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Abstract

Biomass and biowaste are heterogeneous renewable carbon resources whose moisture
content, structural recalcitrance, ash, contaminants, and supply conditions constrain con-
version pathways. This framework-oriented, semi-systematic narrative review searched the
Web of Science Core Collection and Scopus from 1 June to 30 June 2026 using 98 targeted
search combinations and supplementary reference screening. The evidence base comprised
primary studies, reviews, process simulations, techno-economic analyses, life cycle as-
sessments, and pilot-, demonstration-, and commercial-scale reports. Because feedstocks,
operating conditions, functional units, and system boundaries differed substantially, the
evidence was synthesized qualitatively and selected quantitative results were retained
as context-specific examples rather than pooled performance ranges. The review orga-
nizes established assessment dimensions into a six-module conceptual pathway-screening
framework comprising feedstock characterization, selective separation, process integration,
product portfolios, systems assessment, and engineering implementation. The synthesis
shows that separation severity should be determined by downstream stream-quality re-
quirements rather than maximum component recovery or purity. Process integration and
multiproduct utilization can improve carbon and energy use but may increase purification,
wastewater-treatment, and quality-control burdens. Recycling benefits depend on impurity
accumulation, recovery demand, market capacity, and product qualification. Illustrative
applications to air-dried cereal straw and dewatered municipal sewage sludge show that
dry lignocellulosic and wet contaminant-bearing feedstocks require different separation,
conversion, product, and recycling strategies. The principal contribution is the sequential
linkage of established assessment dimensions through stream-quality requirements, incre-
mental system consequences, and complete-chain engineering constraints. The framework
supports conditional pathway screening but does not replace feedstock-specific TEA, LCA,
or continuous engineering validation.

Keywords: biomass; biowaste; fractionation-based valorization; circular biorefining;
techno-economic analysis; life cycle assessment
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1. Introduction

Biomass and biowaste are important renewable carbon resources. They include agricul-
tural and forestry residues, energy crops, livestock manure, industrial biobased by-products,
and municipal organic solid waste. These resources contain cellulose, hemicellulose, lignin,
proteins, lipids, and recoverable elements, including nitrogen and phosphorus. They can
therefore be used to produce fuels, chemicals, and functional materials while enabling
the recovery of energy and nutrients [1-5]. Nevertheless, some biowastes continue to
be managed by open burning, landfilling, or inefficient combustion, resulting in mate-
rial and energy losses as well as increased greenhouse gas emissions and environmental
pollution [6]. Biomass is also characterized by compositional heterogeneity, substantial
variation in moisture content, structural recalcitrance, geographically dispersed supply,
and pronounced seasonality. Treating biomass solely as a waste-management burden or
a low-value energy feedstock therefore fails to fully utilize the value of its constituent
components and structural attributes [7,8].

Existing reviews have examined feedstock characterization, pretreatment and con-
version technologies, specific feedstocks and products, and systems-level dimensions
including TEA, LCA, TRL, feedstock logistics, and market conditions [9-13]. These studies
have established the relevance of these dimensions to the technical, economic, environ-
mental, and engineering assessment of biorefineries. However, they have not consistently
organized them into an explicit pathway-screening sequence linking feedstock properties
and front-end separation to stream quality, downstream conversion compatibility, product
portfolios, residual-stream management, and engineering implementation [11-13]. This
gap is relevant for heterogeneous and compositionally variable feedstocks because con-
version rates and selectivities obtained with model substrates or in batch experiments
may not be maintained under high-solids feeding, impurity accumulation, continuous
operation, and downstream product-separation conditions. Comparisons among TEA and
LCA studies are also constrained by differences in functional units, system boundaries,
energy mixes, and coproduct treatment methods [12], while technology maturity, logistics,
product standards, and market capacity further affect the feasibility of complete process
pathways [13].

In this review, fractionation-based valorization refers to the selective separation and
targeted utilization of components or process streams according to feedstock composition,
structural characteristics, impurity load, and intended use [14-16]. Stream quality encom-
passes not only purity but also component concentration, structural integrity, moisture
state, reactivity, and the levels of inhibitors, ash, salts, and contaminants. Circular biorefin-
ing refers to the recovery and utilization of carbon, energy, water, solvents, and nutrients
through integrated component separation and conversion while controlling the transfer
and accumulation of salts, ash, heavy metals, inhibitors, and other contaminants [17-19].
Circularity is therefore not equivalent to maximizing recycling rates or achieving com-
pletely closed-loop operation. Similarly, process-level carbon recovery is not equivalent to
life cycle greenhouse gas mitigation.

Accordingly, pathway design is treated as a sequence of linked decisions within six
modules: feedstock characterization, selective separation, process integration, product port-
folios, systems assessment, and engineering implementation. First, feedstock-processing
boundaries are defined according to moisture content, biodegradability, lignocellulosic
structure, ash content, contaminant load, and supply conditions. The need for separa-
tion and its appropriate severity are then determined according to downstream require-
ments for component concentration, structural integrity, and impurity levels. The result-
ing streams are subsequently matched with biochemical, thermochemical, catalytic, or
materials-oriented processes according to their composition, moisture state, and tolerance
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to impurities. Marketable products, internal energy recovery, and residual-stream utiliza-
tion are then configured accordingly. Finally, the engineering applicability of the complete
pathway is evaluated on the basis of TEA, LCA, TRL, supply-chain conditions, and product
qualification and market access [20-22].

On this basis, three principles are proposed for pathway assessment. First, separation
severity should be determined by downstream stream-quality requirements rather than
by maximizing the removal, recovery, or purity of any individual component. Second,
additional conversion, product, and recycling units should be introduced only when
their incremental benefits offset the associated increases in capital expenditure, operating
costs, separation and purification burdens, and quality-control requirements. Third, the
extent of material recycling should be jointly constrained by impurity accumulation, net
environmental performance, and product qualification and market access. These principles
extend performance assessment beyond individual unit operations to the screening of
complete biorefinery systems.

This review adopts a framework-oriented, semi-systematic narrative-review approach.
Relevant publications were identified through searches of the Web of Science Core Collec-
tion and Scopus and through reference-list screening, and literature screening and evidence
extraction were conducted by multiple authors and subsequently reviewed. Representative
quantitative results were retained when the feedstock, operating conditions, measure-
ment basis, and relevant system boundary could be identified and were used to illustrate
context-specific process performance and trade-offs; otherwise, the applicable conditions,
evidence scale, principal influencing factors, and engineering limitations were synthesized
qualitatively. Results based on inconsistent functional units, system boundaries, feedstock
definitions, product specifications, or coproduct treatment methods were not subjected to
direct quantitative ranking. The interpretation of evidence is consequently conditioned
by differences in study objectives, feedstock definitions, experimental scales, functional
units, system boundaries, and reporting practices. Evidence from laboratory batch studies
was distinguished from evidence obtained using actual feedstocks under continuous pilot-,
demonstration-, or commercial-scale operations. The qualitative compatibility categories
and maturity descriptors used in the pathway-screening synthesis were assigned by Q.L.
and reviewed by W.Z. against the studies recorded in Supplementary Table 52; no numerical
scoring or formal evidence weighting was applied. Claim-to-source mapping is provided
through the references associated with individual table entries and Supplementary Table S2,
which records the publication type, feedstock or intermediate stream, principal process or
pathway, experimental or assessment scale, operating mode, principal evidence contributed,
corresponding analytical-module assignment, and relevant section(s) of the main text. The
complete search strategy, study-selection process, eligibility criteria, data-extraction fields,
and evidence-synthesis methods are provided in the Supplementary Materials.

The main aim of this review is to synthesize how feedstock properties, front-end
separation, stream quality, conversion compatibility, product portfolios, residual-stream
management, and engineering conditions jointly constrain fractionation-based and circular
biorefinery pathways. The review is broad at the pathway level but focuses on the interfaces
among these elements rather than providing exhaustive coverage of individual reaction
mechanisms, catalysts, microorganisms, reactor designs, products, or regional policies. Its
contribution beyond existing reviews lies in organizing established assessment dimensions
into a sequential pathway-screening framework, using stream quality to connect separation
severity with downstream requirements, evaluating additional conversion and recycling
units relative to an explicit baseline, and defining engineering implementation for the
complete integrated chain rather than the core reactor alone. Sections 2-5 and 6.1-6.4,
synthesize the relevant evidence, Sections 6.5 and 6.6 present and illustrate the framework,
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respectively, Section 7 summarizes the conclusions, and Section 8 discusses limitations and
research priorities. The framework supports conditional pathway screening rather than
replacing feedstock-specific TEA, LCA, or engineering design, and the relationships among
its six modules are summarized in Figure 1.

Overall framework for cascade valorization and circular biorefinery of biomass and biowaste

EXTERNAL CONSTRAINTS AND ENABLING CONDITIONS
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Figure 1. Six-module conceptual framework for the fractionation-based valorization and circular
biorefining of biomass and biowaste. The framework links feedstock characterization, selective
separation, process integration, product portfolios, systems assessment, and engineering implemen-
tation through material and energy allocation and assessment feedback. Circularity is represented
by separate indicators rather than a composite index. The figure is a conceptual synthesis of the
reviewed literature and does not represent a complete process-flow, mass-balance, energy-balance, or
stoichiometric model.

2. Feedstock Characteristics and Their Implications for
Biorefinery Pathways

The composition, moisture content, structural recalcitrance, ash content, contaminant
load, and supply conditions of biomass and biowaste jointly determine the requirements
for front-end processing and conversion. Classification by source is useful for identifying
general characteristics; however, feedstocks within the same category may differ substan-
tially because of variations in cultivar, geographic origin, harvesting practices, storage
conditions, and upstream processing [23]. Pathway selection should therefore be based on
measured feedstock properties rather than solely on feedstock category or source name.

2.1. Composition and Utilization Constraints of Biomass and Biowaste

Agricultural and forestry residues consist primarily of cellulose, hemicellulose, and
lignin and can be used for component fractionation, saccharification, materials production,
and thermochemical conversion. Their moisture content and structural characteristics vary
with feedstock type and storage conditions. Air-dried straw and wood-processing residues
are generally easier to store than fresh bagasse and some freshly harvested residues, which
have higher moisture contents. These feedstocks are also characterized by low bulk density,
pronounced seasonality, and geographically dispersed availability. The quantities that can
be practically recovered are constrained by collection radius, storage losses, and competing
uses [24-26].

Municipal organic solid waste, food waste, livestock manure, and municipal sludge
generally contain substantial amounts of water, readily degradable organic matter, lipids,
proteins, nitrogen, and phosphorus. Their principal advantages include relatively high
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biodegradability and, for some sources, geographically concentrated generation. However,
compositional variability, susceptibility to rapid degradation during storage, high salinity,
and extraneous impurities complicate collection and treatment. Plastics and grit may
interfere with sorting and equipment operation, whereas heavy metals, pathogens, and
antibiotic residues may affect product safety and migrate into or become enriched in solid
residues and nutrient products [27-29].

The properties of energy crops and industrial biobased by-products depend on their
tissue composition and upstream production processes, respectively. Feedstocks such as
sweet sorghum can yield sugar-rich juice and a lignocellulosic residue, whereas miscanthus
and switchgrass more closely resemble agricultural and forestry residues [30]. Black
liquor, industrial lignin, crude glycerol, distillers’ residues, and molasses are generated at
relatively concentrated locations but may contain salts, alkalis, methanol, fatty acid soaps,
and other impurities. These constituents may cause corrosion, inhibit microbial activity, or
deactivate catalysts [31]. The upstream production process and impurity composition of
these feedstocks should therefore be characterized before targeted conversion.

Table 1 summarizes the typical composition, resource advantages, utilization con-
straints, and potential utilization pathways of the principal feedstock categories. The
properties presented in the table are intended for preliminary pathway screening. Engineer-
ing design should be based on feedstock-specific measurements and adjusted according to
the moisture content, ash content, contaminant levels, and supply conditions of the relevant
feedstock batches.

Table 1. Compositional characteristics, utilization constraints, and potential utilization pathways of
major biomass and biowaste feedstocks.

: Major . Lo Potential
Feedstock  Representative Moisture Resource Principal PO
Category Sources gg;?g:;a:r’llé Characteristics Advantages Constraints I{)t;il:;\z;;l;]); References
Varies with
feedstock type
and storage
o Lowbulk
air-dried straw Abundant and density, ’
generally has a _duln o .1a rf)l . Y d sugar-platform
Agricultural Straw, corn Cellulose, latively 1 wideTy avariable; pronounce roduction,
;ge sidues cobs, and hemicellulose, '€ gfgi/seh}irgw can provide seasonality, Pma torials [4,5,7,9,24,26,32]
bagasse and lignin content, multiple organic and high production,
whereas fresh carbon streams logistics and pyrolysis, and
bagasse has a storage costs gasification
relatively high
moisture
content
- Saccharification
Logging i foni ’
residues Low to Do not directly Geographlcally lignin
. o moderate, ith dispersed, separation,
Forestr including Cellulose, depending on compete wit structurall aromatic-
restry branches, and hemicellulose, f d food production; Y hemical [4,5,7,25,32]
residues g and lienin storage an lativelv high dense, and chemica
wood gn drying relatively hig resistant to production,
processing i lignin content ; rolysis, and
hips and fines conditions degradation pyrolysis,
chip gasification
Susceptibility
to rapid
Kitchen waste, Readily C(ﬁea::&glt}éd degﬁcglitlonf
Municipal  catering waste, degradable ; ; ; . AD, VFA
organic and fruit and organic matter, ng‘t}: ’ gerg{e)r;lly E?ngrahoél’;ﬁh heterogeneity, fermentation, [4,5,9,27-29]
waste vegetable lipids, and above 6% rogegracabluty, and the HTL, and HTC
waste roteins and substantial presence of
p nutrient content extraneous
impurities and
salts
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Table 1. Cont.
. Major . - Potential
Feedstock  Representative Moisture Resource Principal POvE
Category Sources g ecoverable Characteristics Advantages Constraints Utilization References
omponents Pathways
Municipal ; AD
. . A 1 ’
sludge, Organic matter, Generated in I;Eﬁggéica hydrothermal
Sludge and livestock roteins, . large quantities; ’ conversion,
livegstock manure, solid rFl,itrOgen, ngl? ’ ger;%r;lly sui%ab%e for wet hpathogert1sl, and nitrogen [4,5,27-29]
manure digestate, and phosphorus, above 747 processing and egvy H'Le' als, and
liquid and ash nutrient recovery ~ and antibiotic phosphorus
digestate residues recovery
Fermentation
£ -rich
Landand  jguide caccha-
sosrvgvﬁleltn Fermentable varies with d I;i%gséﬁglli;s agﬁ‘c;lllttlslral rification of
4 t. t . 4 ; 7 : .
Ecr;g;gsy miscanthus, sugars and ls;‘;ivzgienagn some species can collection and hg?gsci'filﬁlelssm [4,5,30]
_and lignocellulose conditions be cultivated on storage costs, materiale
switchgrass marginal land and :
: production,
seasonality
and energy
recovery
Fermentation
k1 High salinity, lafter
Black liquor, corrosivity, preliminary
- industrial Lignin, Conce.ntr.ated impurity purification,
Industrial P Lo generation; some
biobased lignin, crude glycerol, Liquid or streams have enrichment, catalytic
by- glycerol, soluble sugars, process- relatively high and upgrading, [4,5,9,29,33]
products distillers’ and organic dependent organic cyarb%n composition resin
residues, and acids concentrations that depends production,
molasses on upstream and carbon-
processing material
production

Note: The moisture characteristics presented in the table represent typical conditions. The moisture
percentages are expressed on a wet basis and are intended only for feedstock classification and prelim-
inary pathway screening. Actual moisture content depends on harvesting, storage, dewatering, and
regional climatic conditions. AD, anaerobic digestion; VFA, volatile fatty acids; HTL, hydrothermal
liquefaction; HTC, hydrothermal carbonization.

2.2. Major Components and Their Conversion Characteristics

The crystalline structure of cellulose and its intermolecular hydrogen-bonding network
limit its accessibility to enzymes and catalysts. Lignin coverage and cell-wall architecture
further increase structural recalcitrance [34]. For saccharification, front-end processing
should increase cellulose accessibility. By contrast, when cellulose is intended for the
production of nanocellulose, membranes, or composite materials, its degree of polymer-
ization, crystalline structure, and fiber morphology should be preserved [35]. The same
cellulose fraction therefore has different quality requirements in biochemical and materials-
oriented pathways.

Hemicellulose is relatively susceptible to hydrolysis into oligosaccharides, xylose, and
arabinose. However, excessive treatment can generate furfural, 5-hydroxymethylfurfural,
and organic acids [36]. When oligosaccharides are the target products, excessive hydrolysis
should be avoided. When fermentation is the intended pathway, monosaccharide release
must be balanced against substrate concentration and inhibitor levels. Hemicellulose
streams should therefore not be evaluated solely on the basis of solubilization yield.

The structure and reactivity of lignin depend on both feedstock origin and separation
history. Acidic, high-temperature, or oxidative conditions may induce lignin condensation,
thereby reducing the abundance of cleavable aryl ether bonds and impairing subsequent
catalytic depolymerization [31,37]. Lignin with a low degree of condensation is more
suitable for producing aromatic chemicals and polymer precursors. By contrast, highly
condensed lignin or lignin containing substantial impurities is generally more suitable for
carbon-material production or energy recovery [38].
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Lipids, proteins, and readily degradable organic matter can be utilized through bio-
chemical, catalytic, or energy-conversion processes; however, associated compounds may
limit process stability. Free fatty acids and long-chain fatty acids may interfere with
transesterification and inhibit AD, whereas saponification may reduce transesterification
performance. Ammonia released during protein degradation may inhibit biochemical pro-
cesses and increase the denitrogenation burden associated with thermochemically derived
liquid products [28,32].

Ash and inorganic salts do not directly contribute organic carbon but can substantially
affect reactor operation and product quality. Elements such as K, Na, Cl, Si, and Ca may
cause slagging, corrosion, bed agglomeration, or catalyst deactivation [39,40]. Salts, heavy
metals, pathogens, and antibiotic residues may also restrict the use of digestate, char-based
materials, and nutrient products [41-43]. Feedstock characterization should therefore
encompass organic components, inorganic elements, and contaminants relevant to process
operation and product safety.

2.3. Feedstock Variability and Preliminary Pathway Screening

Moisture content, biodegradability, structural recalcitrance, ash content, and contami-
nant load are the principal parameters for preliminary pathway screening. Organic wastes
with high moisture contents and high biodegradability are relatively well suited to AD or
volatile fatty acid (VFA) fermentation. Sludge, some algal biomass, and digestate contain-
ing substantial recalcitrant fractions may be suitable for hydrothermal liquefaction (HTL)
or hydrothermal carbonization (HTC) [27-29]. Lignocellulosic feedstocks with relatively
low moisture contents can be directed to component fractionation, materials production,
saccharification and fermentation, or thermochemical conversion, depending on the target
product [32,44].

The qualitative feedstock categories used for preliminary screening should be trans-
lated into measurable descriptors before pathway selection. Moisture and ash contents
should be reported as mass fractions with the wet- or dry-basis definition stated explicitly.
Biodegradability can be characterized using biochemical methane potential, volatile-solids
destruction, chemical-oxygen-demand removal, or substrate-specific hydrolysis and fer-
mentation yields under defined conditions. Lignocellulosic structure can be described using
dry-basis cellulose, hemicellulose, and lignin contents together with indicators relevant
to the intended process, such as crystallinity, enzymatic digestibility, degree of polymer-
ization, or the abundance of cleavable lignin bonds. Salinity and contamination should be
reported using electrical conductivity or total dissolved solids, concentrations of relevant
ions and metals in milligrams per liter or milligrams per kilogram, and feedstock-specific
pathogen or organic-contaminant measurements. Supply conditions should include the
recoverable quantity, seasonal variation, storage loss, collection radius, and transport dis-
tance. Accordingly, terms such as “high moisture content” or “high ash content” indicate
preliminary screening categories rather than universal numerical thresholds. Their practical
significance depends on the feed envelope of the receiving unit, mechanical dewatering
performance, waste-heat availability, ash composition, product specifications, and regional
operating conditions.

Feedstocks with high salinity or extraneous contaminants generally require sorting,
solid-liquid separation, or desalination to reduce corrosion, microbial inhibition, and
product-safety risks [32,41,44]. For high-ash feedstocks, water washing, ash separation, or
feedstock blending may also be required, depending on the concentrations and mineral
phases of K, Na, Cl, Si, and other relevant elements. These measures can mitigate slagging,
bed agglomeration, and catalyst deactivation [39,40].
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Co-processing can improve the composition and processing characteristics of some
feedstocks. For example, co-digestion can adjust the carbon-to-nitrogen ratio and micronu-
trient supply, whereas biochar or hydrochar may provide surfaces for microbial attachment
and facilitate electron transfer [29]. However, co-processing also alters the input, distribu-
tion, and potential accumulation of salts, metals, and other contaminants. Its performance
should therefore not be evaluated solely on the basis of gas yield or conversion rate.

Feedstock composition also varies among batches, seasons, and storage periods. Near-
infrared spectroscopy, Raman spectroscopy, thermogravimetric analysis, and online sensors
can be used to estimate moisture, cellulose, hemicellulose, lignin, and ash contents and to
support feedstock blending, feed adjustment, and process control [28,41,45]. The reliability
of these analytical models depends on the extent to which their training datasets represent
the actual feedstocks and operating conditions. These models should therefore be validated
using independent samples and data obtained under continuous operating conditions.
Figure 2 and Table 2 provide a preliminary framework for pathway screening based on
feedstock properties. Final pathway selection should also consider plant scale, waste-heat
availability, product requirements, and the results of TEA and LCA.
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Figure 2. Qualitative relationships between feedstock properties and preliminary biorefinery-pathway
selection. The categories “highly suitable”, “conditionally suitable”, and “limited suitability” repre-
sent the authors’ literature-based synthesis of relative feedstock—process compatibility rather than
numerical ratings or exclusive pathway assignments.
Table 2. Matrix for preliminary selection of biorefinery pathways based on feedstock properties.
Priorities for Relatively
Key Feedstock Representative Front-End Suitable Major Product Principal References
Properties Feedstocks P p Conversion Categories Constraints
rocessing
Pathways
Saccharification
. Size reduction, and fermentation, Sugar-derived Pretreatment
Coﬁ?evr\;tngt)ll'?ltgtfgal Straw, wood 11 ncreaﬁed d lignin products, aromatic energy demand,
1L, W olysaccharide depolymerization, i i inhibi
recalcitrance, and chips, and poysaec polymer chemicals, fibrous inhibitor [16,32,35-38,44,45]
i - . accessibility, and materials materials, biochar, ~ formation, enzyme
high lignocellulose  logging residues o i N !
content control of lignin production, and energy costs, and solvent
condensation pyrolysis, and products recovery
gasification
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Table 2. Cont.
Priorities for Relatively
Key Feedstock Representative Front-End Suitable Major Product Principal References
Properties Feedstocks Processin Conversion Categories Constraints
8 Pathways
. Sorting, Rapid acidification,
K1tfche{1 w?iste, homogenization, compositional
High moisture ve e?alélgrx}vaste solid-liquid AD, VFA Biogas, organic variability,
content and high gan 4 some ’ separation, and fermentation, and  acids, and nutrient inhibition by [19,27-29]
biodegradability food-processing adjustment of the co-digestion products ammonia or salts,
wastewaters carbon-to-nitrogen and treatment of
ratio liquid streams
Dewatering, High-pressure
High moisture homogenization, : feedin;
. 4 HTL and HTC, B de, 8
content with Sludge, some and, where potZEtiallyC hydrolc(ilcar;l beiogas aqueous-stream
substantial algal biomass, necessary, . . L ’ treatment, and [27-29]
: . S integrated with and nutrient .
recalcitrant and digestate desalination and ‘AD roducts enrichment of
fractions contaminant P heteroatoms and
control contaminants
Susceptibility to
degradation
Sweet sorghum Mild extraction, . S during storage
i - s A liawid Fermentation, VFA  Ethanol, lactic acid, 8 8¢/
High free-sugaror juice, molasses, solid-liquid fermentation, and  other organic acids, substrate or [29,30,36]
starch content and starch-rich separation, and AD and biogas product inhibition,
wastes controlled storage 8 and product-
separation
requirements
Imburity removal Saponification,
Waste cooking dgjv};atgine e(l)njl " Transesterification, Biodiesel inhibition by
oil, lipid-l‘ich ore . & : hydrodeoxygena- hvdrocarbon fuels long-chain fatty
High lipid content food waste, and . :rm;lgatlonfo tion, HTL, or y biogas, and ’ acids, hydrogen [4,5,10,12,29]
oil-processing slzl;lt(;rafgrflrceee Ifg:? controlled co rod%lct’ lycerol ~ consumption, and
by-products acids Y co-digestion P &Y catalyst
deactivation
Sy Ammonia
Solid-liquid inhibiti
. . 4 . tion,
High tein, i tion, Biogas, hydrochar, L Lion,
gipon St et spaton, |y g, b ot
, anure, a , and nutrient partitioning, and [27-29,39-42]
phosphorus, and some food and control of recovery phosphorus product
ash contents wastes pathogens and products qualification and
heavy metals
market access
. . . Saline organic Sorting, water Thermochemical Wastewater-
ng}fl sahrtutyé high by-products, washing and or hydrothermal Energy products, ctéifg;?;?tskl):rdgl'
as Cﬁ?gleln s OF some sludges, desalination, ash conversion after hydrochar, and aI; d &8ng, [14,33,39-42,44]
contamination risk and mixed Sepi\)lj?tlo]}, or prc.etreatlm ent, and mineral products residual-stream
organic wastes stabilization mineral recovery management
Compositional P relifminary
Concentrated Black liquor, analysis, Catalytic . purification,
sources with industrial lignin, neutralization, upgrading, I;lre(‘)trl;(l’;&c;ggg?tls/ product-
compositions that crude glycerol, desalination, fermentation, resin precursors ’  purification costs, [4,5,9,31,33]
depend on distillers’ membrane materials and carbon ’ compositional e
upstreqm residues, and separation, or production, and materials variability, and
processing molasses controlled energy recovery waste-liquid
depolymerization treatment

Note: The pathways listed represent relative priorities based on feedstock properties and are not
the only possible process options. Specific configurations should be adjusted according to regional
resource availability, the energy mix, product markets, contaminant-control requirements, and the re-
sults of TEA and LCA. AD, anaerobic digestion; VFA, volatile fatty acids; HTL, hydrothermal liquefac-
tion; HTC, hydrothermal carbonization; TEA, techno-economic analysis; LCA, life cycle assessment.

3. Component Separation for Fractionation-Based Valorization

Front-end separation can alter component distributions, molecular structures, moisture

states, and impurity loads, thereby affecting subsequent biochemical, thermochemical,

catalytic, and materials-oriented processes. Its performance should not be evaluated solely

in terms of delignification, sugar release, or solid recovery. Component concentrations,

structural preservation, inhibitor formation, impurity partitioning, residual solvents, and

downstream conversion performance should also be considered.

https:/ /doi.org/10.3390/biomass6050072


https://doi.org/10.3390/biomass6050072

Biomass 2026, 6, 72

10 of 46

3.1. Separation Objectives and Stream Quality

Steam explosion and hydrothermal treatment can disrupt cell-wall structures and
promote hemicellulose solubilization, thereby increasing cellulose accessibility [46,47]. For
isothermal steam-based treatment, thermal severity is commonly expressed as

T — 100
log Ry = log;, {t exp (1475)}

where ¢ is the residence time in minutes and T is the treatment temperature in degrees
Celsius. This parameter facilitates comparison of the combined effects of temperature
and residence time but does not account for feedstock composition, particle size, catalyst
concentration, liquid-to-solid ratio, or mass-transfer limitations. Acid-catalyzed systems
additionally require consideration of pH or acid loading, and severity values calculated
using different definitions should not be compared directly.

Acid, alkaline, and solvent-based fractionation can generate streams with distinct com-
positions and properties through hemicellulose hydrolysis, delignification, or disruption of
lignin—carbohydrate complexes [48-51]. However, increasing treatment severity may cause
sugar degradation, pseudo-lignin formation, and lignin condensation. Sugar degradation
generates furans and organic acids, thereby increasing the detoxification burden associated
with subsequent fermentation [46,47]. Lignin condensation reduces the abundance of
cleavable bonds and impairs subsequent selective depolymerization [48,52]. Salts gener-
ated during acid-base neutralization and the associated liquid waste streams may also
enter downstream aqueous streams, increasing the burdens associated with separation and
water treatment.

Fractionation emphasizes the partitioning of individual components among process
streams and the suitability of the resulting streams for subsequent utilization. Lignin-first
fractionation combined with in situ stabilization can limit the condensation of reactive
lignin fragments and increase the subsequent yield of aromatic monomers [52,53]. Mild
acid, hydrothermal, or solvent-based treatments can regulate hemicellulose solubilization,
cellulose enrichment, and lignin recovery [49-51]. The suitability of the resulting streams
depends on downstream conversion processes and product requirements and cannot be
determined solely by the recovery of an individual component.

Fermentation substrates generally require high fermentable-sugar concentrations and
low levels of inhibitors, salts, and residual solvents. Oligosaccharide production requires
control of hydrolysis severity to avoid excessive conversion to monosaccharides and degra-
dation products. Lignin depolymerization and polymer production are sensitive to the
degree of condensation, molecular-weight distribution, and functional-group composition
of the lignin stream. Fiber-based material production places greater emphasis on preserv-
ing the degree of polymerization and fiber morphology. Solids intended for pyrolysis
or gasification are less dependent on the preservation of molecular structure but require
control of moisture content, ash content, and key inorganic elements. Separation severity
should therefore be limited to that required to meet target-stream quality specifications
rather than increased to maximize component removal, recovery, or purity.

For engineering assessment, stream quality should be expressed using measurable,
use-specific descriptors, including component concentration in grams per liter or mass
fraction, component recovery, moisture and ash contents, particle or fiber characteristics,
molecular-weight distribution, degree of polymerization, abundance of target functional
groups or cleavable bonds, inhibitor and residual-solvent concentrations, ionic strength or
salinity, and concentrations of regulated contaminants.
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3.2. Principal Separation Technologies and Their Applicable Conditions

Mechanical processing can reduce particle size and improve mixing and mass transfer.
It generally requires no chemical reagents or only small quantities of them, but provides
limited selectivity among components. High-intensity mechanical processing also increases
electricity consumption, dust generation, and equipment wear. Steam explosion and liquid
hot-water treatment can promote hemicellulose solubilization and structural disruption;
however, severe conditions increase sugar degradation, pseudo-lignin formation, and lignin
condensation [46,47].

Acid treatment is used primarily for hemicellulose hydrolysis. Its principal limitations
include equipment corrosion, the formation of furan inhibitors, salt generation during
neutralization, and the treatment of acidic waste streams. Alkaline and oxidative treatments
can promote delignification but increase the burdens associated with alkali recovery, black-
liquor utilization, and wastewater treatment [48,49]. The system-level performance of these
methods depends not only on component release but also on chemical recovery and the
subsequent utilization or treatment of the resulting liquid streams.

Organosolv fractionation can produce cellulose-rich solids and relatively reactive
lignin and is therefore suitable for some feedstocks with high lignin contents. However,
operation at elevated temperature and pressure, solvent flammability, and solvent-recovery
requirements increase engineering complexity [49,50,54]. Ionic liquids have a high capacity
to dissolve lignocellulosic components and disrupt hydrogen-bonding networks, but their
application is constrained by cost, high viscosity, antisolvent requirements, and limited
biocompatibility [55].

The acidity, polarity, and viscosity of deep eutectic solvents (DESs) can be adjusted by
varying their composition. Under specific conditions, DESs can selectively separate lignin
or hemicellulose [55,56]. Some DES systems can limit lignin condensation or improve
subsequent enzymatic hydrolysis [53,56,57]. Nevertheless, high viscosity, large liquid-
to-solid ratios, solvent-recovery requirements, and limited stability over repeated cycles
remain important barriers to scale-up. Moreover, low vapor pressure does not necessarily
correspond to a low life cycle environmental burden.

Biological and enzymatic treatments operate under mild conditions and generally
generate fewer furan inhibitors. However, their applicability is limited by long processing
times, losses of fermentable carbon, contamination-control requirements, and enzyme
costs [58-60]. Membrane and solid-liquid separation can be used to concentrate sugars,
organic acids, solvents, lignin fragments, and nutrients. Nevertheless, membrane fouling,
cleaning requirements, and the management of concentrate streams must be incorporated
into process design [61]. The effects of the major component-separation technologies on
stream composition and subsequent conversion processes are illustrated in Figure 3.

3.3. Separation Severity, System Burdens, and Downstream Compatibility

Separation processes consume heat, electricity, chemicals, solvents, and process wa-
ter and can contribute to biorefinery costs and environmental impacts through utility
demand, reagent production, solvent losses, recovery operations, and residual-stream
treatment. Greater treatment severity may increase component release but can also in-
crease inhibitor formation, equipment corrosion, chemical consumption, and liquid-waste
generation [62,63]. Milder conditions favor structural preservation but may increase the
difficulty of downstream conversion or purification. Separation and downstream process-
ing should therefore be evaluated within the boundaries of the complete process to identify
and avoid burden shifting between unit operations.

The feasibility of pathways based on organic solvents, ionic liquids, and DESs depends
strongly on solvent-recovery efficiency and stability over repeated cycles. Solvent losses
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Fractionation technologies, target streams, and downstream compatibility [

Fractionation technologies

increase replenishment costs and upstream environmental burdens, whereas evaporation,
distillation, or antisolvent-based recovery may require additional heat, electricity, water, or
separation agents [64-66]. Water, salts, lignin fragments, and solvent-degradation products
may also accumulate during recycling, thereby altering viscosity, separation selectivity,
and downstream compatibility. Consequently, single-pass separation and solvent-recovery
metrics do not adequately represent long-term operating performance.

Fractionation quality determines
downstream conversion pathways.

Target streams and structural effects Downstream compatibility
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Figure 3. Schematic relationships among component-separation technologies, resulting streams,
and downstream conversion processes. The terms “recommended”, “favorable”, and “challenging”
represent the authors’ qualitative synthesis of the cited literature rather than numerical ratings. The
figure does not constitute a complete process-flow, mass-balance, or stoichiometric model.

Process-water recycling can reduce freshwater demand, but organic acids, phenolic
compounds, salts, and metals may gradually accumulate during repeated use. Practical sys-
tems generally require purification, bypass treatment, partial discharge, or a combination of
these measures rather than completely closed-loop operation [67,68]. Membrane separation,
low liquid-to-solid ratios, and continuous operation can reduce some thermal-separation
and water-use burdens. However, membrane service life, cleaning requirements, and the
management of concentrate streams must still be assessed [61,67].

Separation should therefore be evaluated within the boundaries of the complete
biorefinery. Additional separation is likely to provide a system-level advantage only when
it increases the yield of usable streams, preserves the structural characteristics required
for target products, or reduces the burdens associated with downstream conversion and
purification [69,70]. The applicable conditions, downstream effects, and scale-up issues
associated with the major component-separation technologies are summarized in Table 3.
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Table 3. Applicable conditions, downstream effects, and scale-up issues associated with major

component-separation technologies.

Effects on

Separation Principal Applicable Main Principal Scale-Up
Method Function Feedstocks Characteristics Limitations Subsequent Issues References
Conversion
Requi .
chemical _Limited
Particle-size Agricultural reagents or component Improves Electricity
Mechanical reduction and and forestry onlv small selectivity and Mixing. mass consumption
echanica increases in residues and Yo high ener; & oo
and physical 7y quantities of & 8y transfer, and dust, noise, [48,49]
; specific surface structurally demand under , al 23 y /
processing 6 : them and can ; h enzymatic and equipment
area and fiber recalcitrant B intensive s
accessibility biomass be readily rocessin accessibility wear
integrated with Eon dition%
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. . Improves
Steam Agricultural relliteigzll;elsow Fon;:li’ggn of enzymatic High-pressure
- i and forestr g s hydrolysis of feeding,
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Table 3. Cont.
. .. . . s Effects on
Separation Principal Applicable Main Principal Scale-Up
Method Function Feedstocks Characteristics Limitations %ubsequ.ent Issues References
onversion
Long . .
Mild reaction processing strl\a/[i;Cfsctﬂajlla?lli-t
P Lignocellulosic . reactio times, loss of Can improve Y
Bi . Modification of conditions and , - contamination
iological and lieni d feedstocks 1l fermentable compatibility trol
‘ gnin an ! generally - control, )
enzymatic . under suitable L carbon, with : [48,49,55,58,59]
hemicellulose : limited . . processing
treatment structures moisture inhibitor enzyme costs, biochemical time, and
conditions formation aqd ) conversion enzgfme
contalrnlgsllrgatlon recovery
Membrane
Pretreatment fouling,
Concentration . hqultd if Can declining Reduces some gfxrz?:g?irff
£ ) ermentation L / )
Membrane and oro arSlling:ZiSds broths, corécerltrated sellectlylty downstream cleaning costs,
solid-liquid & - hydrothermal products an cleaning thermal- and stability [61,67,68]
separation solvents, lignin aqueous recover some requirements, separation duri !
P fragments, and d solvent and and urng
nutrien/ts streams, and process water management burdens continuous
solvent operation
systems of concentrate P
streams

Note: The separation performance of each technology depends on feedstock composition, treatment
severity, and target products. In addition to component recovery, assessments should consider struc-
tural preservation, inhibitor formation, impurity partitioning, solvent and process-water recycling,
and downstream conversion performance.

4. Conversion Processes and Product Distributions

The streams generated by front-end separation differ in composition, moisture content,
biodegradability, structural characteristics, and impurity levels and are therefore suited
to different conversion processes. Conversion pathways should be designed with due
consideration of reaction performance, product separation and upgrading requirements,
and the treatment or utilization of residual streams. The relationships among the principal
feedstock components, conversion processes, and products are illustrated in Figure 4.

4.1. Applicability of Biochemical, Thermochemical, and Catalytic Conversion Processes

Biochemical conversion is suitable for fermentable-sugar solutions, organic waste
liquids, and wet organic matter with relatively low inhibitor concentrations. Fermentation
can produce alcohols, organic acids, and other biobased chemicals, whereas AD and VFA
fermentation are suitable for food waste, sludge, and organic liquid streams [72,73]. Key
performance indicators include substrate utilization, product yield, final product concentra-
tion, volumetric productivity, and process stability. The principal engineering constraints
include mixing at high solids contents; inhibition by ammoniacal nitrogen, salts, furans,
and phenolic compounds; and the separation of products from dilute aqueous streams.

Thermochemical processes are suitable for lignocellulosic feedstocks, lignin-rich
residues, and some complex wet streams that are resistant to biodegradation. Pyroly-
sis and gasification generally require control of feedstock moisture content, whereas HTL
and HTC can directly process high-moisture feedstocks [72-74]. The influence of moisture
content on process performance also depends on the feasibility of mechanical dewatering,
the availability of waste heat, and the extent of heat integration [75]. Thermochemical
processes should be evaluated in terms of phase-specific product distributions, carbon and
energy recovery, ash behavior, and product-upgrading requirements.

Catalytic processes can be applied to lignin depolymerization, the conversion of sugar-
derived platform molecules, and the upgrading of pyrolysis oil and biocrude [76,77]. Lignin
monomer yields depend strongly on the separation history and degree of condensation
of the lignin stream. The hydroprocessing of pyrolysis oil and biocrude is constrained
by hydrogen consumption, heteroatom removal, and carbon losses. K, Na, and Ca in
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ash can alter the rates and pathways of cracking, gasification, and catalytic reactions.
However, excessive accumulation of these elements may cause catalyst deactivation or
bed agglomeration [78,79]. Si can also react with oxygen carriers or bed materials to
form low-melting-point silicates, thereby increasing the risks of slagging and long-term
deactivation [80,81]. These effects depend on elemental concentrations, mineral phases,
temperature, and reaction atmosphere and should be evaluated using actual feedstocks

under long-term operating conditions.
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Figure 4. Schematic literature-based relationships among major biomass and biowaste components,
conversion processes, and product categories. The relationships do not represent complete mass or
stoichiometric balances.

4.2. Product-Oriented Conversion Pathways

Energy products include biogas, pyrolysis oil, biocrude, syngas, and solid fuels. Their
evaluation should focus on the yield of final products that meet the relevant specifications,
net energy recovery, product stability, and production cost rather than solely on primary-
product yields at the reactor outlet [82,83]. Pyrolysis oil and biocrude generally require
stabilization and heteroatom removal, particularly the removal of oxygen and nitrogen.
Syngas must be purified to remove tar, particulates, sulfur- and chlorine-containing com-
pounds, and other trace contaminants before it can be used for fuel or chemical synthesis.

The production of platform and aromatic chemicals places stringent requirements
on reaction selectivity, product concentration, and separation performance. C5 and C6
sugars can undergo fermentation or catalytic conversion to produce alcohols, organic acids,
furfural, 5-hydroxymethylfurfural, levulinic acid, and other products [84]. Lignin with
a low degree of condensation can be converted into phenolic compounds and aromatic
intermediates, with the product distribution depending on the abundance of cleavable
bonds and the catalytic conditions [85]. Reaction-stage selectivity has practical engineering
significance only when it can be translated into an adequate yield of specification-compliant
final products after downstream separation and upgrading.

Materials-oriented pathways exploit the polymeric structures, morphologies, pore
characteristics, and surface functional groups of cellulose, lignin, and carbonaceous ma-
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terials [86]. The production of nanocellulose and lignin-based polymers requires rela-
tively mild separation conditions to preserve the degree of polymerization and chemical
reactivity [87,88]. The potential applications of biochar and hydrochar are constrained
by their pore characteristics, carbon stability, ash contents, and contaminant levels [89].
Materials production should also be evaluated in terms of process inputs, service life, and
end-of-life management [90].

4.3. Integration of Biochemical, Thermochemical, and Catalytic Processes

The principal purpose of process integration is to allocate carbon and energy according
to stream properties. Following selective separation, sugar streams can be directed to fer-
mentation, lignin streams to catalytic conversion or materials production, recalcitrant solids
to hydrothermal or thermochemical conversion, and nutrient-rich liquid streams to AD or
nutrient recovery. Such configurations can reduce interference among components but in-
crease the requirements for separation, storage, stream transfer, and logistics management.

In a study of agave residues, an acid hydrolysate was detoxified and used in a two-
stage biochemical process for hydrogen and methane production, whereas the residual
solid fraction was subsequently subjected to microwave-assisted pyrolysis [91]. This con-
figuration increased the utilization of both liquid and solid streams but also introduced
additional requirements for hydrolysate detoxification and compatibility between process
units. The study illustrates an integrated configuration in which liquid and solid streams
are directed separately to biochemical and thermochemical processes. However, its re-
sults should not be extrapolated directly to feedstocks with different compositions and
impurity levels.

Aromatic intermediates generated through the chemical or catalytic depolymerization
of lignin can be further converted by engineered microorganisms through a biological
funneling strategy [92,93]. This configuration uses chemical processing to deconstruct com-
plex macromolecules and microbial conversion to increase product selectivity. However,
phenolic compounds, aldehydes, salts, and residual solvents in lignin-depolymerization
liquids can reduce biocompatibility and increase stream-purification requirements.

In pathways that apply biochemical conversion before thermochemical processing,
fermentation or AD preferentially converts readily degradable components, after which
the residual solids are subjected to HTC, pyrolysis, or gasification to recover the remaining
carbon and energy [94,95]. The feasibility of these pathways depends on the moisture
content, ash content, and contaminant distribution of the residues. Combustible gases,
waste heat, biogas, and recovered nutrients can also be used across process units. However,
the recycling of material streams should be constrained by the accumulation of salts,
ammoniacal nitrogen, and inhibitors, as illustrated in Figure 5.

4.4. Carbon Allocation, Product Selectivity, and Final Product Upgrading

Conversion pathways should account for the allocation of feedstock carbon among
target products, energy carriers, solid products, and gaseous products. Combustion of
residual streams can increase process energy self-sufficiency but reduces the amount of
carbon retained in marketable products and solid materials. Biochar and hydrochar can
increase solid-phase carbon recovery, but their environmental benefits depend on carbon
stability and end use [95-97]. Process-level carbon recovery describes the distribution of
feedstock carbon within the process system and should not be interpreted as an indicator
of life cycle greenhouse gas mitigation.
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Figure 5. Schematic literature-based configurations integrating biochemical, thermochemical, and
catalytic processes through stream allocation, residual-stream conversion, energy recovery, water
recycling, and nutrient recovery. The configurations do not represent complete mass, energy, or
stoichiometric balances.

Product selectivity should be evaluated in conjunction with downstream separation
and upgrading. When fermentation products are present at low final concentrations in
aqueous media, distillation, extraction, or membrane separation may become the principal
sources of energy consumption and production cost [98]. Pyrolysis oil generally has a high
oxygen content, high acidity, and limited thermal stability. HTL biocrude may contain
substantial amounts of nitrogen-containing compounds and inorganic impurities and
therefore requires further stabilization and upgrading [77,83]. Syngas from gasification
must be purified to remove tar, particulates, sulfur- and chlorine-containing compounds,
and other trace impurities before it can be used for fuel or chemical synthesis [83]. Catalytic
lignin depolymerization commonly produces mixtures of structurally similar aromatic
compounds. The difficulty of separating these compounds may offset the benefits of high
reaction-stage selectivity [76,93,99]. Pathway assessment should therefore be based on
the yield and quality of final specification-compliant products rather than on primary-
product yields before separation and upgrading. The applicable conditions, evidence basis,
implementation boundaries, and principal limitations of the major biomass-conversion
pathways are summarized in Table 4.
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Table 4. Applicable conditions, evidence basis, implementation boundaries, and principal limitations of major biomass-conversion pathways
Conversion Key Performance Evidence Basis and Maturity Principal Typical
Applicable Streams Major Products - Engineering Integration References
Pathway Criteria Boundary AP . .
Limitations Configurations
Core fermentation using sugar-
and starch-based feedstocks is
e . . Enzyme costs,
Sugar utilization, commercially established. L R .
. X . . . inhibitor effects, Detoxification, in
L . product yield, final Evidence for lignocellulosic .. . ; .
Liquid streams with . mixing at high solids situ product
. . Ethanol, higher product hydrolysates ranges from .
. . relatively high . . contents, separation, and
Biochemical alcohols, organic concentration, laboratory batch or fed-batch . . .
. fermentable-sugar . . . . . . microbial-strain AD or [84,96,98,100,101]
fermentation ) acids, and biobased volumetric studies to pilot, demonstration, . .
concentrations and . .. . stability, and thermochemical
L chemicals productivity, and and selected commercial 4 e
low inhibitor levels . o . separation of utilization of
separation energy applications. The maturity of the . .
: : o low-concentration residues
demand complete chain remains specific to roducts
the feedstock, product, and p
downstream recovery process.
AD is commercially established
for actual organic wastes .
sanc . Hydrolysis rate,
. . generally under semicontinuous S
Organic loading rate, . . inhibition by
. . . or continuous operation. . . .
High-moisture, methane yield, L . ammonia and Co-digestion,
: . L S Integrated chains involving . . .
. readily degradable Biogas, liquid volumetric biogas . long-chain fatty biogas upgrading,
Anaerobic : . . . controlled VFA production, ¢ .
. . organic wastes and digestate, and solid production rate, . acids, process nutrient recovery, [83,91,94,96,102]
digestion o . . . hydrothermal conversion, . .
organic liquid digestate ammoniacal nitrogen . . fluctuations, methane  and HTC of solid
. selective nutrient recovery, or .
streams concentration, and ) leakage, and residues
. high-value products are IR
VFA concentration - liquid-digestate
supported mainly by laboratory,
. . treatment
pilot, demonstration, or
site-specific engineering evidence.
HTL has been studied with actual
Biocrude yield, wet feedstocks in l.aborator.y batch High-pressure AD or reforming
. . reactors and continuous pilot- or ; .
Sludge, microalgae, Biocrude, carbon and energy - feeding, corrosion, of the aqueous
demonstration-scale systems. . . -
Hydrothermal  and other complex aqueous-phase recovery, heteroatom . . oil-water separation,  stream, biocrude
; . . . . Complete chains incorporating . . . [72,83,96,102]
liquefaction high-moisture organics, gases, content, and : . biocrude upgrading,  hydroprocessing,
. ) biocrude upgrading and .
streams and solid residues aqueous-stream e . and aqueous-stream and nutrient
aqueous-stream utilization remain
treatment burden L . treatment recovery
primarily at the pilot or
demonstration stage.
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Table 4. Cont.
Conversion Key Performance Evidence Basis and Maturit Principal Typical
Pathwa Applicable Streams Major Products y Criteria Bounda y Engineering Integration References
y 4 Limitations Configurations
HTC has been studied with actual
wet feedstocks in laboratory batch, AD
Solid and carbon pilot, demonstration, and selected Aqueous-stream aqueous—s, tream
Digestate, sludge, Hydrochar and y%ellds,' energy epgmeermg-scale system§. treatment,. salt and treatment or
Hydrothermal .. densification, carbon Evidence for complete chains metal enrichment, .
L and other organic-rich o . . recycling, [94,95,102]
carbonization . . . stability, and incorporating aqueous-stream product standards, .
high-moisture solids aqueous streams ; . . nutrient recovery,
contaminant management, nutrient recovery, and continuous and hvdrochar
partitioning and hydrochar qualification feeding u tiliyza tion
remains feedstock- and
product-specific.
Continuous fast-pyrolysis units .
Phase-specific using actual biomass have reached . Catalytlc .
. - - . Feedstock drying, pyrolysis, oil
Low-moisture, product yields, demonstration and commercial rolvsis-oil hvdroprocessin
relatively low-ash Pyrolysis oil, carbon distribution,  scales. Complete fuel-production PYroy ydrop &
. . . ! o . instability, coke use of
Fast pyrolysis lignocellulosic biochar, and oxygen content and chains incorporating long-term formation. ash effects combustible [77,95,96,102,103]
feedstocks and dried combustible gas stability of the liquid stabilization and extensive ’ o
. . o . and deoxygenation  gases for process
residues product, and net upgrading of pyrolysis oil remain costs heat. and biochar
energy recovery less mature than the core 1; tilization
conversion process.
Continuous biomass gasification
using actual feedstocks is .
commercially established for Flf)i*hril;e tir;r?oleh
Carbon conversion, selected heat- and . .
. . . .. Tar formation, ash synthesis,
Low-moisture, cold-gas efficiency, power-generation applications. . - .
. . : . . variability, slagging, combined-cycle
e recalcitrant solids H;/CO molar ratio, Integrated chains producing .
Gasification . Syngas .. bed agglomeration, systems, [75,78-81,96,97,102]
and carbon-rich and tar and hydrogen, liquid fuels, or
. . . . and syngas hydrogen
residues particulate chemicals generally remain at 0 S .
. - . purification production, and
concentrations pilot, demonstration, or selected waste-heat
engineering scales because they recover
require additional gas cleaning y

and synthesis.
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Table 4. Cont.
Conversion Key Performance Evidence Basis and Maturit Principal Typical
Applicable Streams Major Products yoeron y Engineering Integration References
Pathway Criteria Boundary AP . .
Limitations Configurations
Evidence is based mainly on
laboratory batch studies using
. L Secondary
isolated lignins or model condensation. coke
Lignin streams with . Monomer yield, compounds, with limited . ’ Lignin-first
. Phenolic . . - formation, catalyst - L
Catalytic a low degree of selectivity, hydrogen continuous-flow or early pilot L fractionation, in
.. ; monomers and . . . deactivation, . e
lignin depoly- condensation and aromatic consumption, solvent validation. Complete chains hvdrogen and situ stabilization, [76,85,93,99]
merization controlled ash and . . recovery, and catalyst incorporating catalyst yarogen and biological
intermediates e . . solvent requirements, .
sulfur contents lifetime regeneration, solvent recovery, funneling
) . and product
and aromatic-product separation -
separation

have not reached commercial
implementation.

Note: The maturity descriptions are the authors’ qualitative synthesis of the feedstock type, operating mode, scale, core-unit boundary, and integrated-chain
evidence reported in the cited literature. No numerical maturity score or formal evidence weighting was applied, and the descriptions do not constitute uniform
TRL assignments for broad technology categories. Stable-operation duration and inclusion of product upgrading are recorded in Supplementary Table S2 when
explicitly reported in the original studies. AD, anaerobic digestion; VFA, volatile fatty acids; HTL, hydrothermal liquefaction; HTC, hydrothermal carbonization;
TRL, technology readiness level; H, /CO, molar ratio of hydrogen to carbon monoxide.
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a Lignocellulosic biomass biorefinery b

5. Circular Biorefining and Multiproduct Utilization

Circular biorefining integrates feedstock fractionation, stream conversion, product
separation, residual-stream utilization, and process-energy recovery within a single sys-
tem. Compared with single-product pathways, circular biorefineries allocate carbon flows
according to component and stream properties and use solid residues, process liquids,
combustible gases, and waste heat to reduce material and energy losses. However, adding
conversion and recovery units also increases capital requirements, operational complexity,
and product-separation burdens. The system-level performance of a circular biorefinery
therefore depends on whether its individual streams can be allocated to mutually compati-
ble product and energy pathways rather than simply on the number of process units or
products included.

5.1. Configurational Differences Between Two Representative Circular Biorefinery Systems

Lignocellulosic feedstocks and high-moisture organic wastes represent two types of
circular biorefinery systems subject to distinct constraints. For lignocellulosic feedstocks,
the principal objective of selective separation is to generate cellulose, hemicellulose, and
lignin streams that meet the requirements of saccharification, catalytic conversion, or
materials production. For high-moisture organic wastes, the emphasis is generally on wet
conversion, process-water management, and nutrient recovery, together with the control
of salts, pathogens, heavy metals, and other contaminants. Both systems can generate
multiple products and recycled streams, but they differ in their front-end processing
objectives, interfaces between process units, and requirements for product qualification
and market access (Figure 6).

Two archetypal circular biorefinery architectures
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Figure 6. Schematic literature-based circular-biorefinery configurations for lignocellulosic feedstocks

@ Carbon materials

and high-moisture organic wastes. The configurations show principal product and residual-stream
pathways rather than complete process designs or mass and energy balances.

In lignocellulosic systems, streams are generally allocated according to their quality.
Cellulose-rich solids can be directed to saccharification and fermentation or materials
production, whereas hemicellulose-derived liquid streams can be used to produce oligosac-
charides, fermentation products, or platform chemicals [104,105]. Depending on their
degree of condensation, molecular-weight distribution, ash content, and sulfur content,
lignin streams can be used for catalytic depolymerization or the production of polymers
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and carbon materials. Lignin with poor structural integrity, high impurity levels, or limited
potential for further separation may instead be used to generate process energy [106,107].
The principal limitations of these systems arise from pretreatment severity, enzyme and
solvent consumption, changes in lignin structure, and product-purification requirements.
Further intensification of separation may not provide corresponding system-level benefits
for components that occur at low concentrations, are difficult to purify, or have limited
market capacity.

High-moisture organic-waste systems generally begin with sorting, homogenization,
and, where necessary, solid-liquid separation. Readily degradable streams can then be
directed to AD or VFA fermentation, whereas recalcitrant wet solids can be processed by
HTL or HTC. Nitrogen, phosphorus, and other usable components may also be recovered
from liquid streams [108,109]. These pathways can reduce the need for energy-intensive
drying. However, hydrothermal and biochemical processes redistribute organic matter,
nitrogen-containing compounds, salts, and contaminants among solid, liquid, and gaseous
streams. The subsequent treatment or utilization of the resulting aqueous streams and solid
products should therefore be incorporated into system design.

Integration between these two types of systems should be based on stream compatibil-
ity. Residues from saccharification, fermentation, or AD may be directed to hydrothermal
or thermochemical conversion depending on their moisture content, ash content, and
contaminant levels. Aqueous streams from hydrothermal processing should be recycled
to biochemical units only when their biodegradability, salinity, ammoniacal nitrogen con-
centration, and inhibitor levels are within the tolerance ranges of the receiving processes.
Streams containing high concentrations of salts or metals, or substantial amounts of recalci-
trant organic compounds, should be purified, stabilized, or discharged under controlled
conditions. System configuration should therefore begin with the identification of the
principal carbon flows and limiting impurities, followed by the selection of marketable
products, options for internal energy recovery, and residual-stream management pathways.

5.2. Residual Streams and Energy Recovery

The performance of circular biorefineries depends not only on the yields of the princi-
pal products but also on the treatment or utilization of solid, liquid, and gaseous residual
streams and the recovery of waste heat. If residual streams are managed exclusively
through end-of-pipe treatment, the burdens associated with wastewater and solid-waste
treatment may increase, and demand for externally supplied energy may also rise. Con-
versely, extensive recycling without adequate quality and safety controls may lead to
impurity accumulation.

Solid residues generally contain unconverted organic carbon, lignin, microbial biomass,
and ash. Residues with relatively low moisture contents and suitable heating values
can be subjected to pyrolysis or combustion, whereas high-moisture residues may be
processed by HTC to recover residual carbon and energy [110,111]. The resulting biochar
and hydrochar may be used as adsorbents, microbial carriers, catalyst supports, or soil
amendments [112-115]. Their suitability for these applications is nevertheless constrained
by carbon stability, ash and salt contents, and contaminant levels. Chars derived from
sludge, manure, and mixed organic wastes may contain elevated concentrations of heavy
metals and phosphorus and must comply with the relevant standards before entering
markets for land application or materials [116].

Pretreatment liquids, aqueous streams from hydrothermal processing, and fermenta-
tion effluents may contain organic acids, sugar-degradation products, phenolic compounds,
nitrogen-containing organic compounds, and inorganic salts. Biological treatment, adsorp-
tion, membrane separation, oxidation, or catalytic processes can be used to reduce pollutant
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loads and recover some of the organic matter and nutrients [117-119]. The feasibility of
process-water recycling depends on impurity accumulation and downstream tolerance,
as discussed in Section 3.3. When purification costs or accumulation risks become exces-
sive, bypass treatment, controlled discharge, or a combination of these measures should
be adopted.

Contaminant transfer should be evaluated using element- or compound-specific mass
balances rather than product-phase concentrations alone. An increased concentration of
metals, phosphorus, salts, or other contaminants in digestate, hydrochar, biochar, ash, or
an aqueous stream may result from a reduction in the total mass of the receiving phase
and does not by itself establish the fraction of the input contaminant transferred to that
phase. A phase-specific mass balance requires the yield of each solid, liquid, and gaseous
stream and the concentration of the relevant element or compound in each stream on a
consistent basis. Where these data are available, the assessment should report the input
mass, mass recovered in each measured phase, unaccounted fraction, and mass-balance
closure. Concentration data should be interpreted together with phase yields because
a high concentration in a low-yield phase may represent a smaller fraction of the input
mass than a lower concentration in a high-yield phase. For volatile or transformable
constituents, physical partitioning should also be distinguished from chemical conversion,
volatilization, and analytical non-recovery. Where studies report only concentrations
or selected product phases, the results should be interpreted as evidence of potential
enrichment or partitioning rather than as a complete contaminant mass balance [116-119].
Biogas produced by AD can be used for combined heat and power generation or upgraded
to biomethane. Combustible gases and waste heat from pyrolysis and gasification can
be used for process heating, steam generation, or electricity production. Internal energy
recovery can reduce the demand for purchased electricity and heat but may also reduce the
quantities of marketable fuels or other carbon-based products. The appropriate allocation
should therefore be determined according to energy quality, product value, the regional
energy mix, and life cycle emissions. For streams that are dilute, technically difficult to
recover, or associated with substantial contamination risks, the benefits of resource recovery
should be compared with the associated purification and quality-control burdens rather
than assuming that all residual streams should be recycled [120].

5.3. Multiproduct Configurations and Their Economic and Environmental Implications

Multiproduct pathways can distribute costs through stream valorization, product
sales, equipment sharing, and residual-stream utilization. However, increasing the number
of products does not necessarily improve system performance [121]. The benefits of a
multiproduct configuration depend on recoverable stream yields, product purity, market
capacity, separation burdens, and quality-control requirements.

One possible configuration is to use structurally well-preserved or relatively pure
streams for chemicals and materials, direct larger carbon flows to basic chemicals, fuels, or
biogas, and use residues that cannot be further valorized economically for process-energy
generation or char production [122]. The system-level contribution of a high-value product
should be evaluated according to its achievable yield, purification cost, and market capacity
rather than its nominal selling price alone.

A study of the coproduction of cellulose nanofibers, xylo-oligosaccharides, and
polyphenols from pineapple-leaf waste showed that a multiproduct configuration could
outperform a single-product pathway under specific assumptions regarding product prices
and recovery rates [123]. A sugarcane biorefinery using lactic acid as a platform product
similarly showed that product portfolios involving acrylic acid, polylactic acid, or lactate
esters could alter both the minimum selling price and life cycle emissions [124]. These
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findings indicate that the potential advantages of multiproduct pathways arise from com-
ponent valorization and cost sharing but are highly sensitive to product prices, yields, plant
scale, and system boundaries.

Reaction conditions and residual-stream management can also alter the product port-
folio and the allocation of carbon among marketable products, process-energy carriers, and
residual streams [125,126]. Additional downstream processes require further inputs of en-
zymes, catalysts, and solvents, as well as additional separation and purification equipment.
Their incremental benefits should therefore offset the associated capital, operating, and
environmental burdens. Combustible gases and waste heat used internally do not gener-
ate marketable products but can reduce utility demand [127]. Product portfolios should
consequently be evaluated on the basis of the incremental economic and environmental
performance of the complete system rather than on the number or variety of products.

Across the reviewed evidence, there is broad agreement that feedstock moisture state
should influence the initial choice between dry and wet processing, that separation con-
ditions affect the suitability of carbohydrate and lignin streams for downstream use, and
that product recovery and residual-stream treatment can alter the performance inferred
from reactor-level yields. The evidence is less consistent regarding the system-level ad-
vantages of intensive fractionation, multiproduct configurations, and extensive stream
recycling. Laboratory studies commonly report increased component accessibility, recov-
ery, or product yield under controlled batch conditions, whereas process simulations and
TEA or LCA studies show that these gains can be offset by solvent recovery, product
purification, hydrogen or enzyme demand, wastewater treatment, and limited coproduct
markets. Differences among studies also arise from feedstock composition, solids-loading
basis, product specifications, plant scale, energy mix, system boundaries, and coproduct
treatment. Consequently, the qualitative recommendations in Sections 2-5 identify condi-
tional relationships supported by the literature rather than universal performance rankings.
Figure 7 conceptually summarizes the literature-based allocation of biorefinery streams
among product portfolios, process-energy recovery, and residual-stream utilization.
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Figure 7. Conceptual literature-based allocation of biorefinery streams among product portfolios,
process-energy recovery, and residual-stream utilization. The allocations do not imply complete
carbon balances or fixed product distributions.
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6. Systems Assessment and Conditions for Engineering Implementation

Systems assessment is required to determine whether candidate pathways can progress
from laboratory research to pilot-scale, demonstration-scale, and commercial implementa-
tion. Technology maturity should be assessed, and techno-economic analysis (TEA) and life
cycle assessment (LCA) should be conducted within consistent system boundaries encom-
passing feedstock handling, component separation, conversion, product upgrading, and
residual-stream utilization. Supply-chain conditions, product standards, market capacity,
and policy frameworks also affect pathway costs, environmental performance, and feasible
deployment scale.

Selected quantitative examples are summarized in Table 5 to illustrate how specific
operating conditions affect pretreatment severity and inhibitor formation, solvent recovery
over repeated cycles, high-solids processing and stream concentration, and the cost burden
of additional pretreatment. The examples retain the feedstock definitions, measurement
bases, operating conditions, and evidence scales reported in the original studies because
results obtained under inconsistent experimental and system boundaries should not be
compared directly.

Table 5. Selected quantitative examples supporting the pathway-screening discussion.

Evidence Topic

Feedstock and Process

Conditions and
Measurement Basis

Selected Quantitative Result

Evidence Basis and
Reference

In the cited review, a severity factor of 3.6 was
described as an approximate intermediate
condition between preserving cellulose-fiber
integrity and applying more severe treatment for
cellulose conversion. Reported severity factors for

Pretreatment Lignocellulosic Severity factor lignin recovery ranged from 3.2 to 4.4, and 3.8 was Review-based
severity and biomass subjected to integrating treatment gd ified y l'g bl ) 1 ’ ¢ ,h bi ’ synthesis of
inhibitor steam-explosion temperature and identified as applicable to several of the biomass steam-explosion
formation pretreatment residence time types rev1§wed. Conditions abO,Ve 3.6 were studies [47]
associated with greater cellulose disruption and
with the formation of furfural and
5-hydroxymethylfurfural. These values represent a
review-based synthesis rather than universal
treatment thresholds
Pine wood The highest solvent-recovery ratio was 97.7%, and

Solvent recovery
over repeated
cycles

fractionation using a
choline chloride-urea
natural deep eutectic
solvent recovered by
ultrafiltration and
bipolar-membrane
electrodialysis

Membrane-based
solvent recovery
followed by three reuse
batches

the lowest specific energy consumption for solvent
recovery was 8.4 kWh kg~!. The regenerated
solvent was reused for three fractionation batches,
with hemicellulose and lignin removal efficiencies
of approximately 25.4% and 18.1%, respectively.
The calculated recovery cost was approximately
3.0% of the solvent-purchase price

Laboratory multicycle
fractionation and
membrane-recovery
study [67]

Solids loading
and stream
concentration

Enzymatic hydrolysis
of alkali-treated and
ball-milled corn stover

Enzymatic hydrolysis
at 20% solid content;
the original study
reported the loading as
solid content

At 20% solid content, alkaline treatment followed
by ball milling produced a total sugar
concentration of 182.86 g L1 and a glucose yield
16.64% higher than that obtained using ball milling
alone. The corresponding modeled minimum sugar
selling price was USD 496.92 t !

Laboratory high-solids
hydrolysis integrated
with process

simulation and TEA
[128]

Cost burden of
additional
pretreatment

Acid washing before
hydrothermal
carbonization of
microalgal biomass

Comparison of direct
hydrothermal
carbonization, acid
pretreatment without
acid recovery, and acid
pretreatment with acid
recovery and
recirculation

Direct hydrothermal carbonization produced
418.08 kg h~! of hydrochar with a minimum selling
price of USD 2.83 kg~!. Acid pretreatment reduced

hydrochar production to 264.45 kg h~! and
increased the minimum selling price to USD
9.92 kg’l, with HCI consumption accounting for
90.9% of annual operating costs. Acid recovery and
recirculation reduced the minimum selling price to
USD 7.41 kg~!, although it remained higher than
that of direct hydrothermal carbonization

Process simulation
integrated with TEA
and LCA [62]

Note: The values are reported using the feedstock definitions, operating conditions, measurement
bases, and system boundaries of the original studies. They represent selected study-specific examples
rather than pooled performance ranges. Review-based synthesis, laboratory multicycle experiments,
laboratory experiments integrated with process simulation, and modeled TEA and LCA results are
identified separately. TEA, techno-economic analysis; LCA, life cycle assessment.
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6.1. Technology Readiness Level and Scale-Up

High conversion rates obtained with model substrates or in batch experiments may not
be maintained when actual feedstocks are processed under continuous operating conditions.
Variability among feedstock batches, high-solids feeding, complex rheological behavior,
impurity accumulation, catalyst or microbial deactivation, and fluctuations in product
quality may all reduce performance during scale-up [129]. Engineering validation should
therefore encompass feedstock handling and feeding, reaction, product separation and
upgrading, and waste-stream management rather than focus exclusively on the core reactor.

Lignocellulosic pretreatment and enzymatic hydrolysis generally require a relatively
high solids content to increase product concentrations. However, increasing the solids
content can impair mixing, heat transfer, and mass transfer [128,130]. Wet, fibrous, or
heterogeneous feedstocks also complicate continuous conveying and pumping and in-
crease the risk of equipment blockage. In microalgal pathways, cultivation, harvesting,
dewatering, and cell disruption may consume more energy and incur greater costs than the
subsequent conversion process [131].

Engineering validation should be based on complete mass and energy balances for
the integrated pathway rather than on conversion and product yields from the core reac-
tor alone. The mass balance should include fresh feedstocks, water, solvents, catalysts,
nutrients, gases, recycled streams, products, emissions, wastewater, solid residues, and
purge streams. Carbon, nitrogen, phosphorus, sulfur, ash-forming elements, relevant met-
als, and target contaminants should be tracked across solid, liquid, and gaseous streams,
and balance closure should be reported for the complete operating period. The energy
balance should distinguish heating, cooling, drying, evaporation, distillation, pumping,
compression, agitation, reaction, product upgrading, and waste-treatment requirements.
Heat integration should be evaluated using the temperature and temporal availability
of heat sources and sinks rather than by assuming that all recovered heat can offset an
equivalent quantity of external energy [132].

Recycle loops should be evaluated under repeated-cycle or steady-state conditions.
For water, solvents, nutrients, and other recycled media, the recovery efficiency, make-up
requirement, purge fraction, recovery energy demand, and changes in stream composition
should be reported. The purge rate should be determined from the balance between impu-
rity input, formation, removal, and the maximum concentration tolerated by the receiving
process or permitted in the final product. Completely closed-loop operation should not be
assumed when salts, ash, metals, inhibitors, solvent-degradation products, or recalcitrant
organic compounds accumulate. Long-term continuous operation should additionally be
evaluated using campaign duration, throughput, capacity factor or operating availability,
product-quality variation, planned and unplanned shutdowns, and changes in catalyst
activity, membrane flux, solvent composition, corrosion, fouling, and equipment block-
age [129,133]. Experience from commercial projects indicates that satisfactory performance
of the core reaction cannot substitute for validation of feedstock handling, heat and material
integration, recycle-loop control, product upgrading, residual-stream management, and
equipment reliability [134].

Technology maturity should be assessed for a specific combination of feedstock, pro-
cess configuration, target product, operating mode, scale, and system-integration boundary.
Although core AD, pyrolysis, and gasification processes have reached commercial imple-
mentation for selected applications, this maturity does not necessarily extend to integrated
chains incorporating additional conversion, product upgrading, nutrient recovery, or
residual-stream management. Table 4 therefore distinguishes the evidence basis and ma-
turity boundary of the core conversion unit from those of the complete integrated chain,
while detailed operating evidence is provided in the Supplementary Materials.
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6.2. Techno-Economic Analysis and Cost Structure

TEA should be based on complete material and energy balances and should clearly
specify plant capacity, cost year, discount rate, equipment lifetime, capacity factor, feed-
stock prices, and product prices. Increasing conversion in an individual unit operation
or increasing product yield may not reduce the minimum selling price if either change
simultaneously increases the requirements for high-pressure equipment, solvent recovery,
hydrogen consumption, or product purification [135].

For pathways based on agricultural and forestry biomass, the principal cost compo-
nents generally include collection, transportation, storage, and pretreatment. Increasing
plant capacity can reduce specific capital costs but may also increase feedstock transport
distances and competition for available resources [136]. Distributed densification, drying,
or primary conversion can reduce the burden associated with transporting low-density
feedstocks over long distances, but such configurations increase the number of processing
nodes and the requirements for intermediate-product handling and quality control. Cen-
tralized and distributed configurations should therefore be compared according to regional
feedstock density, transport infrastructure, and existing processing facilities.

High-pressure hydrothermal processing, evaporation, distillation, hydrogenation, and
solvent recovery may constitute major capital or operating burdens. Enzymes, catalysts,
hydrogen, and solvents contribute to variable costs, although their relative contributions de-
pend on unit prices, consumption rates, recovery efficiencies, catalyst or enzyme lifetimes,
and plant capacity [137,138]. Internal use of residual streams and combustible gases for
process energy can reduce purchased-utility requirements but may also decrease the quan-
tities of marketable carbon products. Scenario analysis is therefore required to determine
an appropriate balance between process energy self-sufficiency and product sales.

Multiproduct pathways can offset costs through coproduct revenues and equipment
sharing but are sensitive to product prices, market capacity, and the need for additional
separation and purification equipment [139,140]. Carbon credits, waste-treatment revenues,
and policy subsidies should be reported separately from product revenues, with distinct
scenarios including and excluding policy support [136,141]. Sensitivity and uncertainty
analyses should, at a minimum, cover feedstock costs, product prices, plant capacity,
product yields, energy prices, and key recovery efficiencies.

6.3. Life Cycle Assessment, Carbon Footprint, and Resource Efficiency

The use of biobased feedstocks does not necessarily result in lower life cycle envi-
ronmental impacts. Pathway performance depends on feedstock origin, the energy mix,
chemical consumption, transportation, land use, process-water requirements, coproduct
treatment, and the products or services displaced by biorefinery outputs. For waste-derived
feedstocks, the allocation of upstream burdens and the avoided treatment pathway—such
as landfilling or incineration—can substantially affect LCA results [142]. Assessments
of energy crops and woody feedstocks should additionally consider land use, fertilizer
application, irrigation, and changes in soil organic carbon [143].

Separation and product purification can become environmental hotspots when they
require energy-intensive drying, distillation, high-pressure hydrogenation, solvent recov-
ery, or repeated water-treatment operations. Freeze-drying, high-temperature distillation,
high-pressure hydrogenation, and some solvent-based processes can increase energy con-
sumption, global warming potential (GWP), and other environmental impacts [142,144].
Process-water and solvent recovery can reduce the demand for freshwater and virgin
solvents; however, the energy and materials required for recovery, as well as the effects of
impurity accumulation, should also be included within the system boundary.
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Circularity is assessed in this review using a set of separate material-, energy-, and
product-related indicators rather than a single composite index. Process-level carbon recov-
ery describes the fraction and distribution of feedstock carbon among specified products,
energy carriers, gaseous streams, and solid residues within the process boundary. Internal
energy recovery describes the useful heat, electricity, or fuel recovered and used within the
biorefinery relative to the stated process-energy demand or feedstock-energy basis. Water
and solvent recycling should be reported as the quantities recovered and reused relative
to the corresponding process requirements, together with freshwater or solvent replen-
ishment, purge rates, recovery energy demand, and changes in recycled-stream quality.
Nutrient recovery describes the fractions of input nitrogen, phosphorus, or other target
nutrients recovered in products that meet the requirements of their intended uses. These
indicators should be interpreted together with the accumulation and discharge of salts,
ash, metals, inhibitors, and other contaminants and with the quantities of products that
satisfy applicable quality requirements. GWP is assessed separately because it quantifies
greenhouse gas emissions over the life cycle and depends on upstream inputs, the energy
mix, transportation, coproduct treatment, displaced products, and end-of-life assumptions.
A pathway can therefore have high process-level carbon, energy, water, solvent, or nu-
trient recovery without necessarily achieving lower life cycle greenhouse gas emissions.
Resource-efficiency assessment may additionally include cumulative energy demand, water
consumption, land use, acidification, eutrophication, and ecotoxicity [145,146]. Materials-
oriented products require further assessment of service life, carbon stability, contaminant
release, and end-of-life management [147].

These indicators are interpreted according to a resource-management hierarchy com-
prising prevention of avoidable resource use and residual-stream generation, retention
or reuse of qualified materials, recovery of chemicals and nutrients, recovery of useful
energy from streams unsuitable for material use, and treatment or controlled disposal of
the remaining residues. This hierarchy does not imply that material recycling is preferable
under all conditions [148]. A lower-tier option may be selected when a higher-tier option is
technically incompatible with the stream, fails applicable product or safety requirements,
increases life cycle burdens, or lacks a viable market. Circularity assessment should there-
fore report both the destination of each material stream and the technical, environmental,
and product-quality conditions governing that destination.

LCA studies should specify whether an attributional or consequential approach is
applied. Attributional LCA describes the environmental burdens assigned to a defined
product system, typically using data representative of the processes supplying that system
and an explicit procedure for allocating shared inputs and emissions. Consequential LCA
estimates the environmental changes caused by a decision and therefore requires assump-
tions concerning marginal suppliers, market responses, alternative waste-management
routes, and the products or services displaced by biorefinery outputs. Avoided-product or
avoided-treatment credits should identify the counterfactual pathway, displacement ratio,
product-quality equivalence, geographic and temporal context, and substituted technology.
These assumptions should be tested through sensitivity or scenario analysis because they
can change both the magnitude and direction of the results [149].

Biogenic carbon should be tracked consistently across biomass uptake, conversion,
product use, storage, and end-of-life stages rather than assumed to be intrinsically carbon
neutral. The assessment should account for changes in land and soil carbon stocks where
relevant, methane and other non-CO; emissions, the duration and stability of carbon
storage in materials or chars, and the eventual release or disposal of biogenic carbon. For
wastes and residues, the assignment of upstream burdens and the assumed counterfactual
treatment pathway should be reported explicitly. Process-level carbon recovery is a mass-
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balance indicator within the selected process boundary and does not account by itself for
fossil energy and material inputs, methane leakage, displaced products, carbon-storage
duration, or end-of-life emissions. A high process-level carbon recovery should therefore
not be interpreted as favorable life cycle performance without a complete LCA [150].

Cross-study comparisons are meaningful only when the LCA approach, functional
unit, system boundary, energy mix, upstream feedstock burdens, biogenic-carbon account-
ing, and coproduct treatment methods are sufficiently consistent. Functional units based on
the mass of product, energy delivered, or quantity of feedstock processed are appropriate
for different assessment objectives; results based on different functional units should not
be compared directly. For multiproduct systems, subdivision should be applied where
technically feasible. When shared burdens cannot be subdivided, the study should state
whether mass, energy, or economic allocation, system expansion, or substitution is used and
should report the allocation factors, displaced products, substitution ratios, and principal
assumptions. Results based on alternative allocation or substitution methods should be
examined through sensitivity analysis when coproduct treatment materially affects the
conclusions [151].

6.4. Supply Chains, Product Qualification and Market Access, and Policy Conditions

The engineering implementation of biorefineries is affected by the quantity of feedstock
that can be collected sustainably, storage losses, transport distances, competing uses,
and available infrastructure [152,153]. Biomass-resource assessments should distinguish
theoretical potential from technical or collectible, sustainable, and economically available
supply because collection constraints, environmental requirements, competing uses, and
supply costs can substantially reduce practical availability [154,155]. Designing plant
capacity solely on the basis of theoretical resource availability may therefore result in
feedstock shortages or increased procurement costs.

The effects of transportation depend on transport mode, feedstock moisture content,
regional resource density, plant capacity, and the products displaced by biorefinery outputs.
No single transport-distance threshold is applicable across all regions and pathways [156].
Centralized plants can benefit from economies of scale, whereas distributed pretreat-
ment can reduce the transportation burden associated with low-density feedstocks. These
configurations should be compared according to regional resource availability, transport
infrastructure, and existing industrial facilities [153,157,158].

Product qualification should be assessed against the requirements applicable in
the intended market because fuel specifications, fertilizer regulations, waste-derived-
product rules, and certification schemes differ among regions. For example, EN
14214:2012+A2:2019 [159] specifies a minimum ester content of 96.5% by mass, a max-
imum water content of 500 mg kg !, a maximum acid value of 0.50 mg KOH g~ !, and a
maximum sulfur content of 10 mg kg ! for fatty acid methyl ester used in diesel engines
or heating fuel. Lipid-derived streams that do not meet these requirements may require
additional dewatering, esterification, washing, adsorption, or distillation, and the associ-
ated losses and costs should be included in pathway assessment. Fuel-quality compliance
should also be distinguished from sustainability certification, which addresses feedstock
origin, traceability, and life cycle greenhouse gas performance rather than fuel composition
alone [160,161].

Requirements for biochar, digestate, and recovered nutrients depend on both prod-
uct category and jurisdiction. European Union rules for CE-marked fertilising products
specify eligible component materials and category-specific requirements for contaminants,
pathogens, nutrient content, and labeling, whereas national rules may govern products
placed on domestic markets outside this harmonized framework. Biochar certification
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schemes additionally consider feedstock eligibility, carbon stability, polycyclic aromatic
hydrocarbons, heavy metals, and other product properties; these schemes should not be
treated as equivalent to legal authorization in every region. Digestate derived from manure,
separately collected biowaste, sewage sludge, or mixed municipal waste may be subject
to different input-material, sanitation, pathogen, metal, and end-of-waste requirements.
Similarly, recovered phosphate salts such as struvite can enter fertilizer markets only when
the source material, production process, nutrient composition, and contaminant levels
satisfy the applicable requirements. These conditions can change pathway selection by
requiring source segregation, sanitation, contaminant removal, product blending, or alter-
native management of noncompliant streams. Products that do not meet the requirements
of their intended markets should not be counted as qualified coproducts in TEA or as
displaced commercial products in LCA [162].

Carbon pricing, renewable-fuel mandates, tax incentives, and waste-treatment sub-
sidies can improve project economics, but policy stability affects long-term investment
decisions [156,157]. For pathways that depend on policy-derived revenues, scenarios with
and without policy support should be reported separately. Existing regional wastewater-
treatment plants, district-heating networks, refineries, fertilizer-production facilities, and
power infrastructure may provide opportunities for shared feedstock handling, product
upgrading, and utility provision.

6.5. Pathway Screening and Incremental Assessment

On the basis of the preceding analysis, candidate biorefinery pathways should be
evaluated sequentially in terms of feedstock compatibility, stream quality, continuous
operation, incremental economic and environmental consequences relative to an explicit
baseline, circular utilization, and product qualification and market access. They should not
be ranked solely according to unit-level conversion performance, primary-product yield,
or theoretical product value (Figure 8).

GATE 1: GATE 2: GATE 3: GATE 5:

FEEDSTOCK FIT STREAM QUALITY CONTINUOUS INCREMENTAI PRODUCT ACCESS
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Figure 8. Author-derived conceptual framework for sequential pathway screening and engineering
feedback in circular biorefineries. The screening stages cover feedstock compatibility, stream quality,
continuous engineering performance, incremental economic and environmental consequences, circu-
lar utilization, and product qualification and market access. The framework is not a quantitatively
validated scoring model.
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Feedstock compatibility depends on moisture content, biodegradability, structural
characteristics, ash content, contaminant load, and supply stability. For pathways that
require energy-intensive drying, extensive purification, or long-distance transportation of
low-density feedstocks, the associated front-end processing and logistics burdens should
be included in the assessment.

Stream quality should be evaluated according to the intended downstream use. Fer-
mentation substrates should be assessed in terms of fermentable-sugar concentration,
inhibitor levels, and salt content. Lignin streams intended for catalytic conversion should
be evaluated according to their degree of condensation, abundance of cleavable bonds, ash
content, and sulfur content. Materials-oriented streams should retain the required degree
of polymerization, morphology, or functional groups. Thermochemical feedstocks should
meet process-specific requirements for moisture content, ash content, and key inorganic
elements. If low-severity separation already satisfies downstream requirements, further
increases in purity or recovery generally lack a system-level justification.

Assessment under continuous operating conditions should cover actual feedstocks,
feeding at high solids contents or loading rates, complete mass and energy balances, heat
integration, recycle-stream make-up and purge requirements, catalyst or biocatalyst service
life, fluctuations in product quality, and multicycle recycling of solvents and process water.
Slagging, corrosion, membrane fouling, equipment blockage, unplanned shutdowns, and
impurity accumulation should also be considered. Unit-level performance demonstrated
with model substrates or in batch experiments cannot, by itself, establish the engineering
applicability of a complete pathway.

Incremental system benefits should be assessed relative to an explicitly defined base-
line pathway. The baseline should provide the same principal function as the candidate
pathway and should use a consistent feedstock basis, plant capacity, functional unit, cost
year, energy mix, and system boundary. Depending on the assessment objective, the base-
line may be the existing waste-management route, a single-product biorefinery, or the
same process configuration without the additional separation, conversion, or recycling unit
being evaluated.

The economic assessment should compare the additional annual revenues from prod-
ucts and marketable energy, utility savings, and avoided treatment or disposal costs with
the annualized additional capital expenditure, operating expenditure, and costs associated
with product testing, contaminant control, certification, and market access. All economic
terms should use consistent currency bases, price years, capacity factors, and annualization
methods. Carbon credits, policy subsidies, and waste-treatment compensation should be
examined in separate scenarios rather than incorporated into the primary economic result
without distinction. This relationship is intended as an accounting structure for defining
the incremental terms that should be included; it does not replace a complete TEA.

Environmental changes should be assessed for the same baseline, functional unit, and
system boundary and should be reported separately for GWP, cumulative energy demand,
water consumption, acidification, eutrophication, and the toxicity indicators included in
the selected life cycle impact-assessment method. A candidate pathway can be described as
a Pareto improvement only when at least one predefined environmental indicator improves
and no other assessed indicator worsens after uncertainty is considered. When some
indicators improve and others worsen, the result should be reported as a trade-off rather
than as an overall environmental improvement. Its interpretation should consider the goal
and scope of the assessment, the absolute and relative magnitude of each change, data and
model uncertainty, regional water and energy conditions, and regulatory or product-safety
constraints. Indicators associated with mandatory limits, such as contaminant release
or product-safety requirements, should be treated as constraints rather than offset by
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improvements in other categories. If normalization, weighting, or a composite score is
used to support a decision, the unaggregated results, weighting basis, and sensitivity of
the conclusion to alternative weights should also be reported. This procedure provides
a conceptual structure for incremental environmental assessment and does not replace a
complete LCA [163].

The assessment of circular utilization and product qualification should consider both
process compatibility and product quality. Recycling a stream should not result in the
continued accumulation of salts, inhibitors, ash, metals, or recalcitrant organic compounds.
Fuels, materials, fertilizers, and chemicals produced within the system should meet the
quality, safety, performance, traceability, and feedstock-origin requirements applicable in
their intended regional markets. Streams that fail to meet the requirements for their stated
uses should not be counted as qualified coproducts when economic or environmental sys-
tem benefits are calculated. If any assessment criterion is not satisfied, the feedstock source,
separation severity, conversion process, contaminant-control strategy, product portfolio,
intended market, or plant capacity should be adjusted accordingly. Only pathways that
satisfy all relevant criteria should proceed to further pilot-scale, demonstration-scale, or
commercial-scale development. Figure 8 summarizes the sequential pathway-screening
framework, while Table 6 specifies the measurable bases, decision rules, and revision

options for each screening stage.

Table 6. Measurable bases and revision rules for sequential pathway screening.

Screening Stage

Measurable Basis

Decision Rule

Revision Following a
Negative Result

Feedstock
compatibility

Moisture and ash contents
with stated basis; component
composition;
biodegradability; salinity;
relevant contaminant
concentrations; recoverable
annual supply; seasonal
variability; storage loss;
collection radius

The measured feedstock
properties must remain
within the feed envelope and
contaminant tolerance of the
proposed handling and
conversion units, and the
recoverable supply must
support the selected plant
capacity

Apply source segregation,
blending, dewatering,
washing, stabilization, or
alternative storage; select
another conversion route;
reduce plant capacity; or
change the feedstock supply
region

Stream quality

Component concentration
and recovery; inhibitor, salt,
ash, residual-solvent, and
contaminant concentrations;
moisture state; structural
descriptors required by the
receiving process or product

Each stream must meet the
acceptance specifications
defined by the receiving
conversion unit or target

product; additional purity is
not required once these
specifications are met

Adjust separation severity,
washing, detoxification,
concentration, solvent
recovery, or stream
allocation; redirect a
noncompliant stream to a
more tolerant process

Continuous
engineering
performance

Throughput, mass- and
energy-balance closure,
campaign duration,
operating availability,
product-quality variation,
catalyst or biocatalyst
stability, membrane flux,
corrosion, fouling, blockage,
and recycle-loop
composition

The integrated pathway
must maintain the
predefined throughput and
product specifications over
the stated campaign while
meeting mass- and
energy-balance and
equipment-reliability
requirements

Modify feeding and solids
handling, heat integration,
reactor configuration,
catalyst or membrane
management, purge rate,
redundancy, maintenance
schedule, or operating scale
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Table 6. Cont.

Screening Stage

Measurable Basis

Decision Rule

Revision Following a
Negative Result

Incremental economic
and environmental
consequences

Annualized incremental
revenue and cost relative to
the baseline; GWP,
cumulative energy demand,
water consumption,
acidification, eutrophication,
and toxicity indicators using
a consistent functional unit
and system boundary

The additional unit should
provide non-negative
incremental economic value
under the defined scenario
and meet the predefined
environmental decision rule
without violating regulatory
or safety constraints

Remove or simplify the
additional unit; alter heat or
utility integration; change
product allocation, recovery
efficiency, plant scale, or
baseline configuration; or
report the result as an
unresolved trade-off

Circular utilization

Carbon, energy, water,
solvent, and nutrient
recovery; fresh make-up;
purge fraction; impurity
accumulation; recovery
energy demand; quantity of
qualified recovered products;
residual disposal

Recycle loops must approach
a controllable composition
without exceeding process or
product limits, and
recovered outputs must have
a qualified use that provides
a system-level advantage
over treatment or disposal

Increase purification or
purge, reduce the recycling
ratio, change the receiving
unit, redirect the stream to

energy recovery or treatment,
or discontinue recycling

Product qualification
and market access

Applicable product
specifications; contaminant
and pathogen limits;
feedstock-origin and
traceability requirements;
production volume relative
to accessible market capacity

The product must satisfy the
requirements of the intended
regional market and have
sufficient accessible demand
at the planned production
scale

Add product upgrading or
contaminant removal;
change product grade, use,
or intended market; reduce
production scale; redirect the
stream to an alternative use;
or treat it as a residual
stream

Note: Numerical thresholds are pathway- and region-specific and should be obtained from the
receiving-unit operating envelope, product specifications, applicable regulations, project design basis,
and predefined TEA and LCA decision criteria. The table provides measurable decision rules rather
than universal acceptance values.

6.6. lllustrative Application of the Framework to Two Contrasting Feedstocks

To illustrate the sequential application of the proposed framework, two contrasting
feedstocks are considered: air-dried cereal straw as a relatively dry lignocellulosic residue
and dewatered municipal sewage sludge as a high-moisture organic waste. These cases
are illustrative pathway-screening exercises rather than quantitative process designs or
claims of universally optimal configurations. The specific pathway selected for either
feedstock would require confirmation using measured feedstock properties, product speci-
fications, regional supply conditions, continuous-operation data, and consistent TEA and
LCA boundaries. Table 7 summarizes how the six framework modules lead to different
processing decisions for the two cases.

For air-dried cereal straw, the principal feedstock constraints are lignocellulosic recal-
citrance, seasonal and geographically dispersed supply, low bulk density, and the possible
presence of alkali metals, chlorine, silica, and soil-derived impurities [24,26,34,39,40]. If
the intended product portfolio comprises a fermentation product and a lignin-derived
product, front-end treatment must increase cellulose accessibility and recover a usable
hemicellulose stream without generating inhibitor concentrations that exceed the toler-
ance of the selected microorganism. At the same time, the treatment should limit lignin
condensation if the lignin stream is intended for catalytic depolymerization or polymer
production [36,37,46-53]. Separation severity should therefore be increased only until the
cellulose-rich and lignin-rich streams satisfy their respective downstream requirements.
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Greater delignification or hemicellulose solubilization would not be justified if it increases
sugar degradation, solvent-recovery demand, salt loading, or lignin condensation without
improving the yield of specification-compliant final products. The cellulose-rich solid can
be directed to enzymatic hydrolysis and fermentation, the hemicellulose-derived liquid
can be used for fermentation or oligosaccharide production when its concentration and
inhibitor levels are suitable, and the lignin stream can be directed to catalytic or materials-
oriented utilization when its structure and purity are adequate. Lignin or solid residues
that do not meet these requirements can instead be used for process-energy generation or
thermochemical conversion. Solvent and process-water recycling should include purifica-
tion or partial discharge to prevent the accumulation of organic acids, phenolic compounds,
salts, and degradation products [64—68].

Table 7. Sequential application of the six-module framework to two contrasting illustrative feedstocks.

Framework Module

Air-Dried Cereal Straw

Dewatered Municipal
Sewage Sludge

Principal Decision
Resulting from the
Framework

Feedstock
characterization

Relatively low moisture
content; high cellulose,
hemicellulose, and lignin
contents; structural
recalcitrance; low bulk
density; seasonal and
dispersed supply; possible K,
Cl, Si, ash, and soil
contamination

High residual moisture
content; biodegradable and
recalcitrant organic matter;
high nitrogen, phosphorus,
and ash contents; possible

pathogens, heavy metals,
salts, and organic
contaminants

Straw requires attention to
structural accessibility, ash
chemistry, and logistics,
whereas sludge requires wet
handling, contaminant
characterization, and
nutrient and ash balances

Selective separation

Size reduction followed by

hydrothermal, chemical, or

solvent-based fractionation
according to the required

sugar concentration,
inhibitor level, cellulose
accessibility, and lignin
structural quality

Screening, grit removal,
homogenization, mechanical
dewatering, and solid-liquid

separation; extensive
molecular fractionation is
generally not the initial
priority

Separation severity is
governed by downstream
stream quality for straw but
by dewatering, contaminant
partitioning, and process
compatibility for sludge

Process integration

Enzymatic hydrolysis and
fermentation of
carbohydrate streams;
catalytic or
materials-oriented use of
qualified lignin;
thermochemical or energy
use of unsuitable residues

AD of readily biodegradable
organic matter; possible
HTC or HTL of dewatered
digestate or recalcitrant wet
solids; treatment or
utilization of hydrothermal
aqueous streams

Straw favors
component-specific
biochemical, catalytic, and
thermochemical allocation,
whereas sludge favors
sequential wet biochemical
and hydrothermal
processing

Product portfolio

Fermentation products,
oligosaccharides or
sugar-derived products,
lignin-derived chemicals or
materials, process energy,
and possibly char

Biogas, recovered
phosphorus or other nutrient
products, hydrochar or
biocrude, and process energy

Products are retained only
when stream yield,
purification requirements,
structural quality,
contaminant levels, and
market capacity support
their qualification and sale
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Table 7. Cont.

Framework Module

Air-Dried Cereal Straw

Dewatered Municipal
Sewage Sludge

Principal Decision
Resulting from the
Framework

Systems assessment

Major variables include
feedstock collection and
storage, enzyme and solvent
consumption, inhibitor
control, product
concentration, solvent
recovery, process-water
treatment, and residue

Major variables include
dewatering, methane
leakage, high-pressure
processing, aqueous-stream
treatment, ammonia
management, contaminant
fate, and qualification of

TEA and LCA priorities
differ because the dominant
burdens arise from structural

fractionation and logistics
for straw but from water
management and
contaminant control for

utilization nutrient and char products sludge
Continuous high-solids Contmuou's wet feedmg, .
reactor stability, ammonia Both pathways require

feeding, mixing, solvent

inhibition, corrosion, solids

validation using actual

Engi i li 1 . .
| ohetheerng recycling, catalyst or enzyme handling, pathogen control, feedstocks under continuous
implementation lifetime, and seasonal ; X R
. and multicycle operation, but their principal
feedstock supply require . . .
L aqueous-stream recycling scale-up risks are different
validation . S
require validation
Recover solvent and water Recycle centrate or
when their quality remains hydrothermal aqueous
compatible with streams only within the
fractionation and tolerance limits of AD or Circularity is constrained by
fermentation; use lignin-rich other receiving processes; different limiting impurities
Recycling strategy or solid residues internally recover nutrients when and should not be evaluated

when higher-value
utilization is not justified;
apply purification or partial
discharge when impurities

qualified; apply purification,

bypass treatment, or partial
discharge to control

ammonia, salts, metals, and

solely by the percentage of
material recycled

accumulate recalcitrant organics

Note: The configurations are illustrative and are not intended to represent universally optimal
pathways. Final pathway selection requires feedstock-specific compositional data, defined product
specifications, regional logistics and market information, continuous-operation evidence, and TEA
and LCA conducted using consistent baselines and system boundaries. AD, anaerobic digestion;
HTL, hydrothermal liquefaction; HTC, hydrothermal carbonization; TEA, techno-economic analysis;
LCA, life cycle assessment.

For dewatered municipal sewage sludge, the principal constraints are high residual
moisture content, heterogeneous organic matter, substantial nitrogen, phosphorus, and
ash contents, and the possible presence of pathogens, heavy metals, salts, and organic
contaminants [27-29,41-43]. The front-end objective is therefore not extensive molecular
fractionation but the removal of grit and extraneous materials, homogenization, mechan-
ical dewatering, and, where required, the separation of liquid and solid streams accord-
ing to their contaminant and nutrient contents. Because thermal drying would impose
an additional energy burden, wet conversion should initially be considered. Readily
biodegradable organic matter can be converted by AD, whereas dewatered digestate or
other recalcitrant wet solids can be considered for HTC or HTL when the additional carbon
and energy recovery offsets the requirements for high-pressure operation and aqueous-
stream treatment [72-74,94,95]. The potential product portfolio includes biogas, recovered
phosphorus or other nutrient products, and hydrochar or biocrude. However, nutrient
products and solid carbon products should be counted as marketable coproducts only
when contaminant concentrations and product properties satisfy the relevant requirements.
Otherwise, stabilization, alternative use, energy recovery, or controlled disposal is required.
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Recycling of centrate, hydrothermal aqueous streams, or recovered process water to AD
should be limited by ammoniacal nitrogen, salinity, metals, recalcitrant organic compounds,
and inhibition of the receiving biological process. Purification, bypass treatment, and
partial discharge may therefore provide a more feasible strategy than complete water
recycling [67,68,117-119].

The comparison shows that the same framework does not prescribe a single conversion
train. For the relatively dry lignocellulosic residue, the principal decision is how much
structural fractionation is required to produce carbohydrate and lignin streams compatible
with their intended downstream uses. For the high-moisture sludge, the principal decision
is how to minimize drying and extensive separation while controlling the partitioning
of nitrogen, phosphorus, ash, metals, and other contaminants among gas, liquid, and
solid streams. The corresponding circularity strategies also differ: the straw pathway
emphasizes solvent recovery, process-water management, and internal use of lignin-rich
residues, whereas the sludge pathway emphasizes aqueous-stream treatment, nutrient
recovery, contaminant control, and conditional qualification of char or nutrient products. In
both cases, an additional separation, conversion, or recycling unit should be retained only
if it improves the predefined economic or environmental indicators relative to the baseline
pathway without causing unacceptable burden shifting or preventing product qualification
and market access.

7. Conclusions

The reviewed evidence shows that biorefinery pathway selection should begin with
measured feedstock and stream properties rather than feedstock names or reactor-level con-
version yields. Moisture state, biodegradability, lignocellulosic structure, ash composition,
contaminants, and supply conditions determine front-end handling and conversion compat-
ibility. Because separation changes component concentration, molecular structure, inhibitor
levels, salt loading, and residual-stream composition, its severity should be determined by
the requirements of the receiving process and final product.

The system-level advantages of process integration, multiproduct utilization, and
recycling are conditional on stream yields and quality, purification and utility requirements,
impurity accumulation, market capacity, and regional conditions. The illustrative straw and
sludge applications show that the framework produces different priorities for structurally
recalcitrant dry feedstocks and contaminant-bearing wet wastes rather than prescribing a
single conversion train. Engineering feasibility must be assessed for the complete integrated
chain because commercial maturity of a core reactor does not establish equivalent maturity
for feedstock preparation, product upgrading, process-water management, and residual-
stream treatment.

8. Limitations and Perspectives

The interpretation and application of this review are subject to several evidence and
scope constraints. The available evidence differs in feedstock definition, measurement basis,
operating scale, functional unit, system boundary, and coproduct treatment, which restricts
direct quantitative comparison among studies. By design, the broad pathway-level scope
involves selective rather than exhaustive treatment of individual reaction mechanisms,
catalysts, microorganisms, reactor designs, and product-specific markets. The qualitative
classifications used in the framework are literature-based screening judgments rather than
outputs of a numerical scoring model, and the illustrative straw and sludge applications
do not replace feedstock-specific TEA, LCA, process optimization, or engineering design.
These constraints define the following research priorities.
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Separation and downstream conversion should be jointly optimized. In addition to
reporting delignification, sugar release, or solid recovery, separation studies should
characterize component concentrations, molecular structures, inhibitor levels, salt and
ash contents, and residual solvents. The suitability of the resulting streams should then
be validated in relevant fermentation, catalytic-conversion, or materials-production
processes. Solvent recycling should be evaluated through multicycle experiments
to quantify recovery losses, solvent-composition changes, and compatibility with
downstream processes [67]. Process-water recycling should likewise be assessed over
repeated cycles with attention to inhibitor and salt accumulation, purification demand,
and purge requirements [68].

Mass- and energy-balance analysis using actual feedstocks under continuous oper-
ating conditions should be strengthened. Research should cover feedstocks from
different batches and seasons, feeding at high solids contents or loading rates, contin-
uous conveying, heat integration, and the long-term stability of catalysts, enzymes,
and microbial systems. Complete balances should be established for carbon, nitrogen,
phosphorus, ash, salts, target contaminants, energy inputs, energy recovery, purge
streams, and residual outputs across the integrated pathway.

The comparability of process data and systems assessments should be improved.
Experimental and modeling studies should clearly report feedstock composition,
moisture-content basis, reaction conditions, product specifications, plant capacity,
duration of continuous operation, and the disposition of residual streams. TEA and
LCA studies should additionally report the cost year, functional unit, system boundary,
energy mix, coproduct treatment method, baseline pathway, principal assumptions,
and uncertainty range [164-167].

The applicability boundaries of additional process and recycling units should be
defined explicitly. Separation or recycling severity should be reduced, product uses
should be reconsidered, or the corresponding unit should be omitted when intensive
separation costs exceed the value generated by stream upgrading, when recycling
causes continued accumulation of inhibitors or other impurities, when market capacity
is insufficient to absorb the planned production volume, or when contaminant levels
prevent compliance with applicable product requirements.

Plant configurations should be determined according to regional resource availabil-
ity, infrastructure, and market conditions. The economies of scale associated with
centralized plants should be balanced against transport distances, seasonality, stor-
age losses, and competing feedstock uses. Distributed pretreatment can reduce the
long-distance transportation of low-density feedstocks but increases the number of
processing nodes and the requirements for intermediate-stream management and
quality control [153,157,158]. Machine learning, process simulation, and multiobjec-
tive optimization can link feedstock properties and stream quality with system-level
indicators, but these models should be validated using independent feedstock samples
and data obtained from continuous operation and scale-up studies [168,169].
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