitigate emissions, and maximize
economic viability for commercial biorefineries. RCF pressure and cost were identified as key
drivers of both biorefinery costs and the phenol MSP, owing to the high pressure needed during the
reaction. Several studies have investigated strategies to lower RCF pressure, such as hydrogen-free
RCF, which can achieve a significant reduction in reactor pressure and maintain high RCF
yields.(61, 62) Hydrogen-free RCF using methanol (i.e., the RCF solvent used in our process model)
was shown to decrease the observed reactor pressure by ~20 bar, which is similar to the -20%
variation modeled in the sensitivity analysis.(61) This reduction in the reactor pressure decreased
the phenol MSP price to <$0.20/kg, which is at least 4x lower than the current global phenol market
price, demonstrating the huge significance of reactor pressure reduction for the profitability of
biorefineries. Under the conditions used in the current biorefinery model (i.e., a Ru/C catalyst), a
hydrogen-free RCF process would result in a slight decrease in phenolic yields, although other
catalysts (i.e., Pd/C, Pt/C) retain high yields under hydrogen-free RCF conditions.(62) Furthermore,
there is the potential to reduce reactor pressure to well below 10 bar through the use of lower-vapor-
pressure solvents, such as glycerol, the use of which enabled the development of an ambient-
pressure, reactive-distillation RCF system.(61, 63) The relationship between RCF reactor cost and
RCF reactor pressure between 10 and 80 bar is shown in Fig. S5, with reduction in pressure resulting
in a nearly linear decrease in cost. Below 6-10 bar, however, there is anticipated to be a significant
drop in reactor cost, as this is the limit at which a steel pressure vessel could be exchanged for a
glass-lined reactor.(64-66) A previous TEA conducted for a traditional RCF system vs. an ambient
pressure RCF system (enabled through the use of glycerin as the low-vapor-pressure solvent)
demonstrated an ~2x reduction in capital costs, driven by the decrease in cost of the ambient pressure
RCF reactor.(63) Although changing solvents likely affects phenolic product selectivities, and future
studies are needed to determine the impact of varying phenolic selectivities on biorefinery
economics and emissions, such studies show the high potential of lower-pressure RCF systems to
drastically improve biorefinery economics.
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The largest contributor to raw material costs is the LiBr salt used in the MSH process, even though
it is largely recycled. Future research should investigate whether the LiBr inputs could be further
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reduced while maintaining sugar yields, potentially through the inclusion of an additional
catalyst.(25) Other salts, such as ZnCl,, which has been used in a pilot-plant study of MSH,(67) also
should be considered for the MSH process to determine whether costs can be reduced by using a less
expensive or more efficient reagent. The other major raw material cost is the biomass feedstock
itself, primarily due to transportation. This finding suggests that local feedstocks should be
prioritized, which aligns with the conclusions in the literature that transportation costs are the major
hurdle to the utilization of uncollected forestry residues.(11) The other major driver of feedstock
cost is drying, and foliage tends to have the highest moisture content. Although the biomass was
assumed to be air-dried in our process, other forms of drying (i.e., kiln-drying) are extremely energy-
intensive(68) — making foliage less preferable as a biorefinery feedstock in comparison to bark and
twigs/branchlets. Finally, there is an opportunity to increase overall biorefinery economics by
targeting higher-value bioproducts, such as phenolic-derived specialty materials, additives, flavors,
fragrances, and pharmaceuticals.(34, 36, 37, 69)

Conclusions

Together, these results highlight the potential of forestry residues as promising profitable and
sustainable biorefinery feedstocks. Directly connecting feedstock selection to biorefinery economics
and environmental impacts highlighted that hemicellulose content and RCF yields strongly impact
the biorefinery revenue and GWP. Hardwood twigs/branchlets in the leafed phenophase were
identified as the optimal forestry residue biorefinery feedstock because of their high hemicellulose
content and RCF yields, and other biomass with similar compositions are predicted to be promising
biorefinery feedstocks. Major drivers of costs and CO, emissions also emphasize key areas for future
biorefinery research, including RCF pressure reduction, LiBr concentrations and alternatives, and
biofeedstock drying and transportation. This study demonstrates the critical role of feedstock
selection in commercial biorefineries to inform process decisions, optimize valorization strategies,
mitigate GHG emissions, and maximize economic feasibility. Overall, this work highlights the
potential of forestry residues as profitable and sustainable biorefinery feedstocks to address the
global environmental, social, and resource security concerns associated with our current fossil fuels-
based economy.
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Experimental
Sample collection

Forest residue samples were collected from within or near the Fair Hill Natural Resources
Management Area, located in the northeastern corner of Cecil County, Maryland, U.S. (39°42' N,
75°50" W). Bark, twigs/branchlets, and foliage samples were collected from P. rigida Mill. (pitch
pine), L. tulipifera L. (yellow poplar), F. grandifolia Ehrh. (American beech), and B. lenta L. (sweet
birch), common tree species in the area, throughout the four phenophases. These species were chosen
to include a range of traits, such as shade tolerance, crown structure, and bark thickness, which
reflect their overall life strategies, and thus, their biomass compositions. Note that pitch pine, a
softwood species that does not lose its foliage, experiences a leafed-W and leafed-S phenophases, in
addition to emergence and senescence phenophases. For additional details, see previous work.(20)

Materials

Hexanes (98.5%) and calcium carbonate (ACS grade) were purchased from Fisher Scientific.
Ethanol (200 proof, anhydrous) was purchased from Decon Laboratories. Sulfuric acid (72 % w/w)
was purchased from Ricca Chemical. D-(+)-Xylose (>99%), 5-hydroxymethylfurfural (>99%,), 2-
furaldehyde (99%), and formic acid (>96%) were purchased from Sigma-Aldrich. D-(+)-glucose,
(anhydrous, 99%) and levulinic acid (98%) were purchased from Alfa Aesar. A38S-500 acetic acid
(glacial, ACS grade) was purchased from Fisher Chemical. All chemicals were used as received. No
unexpected or unusually high safety hazards were encountered.

Biomass characterization

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

After collection, biomass samples were dried at 40 °C for 48 h, knife-milled, and sieved through a
2-mm screen. Extractives were removed according to literature procedures to reduce measurement
interference.(4, 70) Briefly, samples were sonicated in ethanol (80 vol%) in deionized water at least
four times, followed by sonication in hexanes at least twice until the solvent wash ran clear. Samples
were subsequently dried under dynamic vacuum at 40 °C. Moisture content was determined via a
Sartorius moisture content analyzer (MA 160). Structural carbohydrate compositions were measured
using a National Renewable Energy Laboratory (NREL) procedure.(39) In this procedure, dried,
extractive-free biomass underwent a two-step acid hydrolysis to fractionate the biomass and
hydrolyze the sugars. The hydrolysate samples were analyzed on a Waters €2695 high-performance
liquid chromatography (HPLC) instrument equipped with a Waters 2998 photodiode array detector
(PDA) and Waters 2414 refractive index (RI) detector. The samples were filtered through 0.45-um
Nylon syringe filters prior to chromatographic analysis. A Bio-rad Aminex HPX-87H column was
employed at a column oven temperature of 55 °C, with an aqueous solution of H,SO, (0.005 M) as
the mobile phase at a flow rate of 0.6 mL/min for detecting and quantifying glucose (9.2 min), xylose
(9.8 min), acetic acid (15.0 min), levulinic acid (15.5 min), and formic acid (13.8 min) using the RI
detector. HMF (29.12 min) and furfural (44.84 min) were also detected using the PDA detector at
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254 nm. Standard compound calibration curves were used to quantify the concentrations. Total
glucan and xylan contents were determined following literature.(29, 39)

It is worth noting that the NREL procedure has been extensively validated for woody samples but is
generally considered more challenging for more complex samples, such as barks and leaves.(4)
Other studies have used this method for forestry residues, enabling comparison with literature
values.(71) The hemicellulose values reported are purely from the xylan content, which is
anticipated to be the largest contributor to hemicellulose in these samples;(38) however, given the
complex nature of these tissues, it is of interest for future research to study the dynamics of other
hemicellulose components and confirm this assumption.

Process simulation

Process flowsheets in ASPEN Plus V12 simulated RCF, MSH, and STP processes as described in
previous work.(38) Briefly, lignin was converted to phenolics via RCF, then the solid fraction was
fed into an MSH process, in which the structural carbohydrate fraction was valorized to generate p-
xylene and furfural. Finally, the unreacted solid waste and humins by-product was burned to produce
both flue gas and excess utilities to generate additional energy. The numerical quantity of excess
energy generation was calculated from the ASPEN flowsheet simulation and summed in MATLAB
(2021a). Process input values for lignin, extractive, and ash content, and RCF yields were sourced
from previous work.(20)

TEA modeling methodology

The economic assessment for chemical production was performed using Aspen Economic Analyzer
V12. Discounted cash flow analysis and the production cost of chemicals were used to perform
economic analysis for different cases. The MSP was selected as the economic indicator because it is
widely used in process economics and enables direct and threshold-independent comparison of
economic feasibility across multiple process scenarios under consistent assumptions. The MSP
encompasses economic inputs and outputs to the biorefinery system, including feedstock and
material costs, utilities, operating costs, capital costs, overheads, feeds, contingencies, and revenues.
As the main product was phenols from the RCF process, the MSP of phenols at which the NPV
becomes zero (i.e., the break-even selling price) was used as the production cost of chemicals. To
calculate the phenol MSP, the selling prices of furfural and p-xylene from the MSH process were
fixed at $1650/ton and $1091/ton, respectively, corresponding to the 2025 global average market
prices.(49) The additional assumptions used to perform the economic analysis are outlined below:

1. The analysis was conducted for a 20-year project lifetime with 8,000 operating hours per year,
assuming a 10% interest rate, 21% corporate tax, and a 10% salvage value at the end of the
project life.

2. All equipment and operating costs were directly obtained from the cost database built in Aspen
Economic Analyzer V12, except for the RCF reactor. The RCF reactor was costed as a pressure
vessel based on process specifications. The detailed cost estimation of the RCF reactor can be
found in the SI.
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3. The biomass feedstock price for each case was estimated using a heating-value-based approach,
in which the cost of each biomass part (bark, twigs/branchlets, or foliage) was scaled in
proportion to its lower heating value (LHV).(72) For reference, a price of $2/GJ and an LHV of
16.0 MJ/kg were used as the baseline, following the International Energy Agency’s average for
forest-residue wood chips.(73) Using this approach, the estimated prices ranged from $22/ton to
$26/ton depending on species and energy content. The detailed heating value and the estimated
biomass price of each case can be found in the SI.

4. The prices of other raw materials and chemicals were based on the previous study(74) and the
2025 global market averages(49) hexane: $687/ton, hydrogen: $653/ton, LiBr: $1400/ton,
aluminum chloride: $600/ton, ethyl acetate: $910/ton, sulfuric acid: $123/ton, ethylene:
$600/ton, and heptane: $1300/ton.

To ensure fair comparison across different biomass cases, the same financial and operational
assumptions were maintained.

After analysis of the phenol MSP, a sensitivity analysis was performed for the most promising case,
which exhibited the lowest phenol MSP. This analysis examined how variations in key process and
economic parameters influenced the overall economic performance of the process. The parameters
considered include the RCF reactor operating conditions, reactor capital cost, major material costs,
and market prices of products. Each parameter was independently varied by +20% relative to its
base-case value, while keeping all other variables constant, to assess its impact on the calculated
phenol MSP. The +20% range was chosen because it is widely applied in TEA to represent practical
levels of uncertainty in process design, capital estimation, and market prices. The results of this
analysis provide valuable insight into the critical factors that should be prioritized for process
optimization and cost reduction.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Additional details about the biomass price estimation, RCF reactor cost estimation, TEA, and
sensitivity analysis can be found in SI Section 4 (Tables S7 and S8).

(cc)

LCA modeling methodology
Goal and scope definition

This study represents a “cradle-to-gate” analysis of a biorefinery using American beech, pitch pine,
sweet birch, and yellow poplar across plant tissues and phenophases as feedstocks to produce
phenolics, p-xylene, and furfural. The analysis is intended to represent a U.S.-based biorefinery
processing forest residues into valuable chemical products. A functional unit was chosen to be 1
metric ton of biomass feedstock, similar to previous analyses.(38, 75) This functional unit was
selected because the system is a multiproduct biorefinery, and it enables all product outputs to be
evaluated relative to a common biomass input basis.
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Life cycle inventory

The life cycle inventory (LCI) was developed using Aspen Plus simulation results and data from
Ecoinvent 3.3, with U.S.-specific regional data used when available, and global data used
otherwise.(50) Mass and energy balances from the process simulations were used to quantify raw
material and utilities requirements. The process design is based on RCF and MSH hydrolysis.

The system boundary includes all upstream and on-site operations, from biomass harvesting and
preprocessing to final product output. Biomass pretreatment comprises activities such as collection,
transportation, milling, chipping, pelleting, and drying prior to entering the RCF reactor. Following
the methodology of Luo et al., the upstream information regarding bark production was obtained
from Ecoinvent, and twig/branchlet and foliage production used woodchip production as a surrogate
from the Ecoinvent database.(38) A standard transportation distance of 112 km was assumed based
on our previous work.(38) This assumption was applied uniformly across feedstock types because
site-specific information on feedstock collection and transport was not available. The system
boundary can be seen in Fig. S6.

Additional important assumptions for the LCA include the following:

1. The biorefinery was assumed to recycle nearly all cooling water, with only a 1% loss
during standard operations.(74)

2. Contributions to GWP from facility infrastructure and catalysts were excluded, as
buildings serve multiple functions and catalysts were considered long-lived during their
operational lifespan.(74, 76)

3. The steam and power system was assumed to achieve complete combustion, emitting
only CO, and water.(74)

4. Heat integration was conducted in Aspen Energy Analyzer to optimize utility use and
improve energy efficiency.

5. Biogenic carbon uptake through photosynthesis was credited in the LCI, using species-
specific carbon content to account for sequestration.(68, 75)

6. Direct land-use change and soil carbon effects were not included in this study.(77, 78)
As the feedstock consists of forestry residues (e.g., bark, twigs, and leaves from yellow
poplar) rather than dedicated energy crops, these effects are less directly attributable to
the biorefinery system and are highly site-specific.

These assumptions span both process-level modeling choices and LCA-specific scope definitions.
Process assumptions, including cooling water recycling, complete combustion, and heat integration,
determine the material and energy flows used to construct the life cycle inventory. By contrast,
exclusions related to infrastructure, catalysts, and soil carbon effects define the boundaries of the
environmental accounting. These exclusions may influence the absolute magnitude of GWP results
and should therefore be considered as part of the study scope rather than as process-performance
effects.
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Life cycle impact assessment

The primary impact metric considered in this study was GWP, evaluated using the TRACI 2.1 impact
assessment method.(79) Common co-product treatment methods include mass, economic, and
avoided burden allocation. In this work, the avoided burden approach is applied to account for
multiple co-products. Mass allocation was not chosen because product mass is not proportional to
product value.(38) Economic allocation also was not chosen, as the commercial prices of several
products, particularly phenolics and furfural, are not well established. In the avoided burden
approach, the specific coproducts are electricity generation, p-xylene, phenol, and furfural
production. This approach assigns credits for the products assumed to be displaced.

Interpretation

A contribution analysis was performed to identify the most significant drivers of GWP for each
process. Additionally, a sensitivity analysis was conducted on the carbon content estimates to
evaluate their influence on overall results. The purpose of this analysis was to identify the key
contributors to GWP across species, phenophase, and plant tissue and to assess how these factors
influence overall system performance.

For tabulated LCA inputs and outputs, carbon content estimations, and a sensitivity analysis on the
carbon content estimates, see SI Section 5 (Tables S9-S18, Fig. S7).

Data analysis

General descriptive statistics, including maxima, minima, average, median, and standard deviation,
were calculated for structural carbohydrate (xylan, glucan, total) concentrations on a phenophase,
species, and component basis. The Shapiro-Wilk test for normality and Bartlett's test for
homoscedasticity were conducted to determine whether parametric or non-parametric ANOVA
should be employed. Based on these results, the appropriate one-way ANOVA was selected and
used to identify significant differences (p-value < 0.05) among the four tree species. When the
ANOVA test determined a significant finding among the four tree species, Dunn’s method for
multiple pairwise comparisons was employed to identify statistically significant differences between
specific tree species. The analysis sequence also was performed for phenophase and component
comparisons within the dataset. Statistical analyses were conducted in GraphPad Prism v. 10.5.
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