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ARTICLE INFO ABSTRACT
Keywords: Lignocellulosic biorefineries have gained interest as sustainable bio-based alternatives to replace fossil-based
Low-TRL Life Cycle Assessment technologies. However, the processes to treat lignocellulose are still at low Technology Readiness Levels
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(TRL), which difficult comparison with their well-established high-TRL fossil counterparts. This study proposes a
comprehensive multi-approach assessment of technical and environmental performances of a low-TRL organo-
solv process applied to lignin production from lignocellulosic biomass. A simulation-based approach was
implemented to scale-up patent data for the American Science and Technology (AST) process, and compared
with a simplified method based on chemical engineering laws. The resulting input/output flows for each process
step were automatically coupled with LCA tools (Brightway2, Activity Browser, ecoinvent 3.9.1) for environ-
mental impact calculation (with Environmental Footprint 3.1 method). Life Cycle Assessment (LCA) disclosed a
tradeoff between solvent recovery and energy consumption, determining the competitivity of AST regarding the
climate change impact (1.2 kg CO»-eq). Pearson, sensitivity, principal component and uncertainty analyses were
conducted on 20 process parameters, 9 performance and 24 impact indicators. Biomass composition, lignin
dissolution conversion, cake moisture in filtration steps, and distillate flowrate showed as the most sensitive
parameters for the most representative process performance indicators: lignin yield, water consumption, total
heat demand, and GWP;¢o. Dynamic LCA demonstrated a temporal climate benefit of lignin produced by AST and
used in materials, which disagrees the static LCA result. Prospective LCA (Premise tool, for 2020-2050) high-
lighted a slight decrease in climate change correlated with the increase in mineral/metal resource depletion, due
to the electricity defossilization and increased nuclear and renewable power contributions.
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TRL Technology Readiness Level

Impact Assessments of the Method Environmental Footprint (EF v3.1)

ADP Material resources: metals/minerals, abiotic depletion
potential: elements (ultimate reserves)
AE Acidification, accumulated exceedance

AE (terrestrial) Eutrophication: terrestrial, accumulated exceedance

CTUe Ecotoxicity: freshwater, comparative toxic unit for ecosystems

CTUe (Inorganic) Ecotoxicity: freshwater, inorganics, comparative
toxic unit for ecosystems

CTUe (organic) Ecotoxicity: freshwater, organics, comparative toxic
unit for ecosystems

CTUh (C) Human toxicity: carcinogenic, comparative toxic unit for
human

CTUh (Inorganics) Human toxicity: carcinogenic, inorganics,
comparative toxic unit for human

CTUh (Organics) Human toxicity: carcinogenic, organics, comparative
toxic unit for human

CTUh (N.C) Human toxicity: non-carcinogenic, comparative toxic unit
for human

CTUh (N.C: Inorganics) Human toxicity: non-carcinogenic, inorganics,
comparative toxic unit for human

CTUh (N.C: Organics) Human toxicity: non-carcinogenic, organics,
comparative toxic unit for human

fossil fuels Energy resources: non-renewable, abiotic depletion
potential: fossil fuels

GWP;oo Climate change, global warming potential

GWP o (biogenic) Climate change: biogenic, global warming potential

GWP (fossil) Climate change: fossil, global warming potential

GWPj(o (L.U.C) Climate change: land use and land use change, global
warming potential

Land use Land use, soil quality index

N (marine) Eutrophication: marine, fraction of nutrients reaching
marine end compartment

ODP (Ozone) Ozone depletion, ozone depletion potential

P (Freshwater) Eutrophication: freshwater, fraction of nutrients
reaching freshwater end compartment

PM25 Particulate matter formation, impact on human health

PO Photochemical oxidant formation: human health,
tropospheric ozone concentration increase

u235 Ionising radiation: human health, human exposure efficiency

relative to u235
Water use Water use, user deprivation potential (deprivation-weighted
water consumption)

1. Introduction

As the transition toward a bio-based economy accelerates, emerging
technologies for converting biomass into valuable materials are gaining
increasing attention. However, most innovations remain at low Tech-
nology Readiness Levels (TRLs), making difficult to evaluate their
technical feasibility and environmental sustainability. Laboratory data
are often specific to experimental conditions and cannot be directly
extrapolated to industrial scales (Simon et al., 2016). This lack of robust
information hampers decision-making for research prioritization and
policy development. Life Cycle Assessment (LCA) is a standardized
methodology, defined by ISO 14040 (ISO, 2006a) and 14044 (ISO,
2006b), used to evaluate the environmental impacts of a product
throughout its life cycle. It enables the assessment of new technologies
and their comparison with established, high-TRL processes. Such com-
parisons require scaling up the inventory data of low-TRL systems to
represent full-scale implementation (Romina et al., 2025).

The extraction of lignin from lignocellulosic biomass represents a
promising pathway for the development of integrated biorefineries.
Lignocellulosic feedstocks are globally abundant and composed of three
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major fractions: cellulose, hemicellulose, and lignin (Segers et al., 2024).
Traditionally, lignin extraction at both industrial and laboratory scales
has relied on acid sulfite and kraft pulping processes (Zeilerbauer et al.,
2021). Other fractionation processes have been developed. For example,
thermochemical approaches such as steam explosion rely on autohy-
drolysis under high temperature and pressure, but often lead to lignin
condensation and reduced valorization potential (Alvira et al., 2010).
Alkaline-based processes such as Kraft pulping are industrially mature
and highly effective for delignification; however, they require intensive
chemical recovery systems and generate chemically modified lignin
streams (Watkins and Fatehi, 2026). Acid-catalyzed fractionation routes
provide efficient carbohydrate hydrolysis but suffer from equipment
corrosion and the formation of inhibitory degradation products (Li et al.,
2018). In parallel, emerging solvent-based systems such as deep eutectic
solvents (DES) have demonstrated the ability to preserve lignin struc-
ture, enabling higher-value applications; however, their industrial
deployment remains constrained by issues related to solvent cost, sta-
bility, and recovery (Alsoy Altinkaya, 2024). Finally, organosolv pro-
cesses represent a compromise between performance and scalability,
offering relatively high lignin purity and process flexibility while still
facing challenges related to solvent recovery and energy demand
(Zeilerbauer et al., 2021). Organosolv process produces high-purity,
sulfur-free lignin with minimal impurities, improving its suitability for
high-value applications (Zhao et al., 2009). Preservation of p-O-4
linkages during organosolv treatment increases the chemical reactivity
of lignin, facilitating downstream functionalization (Lange et al., 2013).
The process also offers flexibility across biomass types, from hardwoods
to agricultural residues, broadening its industrial potential (Reith et al.,
2008).

Various organosolv systems have been explored, including Alcell and
Acetosolv, while newer processes such as Bloom and the Fraction project
are under development (Tofani et al., 2023). Typical solvents include
ethanol and acetic acid, often combined with sulfuric acid as a catalyst.
Among these, the organosolv process developed by American Science
and Technology (AST) stands out for its use of butanol as the main
solvent and sulfuric acid as catalyst, enabling high lignin purity,
although currently at a low TRL, but with strong potential for industrial
scale-up (Manesh et al., 2014). The main barriers to scaling up orga-
nosolv processes remain their high energy demand and solvent recovery,
which can be mitigated through optimized unit operations, energy ef-
ficiency, and renewable low-carbon sourcing (Herry, 2020).

LCA studies on lignin have grown significantly over the past decade,
from an initial 62 peer-reviewed articles, 48 studies specifically
addressed the LCA of lignin or lignin-derived products, with 42 pub-
lished within the last ten years and approximately 85% appearing in the
past five years (Scopus preview, 2026). The 41 laboratory-scale studies
can be categorized by product system: Kraft lignin (3 studies), organo-
solv lignin (1), biorefinery delignification using natural malic acid (1),
lignin-based applications (15), major biorefinery products such as
ethanol (21), and meta-analyses of bio-based chemicals including lignin-
derived products (1) (Moretti et al., 2021). Most biorefinery-focused
LCAs targeted low-TRL processes, more than half relied partially on
primary data generated at the laboratory scale, which were then scaled-
up to approximate large-scale performance. About 28% used fully
modeled data from simulation tools without experimental validation,
while roughly 18% relied only on secondary literature or LCA database
data. This distribution highlights the limited availability of reliable
industrial-scale data for lignin-based systems (Moretti et al., 2020a).
Early-stage LCAs are thus mainly used to support technology develop-
ment by identifying environmental hotspots and guiding potential im-
provements, although they are inherently more uncertain than
assessments based on operational plant data, emphasizing the need for
improved experimental validation and data management in future
studies (Patel et al., 2012; Moretti et al., 2020b). For the need of scaling
up foreground data, approaches generally include proxy-based methods,
extrapolated data, formal calculations, and process simulation (Erakca
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et al., 2024). Process simulations are presented as the most accurate
approaches, but they can be time consuming (Piccinno et al., 2016).
Classical engineering-based scale-up approaches are a simplest option
relying on theoretical calculations derived from fundamental laws and
empirical correlations. However, the impact of these approaches has not
been compared under the same case study and the same conditions. In
this regard, this work evaluates the extent to which simplified
engineering-based scale-up methods can approximate simulation-based
predictions, and by identifying the conditions under which their use
remains valid for emerging, low-TRL technologies.

As mentioned before, process simulation is the most reliable, as it
predicts system performance at larger scales, which is essential for fair
comparisons with mature industrial processes (Ahmadi et al., 2019). The
procedure typically begins with reconstructing and adapting the process
flow diagram to define key unit operations followed by a simulation that
enables detailed modeling, filling gaps such as energy use, often missing
in low-TRL systems. From an LCA perspective, this ensures a consistent,
complete inventory to support robust environmental assessment.

Systematic reviews on organosolv technologies in 2025 indicate that
approximately 15 dedicated LCAs have evaluated organosolv pretreat-
ment in lignocellulosic biorefineries, accounting for 20-30% of broader
pretreatment LCAs (Tofani et al., 2023). Ryan et al. (2021) (Ryan and
Yaseneva, 2021) reviewed 24 woody biomass conversion LCAs,
including organosolv variants, highlighting an increasing of organosolv
studies since 2010 due to favorable energy and toxicity profiles
compared to other methods. Most organosolv studies applied LCIA
methods based on ReCiPe (Moncada et al., 2018) on processes without
energy integration, and used mass-based allocation, showing the effect
of woody biomass on environmental performance. Earlier work by
Prasad et al. (2016) benchmarked organosolv LCAs against alternatives,
confirming scalability potential despite higher upfront energy.

The objective of this study is to assess the technical and environ-
mental performances of a low-TRL organosolv fractionation process for
lignin extraction, to support informed decision-making for future bio-
refinery developments. Patent data for the selected process (AST) were
scaled-up using chemical engineering principles and process simulation,
allowing the reconstruction and modeling of key unit operations, with
different complexity levels. A software-based simulation approach and a
simplified method based on chemical engineering rules were applied
and compared. This approach, along with the parameter sensitivity
analysis, generates a consistent large-scale Life Cycle Inventory (LCI),
facilitating a robust and comparable LCA. Static, prospective (pLCA) and
dynamic (dLCA) LCA are applied to the case study to reveal different
facets of the system, and respond questions like: i) which process
configuration performs the best, ii) which are the most influencing
process parameters and which are the most relevant performance in-
dicators, iii) how the future context influences the impact results, iv) is
there a climate benefit for producing lignin by this technology.

2. Materials and methods

2.1. Design and simulation of Organosolv AST reference fractionation
process at industrial scale (scenario AST)

This process is currently at a low TRL, with feasibility data available
in several patents, but without complete mass and energy balances
(Manesh et al., 2014; Manesh, 2014; Ali, 2014). Despite providing useful
information on yields, solvent separation, and prospective estimates for
higher lignin production rates up to 0.125 t per day, the descriptions in
(Manesh, 2014; Ali, 2014) were insufficient to fully characterize the
process performance, energy and solvent consumption, as well as key
conversion and separation specifications when the process is envisaged
within a specific industrial scale flowsheet. Experimental tests have been
reported in (Manesh, 2014; Ali, 2014) on beech wood, corn stove, bark,
grass and bagasse, however the composition of these raw materials was
not provided.
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The AST process employs a solvent composed of n-butanol and
water, where n-butanol, assisted by sulfuric acid as catalyst, selectively
dissolves lignin while preserving the structural integrity of the cellulose
and hemicellulose fractions (Erakca et al., 2024). The process generates
three main product streams:

i. lignin-rich organic liquor phase containing dissolved lignin, re-
sidual chemicals, and butanol;
ii. aqueous liquor phase composed of water and minor solubles;
iii. solid pulp phase consisting of cellulose, hemicellulose, and ash.

The AST process demonstrates high adaptability to various ligno-
cellulosic feedstocks while maintaining high product yields (Ali, 2014).
Unlike conventional fractionation processes, which result in significant
solvent losses, the low TRL AST process integrates a partial solvent re-
covery and recycling system to improve solvent efficiency, however, this
is not sufficient to achieve a sustainable process.

As a first part of the methodology, based on the data and specifica-
tions provided from the low TRL patents (Manesh et al., 2014) the
process has been scaled-up to reach a daily input of 0.5 tons of biomass,
and to yield approximately 0.125 tons of lignin per day. A comprehen-
sive process flow diagram (PFD) at this scale and associated simulation
were developed in this work to accurately quantify mass and energy
balances and specify performance indicators. Note that this scale of
production is reasonable and can be theoretically extended to an in-
dustrial scale production following the same process flow diagram.
Fig. 1 shows the PFD as designed and simulated with ProSimPlus®
chemical process simulation software, using Simulis Thermodynamics®
for the calculation of thermophysical properties and phase equilibria for
pure components and mixtures. The main assumptions underlying the
molecular definition of the components, as well as the reaction stoi-
chiometries considered for the AST reference fractionation process, are
detailed in Section 3 of the SI. The specifications for the main unit op-
erations involved are gathered in Table S2 of the SI.

The composition of lignocellulosic feedstocks largely varies, but for
the use in simulations, biomass with low moisture content (5.5 wt%) and
arelatively high lignin content (25.7 wt%) was considered (Trubetskaya
et al., 2016), suitable for achieving the daily lignin yield reported by
(Manesh, 2014; Ali, 2014). The detailed composition of the lignocellu-
losic feedstock, akin to a hardwood composition, are provided in
Table S1 of the SI.

As illustrated in Fig. 1, the process begins with biomass grinding and
sieving. The biomass is fed at a flow rate of 20.83 kg-h~! which ensures
the relative expected production of 125 kg lignin per day. Biomass enters
at ambient conditions and is then grinded and sieved to reduce particle
size and remove oversized fragments. Since ProSimPlus® does not
include a module for mechanical operations an additional module was
implemented to calculate the energy consumption by applying the
equations and data provided in Section 2 of the SI.

In the fractionation stage, a batch high-pressure stirred reactor is
considered where three components are introduced along with the
pretreated biomass: n-butanol (organic solvent), sulfuric acid (catalyst),
and water. Initially, butanol and water (added as a 1:1 mass ratio) are
each fed at 52.08 kg h™!, while sulfuric acid is introduced at 0.625 kg
h™! (~0.6 wt% relative to the incoming liquid stream) (Manesh et al.,
2014). This result in a liquid-to-solid ratio of 5:1 inside the reactor.
The fractionation reactor operates for 90 min at 178 °C under pressure of
12 atm. Several reactions proceed simultaneously, including notably the
solubilization and depolymerization of lignin into the organic phase, the
partial hydrolysis of cellulose and hemicellulose within the solid pulp,
and the formation of secondary compounds such as furfural and other
dehydration products (Manesh et al., 2014) as shown in Table 2. The
outlet stream from the fractionation reactor consists of:

(i) Heterogenous liquor phase, which separates into two liquid
phases due to the non-ideal behavior of the solvent-water-lignin
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Fig. 1. Process flow diagram of the AST reference fractionation process using ProSimPlus.

mixture (Prausnitz et al., 1998): (a) an organic phase, enriched in
n-butanol and dissolved lignin; it also contains reaction products
such as furfural and Cs sugars released from the extensive solu-
bilization of hemicellulose (Manesh et al., 2014), (b) an aqueous
phase, predominantly water, containing residual impurities,
unreacted soluble components, and low concentrations of
byproducts.

(ii) Pulp phase, consisting of the remaining solid fraction, mostly
cellulose, residual hemicellulose, ash, and small quantities of
non-solubilized lignin.

The reactor pressure is set to 12 atm and the reaction medium is in
the liquid state at 178 °C (Mesa et al., 2016). Although the mutual sol-
ubility of water and n-butanol increases markedly with temperature, the
presence of dissolved lignin fragments and reaction products promotes
liquid-liquid phase separation upon cooling and depressurization
(Manesh, 2014). Therefore, while the reactor operates in liquid phase
under high-temperature and high-pressure conditions, phase splitting
occur upon discharge, yielding the characteristic organic and aqueous
liquor phases. Note that, the electrical power required for reactor stir-
ring as well as the energy demand for microfiltration, were also esti-
mated as described in Section 2 of the SI.

After cooling and expansion to 1 atm, the solid-liquid separation
takes place consisting of two plate-frame filters operating in series
(Filtration 1 and 2, Fig. 1): (i) first plate-frame filter: produces a pulp
cake with 90% moisture content while 2.25% residual solids remain in
the filtrate. (ii) second plate-frame filter: Reduces the cake moisture to
60%, solids remain in the separated liquor. Both filters operate at 8 atm
and designed with the above-mentioned characteristics to ensure
optimal lignin recovery. The resulted solid pulp stream is directed to-
ward a washing step, using pure water injected at a flow rate of 52.08 kg
h~1, to remove excess butanol and residual liquor entrained with the
pulp. After washing, the mixture of washed pulp and liquid exits the
section at ambient temperature and pressure and is conveyed to a sup-
plementary separation stage (Filtration 3, Fig. 1). In this step, the liquid
is separated from the solid pulp using a plate-frame filter, yielding a pulp
with 65% moisture and a filtrate with 4.5% residual solids.

The liquor streams are then mixed and fed into a gravitational
decanter, which separates the liquor into two immiscible layers. Sepa-
ration efficiency in the decanter is enhanced through temperature con-
trol at 15 °C. The aqueous liquor phase is recycled back to the
pretreatment stage, with a purge fraction sent to an external wastewater
treatment plant. The organic phase leaving the decanter is fed to a five-
stage stripping column equipped with a reboiler operating at a vapor
ratio of 0.9 relative to the feed flow rate. The stripper top stream,
composed mainly of butanol and water at 109.6 °C, is sent to the feed
thank. An important criterion is the presence of furfural in this recycled
stream, over time. Furfural is generated directly from biomass and it
functions as a self-sustaining solvent. This reduces the need for fresh
butanol and can result in a surplus that is reused in subsequent lignin
extraction cycles (Manesh et al., 2014). The stripper bottom stream
consists of lignin and other dissolved chemicals, exiting the reboiler at
140 °C, and is sent to a precipitation tank that is facilitated using the
washing liquid recovered from the pulp washing step, which contains
residual butanol.

Precipitation is carried out at a ratio of 3 kg of water per 1 kg of
solution, promoting lignin recovery as fine granulated particles (Smit
et al., 2022). These are subsequently separated from residual chem-
icals in a microfiltration unit from which the outlet streams are a high
purity lignin and a chemical-rich liquid. Lignin recovered as a granu-
lated solid contains approximately 90% solids, 0.5-8% residual organic
solvent, and moisture due to the hydrophobic nature of lignin (Micro-
filtration, Fig. 1). Lignin exhibits high purity (>80%), with 2-3%
phenolic compounds and 1-1.5% ash.

The process illustrated in Fig. 1 is simulated under two contrasting
energy scenarios, with and without heat integration, aiming to illustrate
the energy gain by recovering residual heat from hot process streams
and transferring it to cold streams through intermediate heat
exchangers.

2.2. Modified AST fractionation process with enhanced solvent recovery
(scenario AST-SR)

It is essential to recognize that solvent recovery, beyond lignin
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production, constitutes a major focus due to its energy and cost impli-
cations. The AST process, as described, does not particularly prioritize
solvent recovery as the focus is primarily on lignin production and yield
(Manesh et al., 2014; Manesh, 2014). Moreover, a preliminary study,
presented in Section 7.4 of Supplementary Information, demonstrated
the large impact of butanol. Consequently, the AST process was modified
as illustrated in Fig. 2 to incorporate an enhanced solvent-recovery
strategy aiming at reducing markedly the amount of solvent used. The
specifications for the main unit operations involved are gathered in

Table S3 of the SI.

The original stripping column before precipitation was removed and
a new 10-stage distillation column with a reboiler and condenser was
introduced (distillation column, Fig. 2). The organic liquor from the
decanter is now sent directly to the precipitation tank with the washing
liquid. After precipitation, the stream exits and passes through the
microfiltration unit to separate the solid lignin. The remaining mixture is
further filtered through press filtration (plate-and-frame) to produce a
cake with ~90% moisture, which is returned to the gravitational

decanter.

In order to improve the solvent recovery two specific actions have
been considered. First, the aqueous liquor leaving the gravitational
decanter in Fig. 2 follows a slight purge of 5% at stream 41 (Fig. 2).
Second, the liquid-solid suspension after washing in stream 22 enters
first in a pression filtration (plate-and-frame) to reach 60% cake mois-
ture and the resulting cake passes through a more intense mechanical
filtration using belt filters to reach a pulp with 40% moisture in stream

49.

The distillation column together with the above-mentioned
enhanced filtration system allowed a marked recovery of 50 kg h™* of
butanol, reducing the fresh solvent requirement from 11.6 kg h ™! to 1.3
kg h! (i.e., 90% reduction in fresh solvent use). Literature on organo-
solv processes demonstrates that solvent recovery efficiencies of
90-97% are achievable through distillation and recycling systems. For
example, ethanol-based organosolv industrial processes such as the
Alcell technology have demonstrated solvent recovery efficiencies above
90-95% (Brosse et al., 2019; Lora and Glasser, 2002), while process
simulation studies have reported recovery efficiencies up to 97% for
solvent in organosolv systems (Gonzalez et al., 2008). This behavior is
consistent with fundamental separation principles and industrial distil-
lation performance, where multistage columns routinely achieve high
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separation efficiencies depending on operating conditions (Seader et al.,
2010).

Most process water, particularly washing water, is also recycled. The
column top stream, containing butanol and water is cooled in Heat
exchanger 2 and then recycled. The bottom stream, composed of re-
sidual chemicals, is sent to water treatment. In addition, the wastewater
stream, composed of dissolved xylose (Cs sugars), requires further
valorization, which lies beyond the scope of this study.

2.3. AST main settings for simulation and reactions involved

UNIFAC thermodynamic activity coefficient model was employed to
account for non-ideal behavior in the liquid phase, including phase
splitting and liquid-liquid equilibrium (Peres and Macedo, 1997). In
terms of components, structurally analogous compounds were selected
as proxies because several chemical species are not available in the
standard database for molecular properties. Their thermophysical
properties were adjusted accordingly, estimated or calculated using
available methods (Rameshkumar et al., 2022), as summarized in
Table 1. Additionally, complementary information on characterization
of chemical components is provided in Table S4. Note that the chemical
formulae were adapted to match stoichiometry in the reactions given in

Table 1
Component properties and proxy molecules used in modeling.
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Fig. 2. Process flow diagram of the modified AST process with enhanced solvent recovery (scenario AST-SR).
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Table 2
Main organosolv fractionation reactions and associated conversions (Aden et al.,
2002).

Chemical reaction Stoichiometry Conversion
Dissolution of lignin CgH100(5)—>CsH100(qq) 1
Hydrolysis of cellulose CeH100s5 + HyO—CgH120¢ 0.077
Depolymerization of cellulose Ce¢H100s5 + 0.5 H,0—0.5 C12H22011 0.007
Hydrolysis of hemicellulose CsHgO4 + H,O—Cs5H100s 0.925
Dehydration of hemicellulose CsHgO4—CsH4 05 + 2H,0 0.05

Table 2.

Lignin is composed by Guaiacyl (G), Syringyl (S) and p-Hydrox-
yphenyl (H) which correspond to phenolic structures similar to methyl
and ethyl phenol. Hence, lignin and dissolved lignin were modeled using
ethyl phenol and methyl phenol. Methyl phenol represents one of the
core structural units of lignin, specifically the p-hydroxyphenyl (H) unit
(Abdelkafi et al., 2011), and is water-soluble under ambient conditions.
In contrast, ethyl phenol is less soluble, while other lignin-derived units
such as syringyl, remain solid (Wang et al., 2021). Furthermore, the
molecular weight of methyl phenol was applied to the dissolved lignin
molecule to better capture its aqueous behavior. These phenolic
monomers can represent lignin dominant intermolecular interactions
(Méndez Sevillano et al., 2014) within the UNIFAC thermodynamic
model which estimates predictively activity coefficients and phase
equilibria for well-defined small molecules and cannot directly repre-
sent macromolecules such as lignin (Prausnitz et al., 1998).

In terms of reactions, the study focuses on five key reactions as
detailed in Table 2. One primary reaction is the hydrolysis of hemicel-
lulose by water, which produces xylose. Under elevated temperatures
and the presence of acidic catalysts, a portion of xylose degrades into
furfural. Similarly, cellulose undergoes hydrolysis to glucose, with
cellobiose formed as an intermediate that can be subsequently converted
to glucose (Manesh et al., 2014). Conversion rates were adopted from
Aden et al. (2002) as the biomass composition in this study falls within a
comparable range (Table S6), while Table S5 is the SI lists the potential
secondary reactions.

Moreover, to reflect the actual energy requirements, the reaction
enthalpy values in the simulation were adjusted based on literature data.
Lignin, due to its complex polyphenolic structure, requires considerably
more energy for dissolution than cellulose or hemicellulose. It consists of
monolignol units connected by strong carbon-carbon and ether bonds,
particularly the chemically resistant $-O-4 linkages. Cleaving these
bonds is endothermic and typically requires elevated temperatures. The
bond dissociation enthalpy of p-O-4 linkages, which concerns 60-70% of
lignin, ranges from 196 to 323 kJ/mol depending on bond position and
temperature (298-1000 K); a representative value of 200 kJ/mol was
adopted for this organosolv process (Azad et al., 2020). In contrast,
cellulose consists of highly ordered p-1,4-linked glucose chains that form
extensive molecular hydrogen bonds, creating a stable crystalline
structure. The enthalpy assumed for H3O"-catalyzed hydrolysis of the
f-1,4-glucan bond is —12 kJ/mol per glucose unit, consistent with
literature values for the organosolv mode ranging from —18.46 kJ/mol
to 0.03 kJ/mol (Ibbett et al., 2011). Hemicellulose, unlike cellulose, is
amorphous, formed by branched heteropolymers composed of various
sugar units, such as xylose. Hydrolysis, typically achieved via acid
catalysis, targets the glycosidic linkages within the polymer. Reported
enthalpy for hemicellulose hydrolysis ranges from 8.66 to 12.40 kJ/mol;
a value of 11.5 kJ/mol was adopted in the organosolv process
(Mukherjee et al., 2017).

2.4. Simplified alternative method for calculating material and energy
flows (scenario AST-HC)

Simulations approaches need advanced modeling and simulation
tools and are often complicated for LCA practitioners, especially for
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evaluating emerging technologies. A complementary simplified method
was applied to estimate the material and energy flows, based on physical
laws and chemical engineering practices detailed in section 2 of the SI.
This considers the main operations based on the flowchart of the process
adapted from (Manesh et al., 2014) and provided in SI. In this config-
uration, the solvent is internally recycled after distillation (100% re-
covery), with 2% loss in filtration. This simplified method could be
considered as an alternative to the simulation-based scenario AST-SR at
the condition of acceptable errors.

2.5. Life Cycle Assessment

The environmental performance of lignin production from scaled-up
AST organosolv process, as described in Sections 2.1-2.2 was evaluated
using LCA. The LCA methodology was applied following the four phases
as described in (ISO, 2006a; ISO, 2006b): (1) goal and scope definition,
(2) life cycle inventory (LCI) compilation, (3) life cycle impact assess-
ment (LCIA), and (4) result interpretation.

The functional unit is “the production of 1 kg of lignin” and the
cradle-to-gate system boundaries is presented in Fig. 3.

The attributional approach was applied, with economic allocation
using prices provided by (Fabiola, 2024) (900 EUR t~! for lignin and
600 EUR t ! for pulp), and shown in Table S10 along with the respective
allocation factors.

2.5.1. Life cycle inventory and impact assessment

Background data were obtained from the Ecoinvent v3.9.1 database
(Wernet et al., 2016), focusing on the European market and applying the
cut-off system model. The foreground inventory for the scaled-up AST
process from low-TRL was obtained using industrial scale process
flowsheet building and simulation, as described in Sections 2.1-2.2, for
AST and AST-SR scenarios with and without enhanced solvent recovery,
and by simplified calculations for AST-HC (Section 2.4). The process is
considered implemented in France, so LCA datasets were selected from
Ecoinvent database prioritizing the French market when available, and
the broader European market otherwise. Part of furfural is emitted in air,
because it is volatilized from the alcohol-water solvent at high temper-
ature, and, consequently, its presence in the aqueous phase is minimal
(Kochermann et al., 2018).

The Environmental Footprint (EF) 3.1 method, recommended by the
European Platform on LCA, was used to calculate the environmental
impacts as it provides a harmonized set of 25 environmental impact
categories (Nickel, 2022). The overall LCA implementation and scenario
analysis were conducted using Brightway2, connected to Activity
Browser, a Python-based tool (‘Learn Brightway' Book, 2024). The Pro-
Sim simulations were connected with the LCA tool allowing an auto-
mated parametric analysis.

Furfural
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Fig. 3. Cradle-to-gate system boundaries for the organosolv lignin production.
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2.5.2. Prospective Life Cycle Assessment (pLCA)

While most LCA studies implicitly rely on assumptions about future
conditions, prospective LCA (pLCA) explicitly targets technologies at
early stages of development. These technologies are often not yet
commercially available and may exist only at low scales. In this context,
an LCA is considered prospective when an emerging technology is
assessed based on its expected future operation, typically assuming
large-scale deployment under future, realistic market conditions
(Nurdiawati et al., 2025).

Compared to conventional LCA, pLCA differs in both objectives and
methodological choices, while it must explicitly address data shortage,
higher uncertainty, and temporal inconsistencies between foreground
and background systems (Tuomisto et al., 2022). Despite these chal-
lenges, pLCA provides valuable insights during early development
phases, allowing environmental considerations to update technology
design and scale-up strategies while key parameters remain flexible.
However, many pLCA studies still rely on present-day background in-
ventories, which are unable to capture future changes in energy systems,
material supply chains, and technology deployment, leading to biased
results (Arvidsson et al., 2018). To overcome this issue, recent ap-
proaches integrate future scenarios derived from Integrated Assessment
Models (IAMs) into life cycle inventory databases. IAMs simulate long-
term developments in energy use, land use, and emissions under vary-
ing socioeconomic and policy assumptions (What are IAMs? — IAMC,
2007). Tools such as premise, an open-source Python-based tool,
apply a set of transformations to energy-intensive activities in the
ecoinvent inventory database based on projections derived from IAMs
(User Guide, 2025). These tools enable the systematic integration of IAM
outputs, such as those from REMIND, which combines macroeconomic
growth, energy system transitions, and climate policy analysis, and
IMAGE, which provides a comprehensive representation of long-term
interactions among human development, energy demand, land use,
food systems, and environmental change, into the ecoinvent database.
This integration allows the generation of time-resolved prospective life
cycle inventory (LCI) databases, thereby improving the robustness and
consistency of prospective Life Cycle Assessment (pLCA) results (Sacchi
et al., 2022; Kimita et al., 2021).

In this work, the chosen scenario is “Remind-SSP2-NDC”, which is
built on the Shared Socioeconomic Pathways (SSP) and based on the
Nationally Determined Contributions (NDC). The REIMIND scenario
simulates how regions invest in different technologies and energy re-
sources to balance economic growth and climate targets while consid-
ering factors like energy efficiency, emissions and resource availability
(Baumstark et al., 2021; Nurdiawati et al., 2025). The use of SSPs helps
to cover uncertainties regarding technological development for renew-
able energy or fossil fuel availability but also social and behavioral
development like population growth. In order to take a moderate
climate target, a 2 to 2.5 °C increase on temperature in 2100 has been
considered.

2.5.3. Dynamic Life Cycle Assessment (dLCA) for climate change impact
The bio-based systems involve CO, capture by the biomass and CO»
emissions from the biological system and from the economic activities. It
is now acknowledged that static LCA cannot capture the complexity of
carbon capture and emission dynamics and its effect on global warming
(Tiruta-Barna, 2021). Unveiling the biomass potential for climate
change mitigation needs adapted approaches like the dynamic LCA
(dLCA). Here, the greenhouse gas emissions and carbon capture are
considered following the methodology described in (Tiruta-Barna,
2021) with the CCI-tool calculator (Climate Change Impact Tool, 2024)
for the dynamic climate change impact. The dynamic inventory was
built up from the LCI of AST-SR scenario, by positioning the processes on
a time scale. Then, global mean temperature change (GMTC) and
cumulated radiative forcing (iRF) indicators were calculated in function
of time. The background principles, mathematical development and
parameters of the dynamic impact calculation were presented in detail
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in (Tiruta-Barna, 2026). The temporalized inventory (emissions posi-
tioned at different moments on the timescale) is combined with transient
response from the climate system (including substance fate in environ-
ment and thermal balance) via impulse response functions provided by
IPCC.

In order to capture the whole carbon cycle and its effect on climate,
and the trade-off between carbon capture and greenhouse gas emissions
in the manufacturing step, the time scale covers the whole life cycle
(cradle-to-grave), from tree plantation, harvesting, processing and
lignin production, as well as the use phase and end of life of lignin.
Lignin is considered here as curing resin for wood panels, with a lifetime
of about 20 years. Two end of life cases are considered: i) incineration at
year 20 with all carbon emitted as CO», and ii) recycling with incorpo-
ration in a new product for 20 years, followed by incineration at year 40.
There are no emissions during the use stage, and the only emissions at
the end of life come from lignin burning.

2.6. Parametric, Pearson correlation and uncertainty analysis

One-at-a-time (OAT) parametric analysis was performed on AST-SR
scenario, by varying selected input parameters individually by +5%
and +20%, of their initial values (Groen et al., 2014). The target pa-
rameters were selected based on their influence on overall system effi-
ciency. These parameters are presented with their initial values and the
tested deviation values in Table S9 of the SI. The effects of parameter
variations encompassed most unit operations; however, the analysis
focused on 9 key performance criteria: lignin and pulp yield, butanol
and water input, reactor heat requirement, distillation heat consump-
tion and the total process electricity consumption, heat and cooling
demand. A Pearson correlation analysis (Schober et al., 2018) was
applied to the performance indicator results, normalized to the func-
tional unit of 1 kg of lignin produced, to quantify the relationships be-
tween parameters. Correlation coefficients were classified as strong (|r|
> 0.50), moderate (0.30 < |r| < 0.49), weak (|r| < 0.29), or none (r = 0)
(Saltelli, 2008). A Principle Component Analysis (PCA) (Jolliffe and
Cadima, 2016) was also performed to confirm and strengthen the in-
terpretations derived from the Pearson analysis (Abdi and Williams,
2010). This analysis was conducted first on the environmental impact
indicators, and then on the main process-related performance criteria.
Moreover, an uncertainty analysis was performed to assess the range of
possible outcomes due to uncertainties in key inputs and assumptions
(Sheikholeslami et al., 2023).

3. Results
3.1. Simulation results for AST fractionation process

The AST process flow diagram for lignin production and related
simulation after scale-up, as described in Section 2.1, has been built and
set to reach the same level of performance in terms of conversion and
yield when the process is envisaged at an industrial scale. Table S7 of SI
presents the simulation results for the reference process illustrated in
Fig. 1. The main performance indicators from the process scale-up and
simulation were verified against those estimated from patent including
(i) Overall lignin yield (%), (ii) solid pulp yield (%). According to lignin
yield, the patent specifies an overall lignin yield of 97.3%, while the
simulation indicated 98.3%, corresponding to a deviation of 1%.
Meanwhile, solid pulp yield (relative to the initial solids: cellulose,
hemicellulose, lignin, and ash) was reported as 21.06% in the patent,
against the simulated pulp yield of 20.83%, corresponding to a deviation
of 1%. For a basis of 20.83 kg h™! of biomass treated, the system's energy
consumption was evaluated based on the presence or absence of heat
integration. Pinch analysis identified opportunities for heat recovery by
exchanging heat between hot and cold process streams and indicated
that 5.5 kW of thermal energy could be recovered, with a pinch tem-
perature of 134 °C. Electricity demand remained constant at 1.44 kW in
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both cases. As a result of heat integration, thermal utility requirements
were reduced, with heating demand decreasing from 45.1 kW to 39.6
kW and cooling demand from 42.1 kW to 36.6 kW.

Energy consumption estimated by the simulation falls within
normalized data from the literature, as given in Table 3, involving the
core organosolv stages: pretreatment, fractionation, filtration, precipi-
tation, separation, and purification. Here, electricity and heating energy
were considered together by lack of more detailed literature data.

3.2. LCA results and interpretation

3.2.1. Life cycle inventory results

Based on the simulation results for AST reference fractionation
process (Fig. 1 and Table S7) and for the modified AST-SR with
enhanced solvent recovery (Fig. 2 and Table S8), LCIs were established
and harmonized in Table 4, relative to the function unit (FU) of 1 kg
lignin produced, with corresponding relevant data set from Ecoinvent
3.9.1. In addition, the inventory results from the simplified calculation
method (AST-HC) were reported in Table 4.

The process with enhanced solvent recovery consumes significantly
less solvent as expected, but also much less washing water. In contrast, it
consumes more heat and sulfuric acid. However, the variability of the
biomass composition could induce a variability in the process material
and energy balance, which will be further explored in Section 3.3.
Concerning the simplified method, the inventory diverges especially for
the biomass input (as a result of a simplified mass balance), for sulfuric
acid and water due to non-consideration of complex recycling. Heat
demand is situated between those of AST and AST-SR scenarios because
of simplified consideration of distillation operation. Moreover, the sol-
vent recovery by distillation was considered complete, which is not the
case in real operation.

3.2.2. Environmental impact results

The environmental impact results, normalized with respect to the
highest value in each category, are shown in Fig. 4, for the three sce-
narios. These results considered economic allocation. It is observed that
when the enhanced solvent recovery is implemented, the impacts
decrease markedly with respect to the reference scenario in most cate-
gories by more than 60%.

Fig. 5 illustrates the contribution of different processes to three
impact categories, chosen here for their distinct behavior: Climate
change, global warming potential (GWP;qp), Marine eutrophication:
nitrogen (N), and Ionising radiation: human health, human exposure
efficiency relative to u235 (u235). The complete set of results is pro-
vided in section 7.3 (Fig. S2) of the SI. According to Fig. 5, implementing
solvent recovery in AST process substantially reduces the solvent-related
emissions. In GWP1 category, these emissions decrease from 2.7 to 0.5
kg CO3-eq, while the heat-related emissions rise from 0.5 to 1 kg CO2-eq
due to the higher heat consumption. A detailed study of the environ-
mental impact of the organosolv solvent used, based on the production
pathways and effect on GWP;, is presented in section 7.4 of the SI:
producing 1 kg of 1-butanol generates 2.603 CO2-eq.

Marine eutrophication impact (Fig. 5 — N) is generated by the solvent
production, fossil fuels used for heat consumption and by the waste
water treatment process. Electricity in this study was modeled using the
dataset “Electricity, medium voltage, market for electricity in France,”

Table 3
Energy consumption range of the AST reference fractionation process compared
with the literature (heat and electricity).

Energy consumption AST Literature Reference

kWh/kg biomass

With heat integration 196 1.11-2 (Moncada et al., 2018; Mesa et al.,
Without heat 223  21-3.29 2016; Viell et al., 2013; Kravanja

integration et al., 2013; Nitzsche et al., 2016).
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Table 4

Inventory table for the AST lignin production: AST reference fractionation
process (AST), enhanced AST process with solvent recovery (AST-SR), simplified
calculation method (AST-HC); without allocation.

AST reference ~ AST Simplified
fractionation process calculation
process with method
(AST) enhanced (AST-HC)

solvent

recovery

(AST-SR)

Inputs Inventory per kg of lignin produced Ecoinvent 3.9.1-
Cuttoff data set

Biomass 4.02 kg 3.93 kg 4.67 kg Wood chips
production,
hardwood, at
sawmill, [Europe
without
Switzerland]

Butanol 2.21 kg 0.25 kg 0.27 kg 1-butanol,
Hydroformylation of
propylene, [RER]

Sulfuric 0.05 kg 0.12 kg 0.14 kg Sulfuric acid, Market

Acid for Sulfuric Acid,
[RER]

Water 0.96 kg 0.80 kg 9.40 kg Tap water, Market
for tap water,
[Europe without
Switzerland]

Washing 9.90 kg 1.38 kg 11.67 kg Tap water, Market

Water for tap water,
[Europe without
Switzerland]

Utilities®

Electricity ~ 0.28 kWh 0.29 kWh 0.31 kWh Electricity medium
voltage, Market for
electricity, medium
voltage [Fr]

Heat 27.12 MJ 39.78 MJ 33.16 MJ Heat, district or
industrial, natural
gas, Market for heat,
district or industrial,
natural gas, [Europe
without
Switzerland]

Output Inventory per kg of lignin produced Ecoinvent 3.9.1-
Cuttoff data set

Pulp 1.97 kg 2.10 kg 2.33 kg

Waste (-)0.0141 m? (-)0.0033 (-)0.0217 Wastewater,

Water m? m? average, treatment
of waste water,
average, wastewater
treatment [Europe
without
Switzerland]

Lignin 1 1 1

Emission Biosphere3

Furfural 0.0003 0.0132 0 Furfural, Air

2 Utilities are given by considering the heat integration in the process.

composed of 99% medium-voltage electricity sourced from a high-
voltage mix containing 71.3% nuclear power, 18% hydropower, and
only 3.7% natural gas combined-cycle. The dominance of nuclear power
is visible in Fig. 5 — u235, for the ionising radiation, with an important
contribution of solvent fabrication and of the direct electricity use in
organosolv process. Most of the remaining 21 impact categories show
the important contribution of the solvent and heat production, except
for: acidification with important contribution of the catalyst (sulfuric
acid), biogenic GWP; g and land use - soil quality index, with biomass as
main contributor. Wood chips are used as feedstock in these processes,
and their production, transport, and handling influence the overall
footprint.

Comparing the LCA results for AST-HC, i.e. the simplified calculation
approach of LCI, shows variations between —50% and 63% with respect
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Fig. 5. Comparative contribution analysis of environmental impacts for the three scenarios studied: Climate change, global warming potential (GWP;0); Marine
eutrophication: fraction of nutrients reaching marine end compartment (N); Ionising radiation: human health, human exposure efficiency relative to u235 (u235).

to AST-SR approach (impact results listed in Table S12). The most sig-
nificant differences occur for ecotoxicity freshwater organics (CTUe
(organics)), climate change biogenic (GWP100 biogenic), and water use.
If the ecotoxicity is underestimated (—50%) because various chemicals
present in the waste water were not included in AST-HC, water use is
overestimated (+50%) in AST-HC because of difficulty of accounting for
internal recycling loops. Climate change GWP1( is underestimated only
by 8% and this is due to approximations in heat consumption. Moreover,
overestimating the biomass input determines higher impacts in those
categories highly influenced by the wood chips production, as
mentioned above. These results indicate that the simplified inventory
calculation method is suitable for preliminary estimations; however,
when optimized internal recycling is needed, a simulation-based
approach becomes necessary.

3.2.3. Prospective LCA results based on the future evolution of transport
and energy systems

Prospective LCA results reflect the effect of electricity mix changes
and transports by 2050, as included in premise tool. Fig. 6 reveals a
progressive decrease in climate change impact over time primarily
driven by the electricity production. In addition, 1-butanol contribution
decreases with time due to the energy sources used for solvent produc-
tion (Table S13). The decrease in electricity-related GWP over time is
directly linked to the evolution of the electricity production mix under
the SSP2-NDC scenario. In the early years, the electricity mix still in-
cludes a small but non-negligible share of fossil-based generation, such
as natural gas combined-cycle power plants, accounting for approxi-
mately 3.5% of total electricity production. Toward 2050, the electricity

GWP100

3.0

AST - HC AST - SR

o wn o
NN ™M
[eNeNe)
NN N

system undergoes gradual decarbonization in line with Nationally
Determined Contributions and becomes increasingly dominated by low-
carbon sources, primarily nuclear (approximately 70%) and hydro-
power (around 38%), also characterized by a low carbon footprint
(Market for electricity, medium voltage, 2024). Further reductions in
electricity-related GWP,oo are limited, not due to technological con-
straints, but because the electricity system has already largely
completed its transition toward low-carbon generation. In contrast, the
mineral resource depletion (ADP) impact shows a progressive increase
in time due to the energy production shift from fossil carbon to nuclear
and renewable, requesting important infrastructures and metal
consumption.

The same is observed for land use impact, due to the larger surfaces
required by renewable energy production, as shown in Fig. S3. The
observed increase of human toxicity (inorganics) (CTUh) is also due to
this mineral consumption increase. The rest of impact categories show
rather a progressive decrease in time.

The evolution of economy in prospective scenarios is managed
internally in the integrated assessment models (IAM). For our case, the
REMIND-NDC-SSP2 scenario already considers future changes in mac-
roeconomics regarding electricity, transport changes are already
included. Concerning the products, however, the use of economic allo-
cation introduces substantial uncertainty, as future price estimations
may not reliably represent the actual value of co-products. However,
when the innovation is integrated into an existing and well-established
market, such as the lignin market, the uncertainty associated with future
prices can be partially reduced by referencing current market condi-
tions, thereby making economic allocation a more appropriate and

N Biomass
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N Heat

mmm Solvent
Washing
Waste Water
Water In

Fig. 6. Climate change impact (GWP;qo) and mineral resource depletion (ADP) for the three scenarios in prospective LCA from 2020 to 2050 (all results are pre-

sented in section 7.5 of the SI).
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representative method (Cucurachi et al., 2022). These results assume
that the economic allocation remains constant in future scenarios,
implicitly suggesting that market evolution for lignin and pulp follows
the same proportional trend. However, an uncertainty analysis was
conducted based on current price ranges to evaluate its impact, as re-
ported in Section 3.3.3 and Section 8.2 of the SI.

3.2.4. Dynamic LCA

Beech was considered as the tree species for biomass feedstock (the
major component of the wood chips dataset from ecoinvent 3.9), with a
rotation time of about 140 years. First tinning of trees for logs and
woodchips as byproduct production, can be made at 40 years (Deckmyn
et al., 2004). The CO5 capture dynamics by Beech tree was calculated
with the Chapman-Richards model, as detailed in SI (section 7.6).

In the dLCA approach, the time zero can be placed anywhere on the
timescale; here it was considered at the start of lignin utilization. The
inventory was distributed on the timescale with a timestep of 1 year. On
the timeline, CO, capture from atmosphere by trees starts at year —42
(in the past), wood harvesting (with the associated processes) is placed
at year —2, and the whole lignin production activity is considered within
the year —1. The end of life occurs at year 20, or at year 40 if one
recycling loop is included.

Fig. 7 presents the calculation results for the two dynamic indicators
for climate change impact, i.e. GMTC and cumulated radiative forcing
(iRF, W yr-m’z), and global mean temperature change (GMTC, K), for
the life cycle of 1 kg lignin produced in AST-SR scenario. To better unveil
the influence of different life cycle stages, forestry (including tree
growth and harvesting), biorefinery (AST-SR), and end of life incinera-
tion, were shown separately in Fig. 7, for both indicators, along with the
total net result (black curves).

The net cooling effect of CO, capture in forestry activity is partially
counterbalanced by greenhouse gas emissions from the organosolv
process, but the net result still remains in the negative domain, i.e. net
cooling effect on climate, until the lignin incineration, whensoever end-
of-life takes place. The biorefinery emissions seem to not completely
compensate the benefit of carbon capture in trees. In contrast, the end-
of-life (incineration) will cancel this benefit by emitting the ancient
captured carbon in wood. Fig. 7 — GMTC clearly demonstrates the
temporal carbon storage effect on global warming (cooling effect) dur-
ing the use stage of the lignin material, and the switch toward a warming
effect after end-of-life. Fig. 7 — iRF, in contrast, shows that the net
cumulated radiative forcing remains negative over long-term, which
disagrees with the static LCA results. The climate change impact of AST-
SR is 1.2 kg CO9-eq, as provided in Section 3.2.2, for the cradle-to-gate
system. If the use stage and end-of-life are added for the cradle-to-grave
system, the result doesn't change because there are no emissions in the
use stage and the incineration produces biogenic CO5, which is consid-
ered with zero contribution in static LCA. Note that climate change
impact in static LCA (GWP100) is calculated with iRF at 100 years
divided by iRF100 of CO5. However, the black curves indicate a negative
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impact, as if the system had negative net emissions over a time horizon
of 100 years (and more). This discrepancy is due to the fact that static
LCA neither include the dynamics of biogenic carbon emissions/cap-
tures, nor the temporal carbon storage effect.

3.3. Key findings from parametric analysis, Pearson correlation, PCA and
uncertainty analysis

3.3.1. Joint discussions on Pearson analysis and PCA

Pearson correlation analysis was applied to the nine performance
indicators introduced in Section 2.6 as well as to the 25 environmental
impact categories of the EF v3.1 method (Table S11, SI) in order to
quantify the relationships among these indicators. Strong in-
terdependencies were observed among the EF indicators supporting the
selection of GWP g as a representative proxy for overall environmental
performance. GWP;¢p was selected as the primary environmental indi-
cator due to its widespread international acceptance and policy rele-
vance, as it is the default metric recommended by the Intergovernmental
Panel on Climate Change (Intergovernmental Panel on Climate Change
(IPCC), 2023; U.S. Environmental Protection Agency - GWPs, 2023) for
comparing greenhouse gas emissions, and it is consistently adopted in
major assessment frameworks such as the European Commission Envi-
ronmental Footprint (EF 3.1) method (Andreasi et al., 2023). The latter
was also pointed out and confirmed using a parallel independent PCA
over the 25 environmental indicators of the EF v3.1 method (Fig. S4, SI).

The analysis further revealed that, with the exception of the quantity
of fresh water input whose behavior is primarily governed by internal
water circulation, most process parameters exhibit strong linear corre-
lations with system performance. When normalized to the functional
unit of 1 kg of lignin produced, lignin yield and total cooling energy
demand showed strong negative correlations with most of the parame-
ters, whereas pulp yield, butanol input, reactor heat duty, distillation
heat consumption, total electricity use, and total heat demand were
strongly and positively correlated with each other. Strengthen by a
parallel PCA analysis, as illustrated in Fig. S5 (SI), this structure high-
lights three distinct groups of performance indicators: (i) a coupled set of
energy and conversion-related indicators, (ii) a second group tightening
lignin yield and cooling, and (iii) a third involving butanol and water
input, which behaves largely independently due to process-internal
recycling constraints.

As mentioned above, PCA was performed to confirm and consolidate
trends illustrated through Pearson analysis. First PCA applied to the EF
impact categories revealed that the first principal component captures
the dominant variance associated with energy-related burdens,
explaining the strong coherence among impact categories and justifying
the use of GWP100 as a robust environmental descriptor. A second PCA
conducted on the process performance indicators showed that the first
principal component is primarily driven by energy related indicators -
heat and electricity - opposed to lignin yield, reflecting a trade-off be-
tween process intensity and product recovery. The second principal
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Fig. 7. Dynamic LCA results (cradle-to-grave): global mean temperature change (GMTC) and cumulative radiative forcing (iRF) in function of time.
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component is largely associated with water input confirming its relative
independence from the main energy-yield trade-off identified in the
system. Beyond confirming the Pearson correlations PCA provides a
physical interpretation of the system behavior: the dominant axis rep-
resents an “energy intensity versus yield efficiency” gradient, where
higher energy consumption is associated with lower lignin recovery per
functional unit, while the secondary axis reflects water and solvent
management strategies largely decoupled from the core thermochemical
performance.

Based on the classification of correlation coefficients as strong (|r| >
0.50), moderate (0.30 < |r| < 0.49), weak (|r| < 0.29), or null (r = 0),
and supported by a complementary Principal Component Analysis (PCA)
(Mishra et al., 2017), the set of main performance indicators was
reduced to four (Fig. 8): lignin yield, water input, total heat demand
(energy criterion) and GWP100 as the environmental indicator. Global
Warming Potential GWP100 exhibited a strong negative correlation
with lignin yield, a strong positive correlation with total heat demand,
and only a weak correlation with water input, confirming its depen-
dence primarily on energy-related process drivers.

3.3.2. Parametric analysis results

Moreover, parametric analysis on the 20 main design and operating
parameters allowed the identification of their respective influences. The
results of the parametric analysis are summarized in Fig. 9 as it is shown
that all six performance indicators in this figure are driven mainly by the
raw biomass composition, the lignin dissolution rate as well as the ef-
ficiency of the liquid-solid filtration steps. According to Fig. 9, lignin
yield is primarily driven by biomass composition, more specifically by
the initial lignin content of the raw biomass and the lignin dissolution
conversion rate. The higher the lignin content, the higher lignin yield
can be achieved, illustrating the overall efficiency of process for lignin
extraction and purification. Regarding the pulp yield, an opposite effect
can be observed compared to the lignin yield. That is to say, the pulp
yield would naturally decrease while increasing the lignin yield by
increasing the lignin content of raw biomass with enhanced lignin
dissolution.

The composition of biomass, particularly its lignin content,
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modulates these relationships as a higher lignin content increases lignin
yield and energy need, but leading to lower emissions. In contrast, lower
lignin content elevates the solvent-to-lignin ratio, thereby increasing
environmental impacts including climate change.

The moisture content of the filter cakes exerts a dominant influence
on solvent use, required water input as well as energy need and GWP1 g
that represents the overall behavior of environmental footprints.
Filtration 3 with the belt filter, represents the final solid-liquid separa-
tion step prior to solid pulp production (Fig. 2) and receives the largest
water input from feed and washing streams. Consequently, it strongly
affects pulp yield as well as the partitioning of water in the system.
Filtration 5 (Fig. 2), on the other hand, located immediately upstream of
the distillation column, is critical because its output partially feeds the
decanter, where it mixes with previously separated aqueous and organic
phases. Elevated cake moisture in Filtration 5 increases the liquid vol-
ume relative to dissolved lignin, thereby reducing lignin yield.
Conversely, lower cake moisture directs a greater amount of solvent and
water to the distillation column, enhancing lignin yield but also raising
total energy consumption.

The operation of the distillation column, especially the liquid
distillate flow rate, interacts with these filtration steps. Variations in the
distillate flow influence the extent of water recycling, which in turn
affects fresh water demand. However, the butanol-to-water ratio re-
mains constant based on (Manesh et al., 2014), ensuring process sta-
bility. Fresh butanol reinjection is likewise ruled by filtration
performance and the recovery ratio achieved in the wastewater treat-
ment section as lower recovery ratios increase solvent demand, thereby
elevating both energy consumption and GWP;oo impact. The purge
system was explicitly included due to its significant contribution to mass
removal from the process, the resulting wastewater streams were iden-
tified and their treatment included in LCA.

3.3.3. Uncertainty analysis

Economic allocation was applied in accordance with ISO 14044
guidelines, which recommend allocation based on the relative economic
value of co-products when physical relationships are not appropriate
(ISO, 2006b). The initial price assumptions were provided by an

Lignin Yield Water In (kg/h) Heat (M)) GWP100
F0.50 = r =<1 (Strong +)
Lignin Yield 1.00 -0.37 -0.78 -0.87
F0.30 = r = 0.49 (Moderate +)
Water In (kg/h) 4 -0.37 1.00 -0.13 0.15
0 <r=0.29 (Weak +)
F-0.29 =r < 0 (Weak -)
Heat (M)) 1 -0.78 -0.13 1.00 0.96
F-0.49 = r = -0.30 (Moderate -)
GWP100 A -0.87 0.15 0.96 1.00
F-1=<r=-0.50 (Strong -)

Fig. 8. Reduced set of representative indicators: three process parameters and one environmental impact category.
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industrial partner; however, the market prices of both lignin and pulp
can vary significantly, leading to uncertainty regarding their impact on
process performance. Lignin prices reported in the literature span within
a wide range depending on the targeted application, from approximately
100 €/t for energy applications (typically associated with kraft lignin
used as a fuel substitute (Morck et al., 1988)), while organosolv lignin,
due to its higher purity and added value, typically starts at around 450
€/t and can reach over 1000 €/t for high-value materials (Rinaldi et al.,
2016; Kautto et al., 2014). Whereas, for cellulosic pulp, market data
indicate typical prices ranging between 500 and 900 €/t (Nyman, 2026;
Wood Pulp IndexMundi, 2026). In order to test uncertainty on economic
allocation, two combination of extreme market price conditions were
tested: the maximum lignin price combined with the minimum pulp
price, and vice versa (i.e., minimum lignin price combined with
maximum pulp price). The tested combinations are reported in
Table S14 of the SI. Specifically, a low lignin price leads to an economic
allocation factor of approximately 0.2, whereas a high lignin price re-
sults in a factor of about 0.5. Results are presented in Fig. 10 and are
compared to the reference allocation factor of 0.43. It is observed that a
lower allocation factor (0.2) results in a decrease of around 50% in
emissions attributed to lignin, while a higher allocation factor (0.5)
leads to an increase in impact value attributed to lignin. This demon-
strates the strong sensitivity of the results to the economic allocation
approach and confirms that allocation choices represent a key source of
uncertainty in the LCA (Ekvall and Finnveden, 2001). Additional details
are provided in Section 8.2 of the SI.

One of the main variables identified in the parametric analysis as
significantly influencing process performance was the biomass compo-
sition, particularly the lignin content. A lower lignin content resulted in
higher environmental emissions, whereas a higher lignin content led to
lower emissions, as shown in Section 3.3.2. The variation in lignin
content was examined within a range of +20%. The lignin content in the
biomass composition has a significant impact, as shown in Fig. 10.
Increasing the initial lignin content leads to a decrease in environmental
emissions, whereas a reduction in lignin content results in higher
emissions, also due to interactions with other unit operations in the
system, as discussed in Section 3.3.2.

Concerning the dynamic LCA, the most important parameters lead-
ing the uncertainty on the dynamic LCA results are the process occur-
rence time and the climate model uncertainty. IPCC models induce an
uncertainty on iRF of +£18% to +£26% from 20 to 100 years. The un-
certainty on GMTC varies from +—45% to +90% for 20 to 100 years
(Myhre et al., 2014).

The most important time interval is from zero to 100 years (on
Fig. 7), where the temporal carbon storage in biobased products can
occur. Notably, the life time of those products will determine both the
net values of iRF and GMTC, and the duration of the potential cooling
effect, as shown in Fig. 7 for a lifetime of 20 years and 40 years (values

Uncertainty analysis on the wood composition
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representative for furniture, for instance). As the biobased product
containing lignin is not specified, the analysis gives the variation in-
tervals of the impact indicators (Fig. 7).

4. Conclusions

Environmental performance assessment of low-TRL technologies
needs scaled-up data in order to build LCI. The development of a process
flow diagram for a low-TRL organosolv process (AST) for lignin
extraction using 1-butanol was successfully demonstrated, resulting in a
robust and reliable inventory of mass and energy flows. Common data
limitations were effectively addressed through a simulation-based
methodology, enabling a comprehensive life cycle assessment that
highlighted the environmental trade-offs associated with key process
parameters. Simulation results in terms of energy consumption and yield
were validated against literature. A simplified method was also applied
to calculate the material and energy flows, based on chemical engi-
neering rules, without using a simulation software.

The AST environmental performance is led by the trade-offs between
the solvent use and heat necessary to its internal recycling, the two main
contributors in 23 out of the 24 impact categories. The solvent type and
origin, as well as the type of energy used are crucial for the environ-
mental overall performance of the organosolv process.

The simplified method approximates the energy and water con-
sumptions, and the impact results deviate from the rigorous simulation
results in the range (—50%, +63%). Simplified method does not
adequately account for complex internal recycling, of solvent and water
for instance, which is essential for making a technology competitive;
however, it could be used for a preliminary evaluation.

The influence of future energy production routes was investigated
through pLCA using premise tool. The slight reduction of climate change
impact (GWP100) by 2050, observed for AST with enhanced solvent re-
covery (AST-SR), is explained by the already low-carbon energy mix in
France. Regardless of the scenario, the decrease in the climate change
impact over time correlates with an increase in mineral/metal depletion
(ADP) and human toxicity (minerals), due to the replacement of fossil
fuels with nuclear and renewable energy production, which requires
intensive use of minerals/metals.

Dynamic LCA approach highlighted the importance of considering
the biogenic carbon capture and emissions with their dynamics, for the
climate change impact evaluation. While static LCA considers no
contribution of biogenic CO», and calculates an impact of 1.2 kg CO»-eq,
the dynamic approach clearly demonstrates the climate benefit of pro-
ducing and utilizing lignin from wood. However, this benefit is limited
in time and strongly depends on the end-of-life management. Incinera-
tion of the material should be avoided as it shifts the net result to
warming effect.

Pearson analysis was applied to 9 process performance parameters

Uncertainty analysis on the economic allocation factors
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N -11.8%
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Fig. 10. Uncertainty Analysis of Economic Allocation Factors and Biomass Composition: Results for Ionising Radiation (U-235), Marine Eutrophication (N), Mineral
Resource Depletion (ADP), and Climate change, global warming potential (GWP100) (all results are presented in Section 8.2 of the SI).
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and 24 impact categories. Concerning the impact categories, the analysis
showed strong interdependencies across all categories, supporting the
selection of GWPq as a representative indicator. Supported by Prin-
cipal Component Analysis, the set of performance indicators was
reduced to four: lignin yield, water input, and total heat demand, and
GWPj . As expected, this later demonstrated strong negative correla-
tion with lignin yield, strong positive correlation with heat demand, and
weak positive correlation with water consumption. Parametric analysis,
conducted on 20 process parameters, highlighted the strong sensitivity
of the performances to the biomass composition, the conversion of lignin
dissolution, the cake moisture achieved in filtration steps, and distillate
flow rate (in distillation column for solvent recovery). The uncertainty
analysis further confirmed these trends, identifying biomass composi-
tion and economic allocation factors as major contributors to variability
in the results.

In this work, different and complementary methods were employed
to uncover the potential technical and environmental performances of
an emerging technology. The proposed methodology provides a flexible
and transparent framework for generating consistent LCIs and envi-
ronmental assessments, thereby supporting informed decision-making
and scale-up at early development stages.
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