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Abstract

Hydrogen is a strategic energy carrier for decarbonizing hard-to-abate sectors; however,
current production remains fossil-based, while the economics and utilization of renewable
electrolysis depend strongly on the availability and variability of low-carbon electricity.
Thermochemical biomass conversion offers a complementary route because biomass can
be stored, dispatched, and sourced from residues, wastes, and bioeconomy streams. This
study systematically reviews the thermochemical pathways for sustainable hydrogen
production, integrating technical performance, feedstock suitability, process upgrading,
techno-economic feasibility, life-cycle impacts, and decarbonization potential. Following
a PRISMA-based methodology, 111 core studies were included in the systematic review,
while 26 review articles were analyzed separately as the supporting literature. Unlike
previous reviews that primarily centered on technology- and reactor-level comparisons,
the present synthesis places particular emphasis on the economic and deployment condi-
tions governing biomass-to-hydrogen feasibility, including LCOH, plant scale, feedstock
logistics, purification boundaries, and carbon-management assumptions. Gasification ap-
peared in 96 core studies and showed the strongest maturity evidence among the reviewed
thermochemical pathways, including pilot-scale integrated operation with downstream
gas cleaning, water—gas shift, and hydrogen purification, although numerical TRL values
were not consistently reported. Reported H; concentrations ranged from approximately
8-16 vol% in conventional air/oxygen gasification and 30-60 vol% in steam-based gasifi-
cation. Advanced capture-assisted systems achieved 78-81.1 vol% Hj, while pilot-scale
purification reached 98.6 vol%. Reported economic values varied substantially across
metric definitions, plant scales, currencies, and system boundaries. Accordingly, LCOH,
minimum selling price, and hydrogen production cost were treated as distinct metrics, and
original currencies and economic reference years were retained when available rather than
pooled into a single cross-study cost range.

Keywords: biomass gasification; sustainable hydrogen; thermochemical conversion;
techno-economic assessment; life-cycle assessment; carbon capture and storage; circular
economy
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1. Introduction

Global energy systems remain strongly dependent on fossil fuels despite the accel-
erated deployment of renewable energy technologies in recent decades. The rapid indus-
trialization of emerging economies, population growth, urban expansion, digitalization,
and increasing electrification of industrial and transportation sectors continue to drive
global energy demand upward. According to recent international energy assessments,
global energy consumption increased significantly during the last decade, with oil, coal,
and natural gas still accounting for the dominant share of the global energy mix despite
substantial investments in renewable energy infrastructure [1,2]. Although renewable elec-
tricity generation from solar and wind sources has expanded rapidly, fossil fuels continue
to underpin industrial production, transportation, petrochemical manufacturing, fertilizer
synthesis, and large-scale thermal power generation. Consequently, global energy-related
CO; emissions have remained at historically high levels, exceeding 38 Gt in recent years,
highlighting the limitations of current decarbonization trajectories and the complexity of
achieving climate neutrality within highly interconnected industrial systems [1,2]. Beyond
the structural dependence on fossil resources, modern energy systems are increasingly
exposed to external disruptions associated with geopolitical conflicts, climate variability,
supply chain fragility, and infrastructure constraints. These challenges reinforce the need
for diversified, resilient, and low-carbon energy systems capable of improving both energy
security and environmental sustainability [3,4]. Consequently, alternative energy carriers
that support decarbonization while reducing dependence on fossil resources have attracted
growing scientific and industrial interest [5-7].

Among these alternatives, hydrogen has emerged as one of the most promising en-
ergy carriers for enabling deep decarbonization across hard-to-abate sectors, including
steelmaking, heavy transportation, ammonia production, refining, and chemical manu-
facturing. Hydrogen has the highest gravimetric energy density among common fuels;
however, its very low volumetric energy density under ambient conditions represents a
major limitation for storage and transportation. Consequently, compression, liquefaction,
or conversion into chemical hydrogen carriers is generally required, increasing energy
consumption, infrastructure requirements, and overall system costs [8,9]. Nevertheless, de-
spite its increasing relevance within climate mitigation strategies, current global hydrogen
production remains overwhelmingly dependent on fossil fuels. Recent estimates indicate
that approximately 95-96% of worldwide hydrogen production is still generated through
carbon-intensive pathways, particularly steam methane reforming (SMR), partial oxidation,
and coal gasification [9,10].

Steam methane reforming remains the dominant industrial hydrogen production
technology due to its technological maturity, relatively high conversion efficiency, estab-
lished infrastructure, and comparatively low production cost [11-13]. In the SMR process,
methane reacts with steam at elevated temperatures to produce synthesis gas rich in hy-
drogen and carbon monoxide, followed by water-gas shift reactions that further increase
hydrogen yield. Despite its industrial attractiveness, this route generates substantial CO,
emissions and reinforces long-term dependence on natural gas supply chains [8,11]. Fur-
thermore, fossil-based hydrogen systems contribute to “carbon lock-in” dynamics, where
the economic competitiveness and existing infrastructure of methane-derived hydrogen
delay the large-scale adoption of renewable alternatives [14].

The implications of fossil-based hydrogen production extend far beyond the energy
sector because hydrogen is also a critical feedstock for synthetic ammonia and nitrogen
fertilizer production. Conventional Haber-Bosch synthesis depends heavily on hydro-
gen derived from natural gas through SMR, linking fertilizer production directly to fossil
fuel markets [12,13,15,16]. Since ammonia production is highly energy-intensive, fluctua-
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tions in natural gas availability and price volatility can propagate throughout agricultural
commodity markets and global food systems. Consequently, rising gas prices or supply
disruptions may substantially increase fertilizer costs, affecting agricultural productivity,
food affordability, and economic stability at multiple scales [12,13,17]. These interconnec-
tions demonstrate that fossil-based hydrogen systems create systemic vulnerabilities that
extend beyond energy security into the broader water-energy—food nexus.

Several technological strategies have been proposed to reduce the environmental im-
pact of conventional hydrogen production systems. Process intensification, heat recovery
integration, sorption-enhanced reforming, electrified reforming, carbon capture and storage
(CCS), and renewable natural gas utilization have demonstrated potential for improving
process efficiency and reducing net carbon emissions [13,18-20]. Nevertheless, these ap-
proaches still fundamentally depend on methane-based infrastructures and fossil-derived
feedstocks. Therefore, although natural gas may temporarily function as a transitional
fuel supporting energy system flexibility and low-carbon hydrogen deployment [21], its
structural limitations and associated carbon emissions highlight the urgent need for fully
renewable and resilient hydrogen production pathways.

Renewable-powered water electrolysis represents a key pathway for low-carbon hy-
drogen production when coupled with renewable electricity sources such as solar, wind,
geothermal, or hydropower [22-25]. Alkaline water electrolysis (AWE), proton exchange
membrane electrolysis (PEM), and solid oxide electrolysis cells (SOEC) are among the
principal technologies currently investigated, while their integration with renewable en-
ergy systems can contribute to greenhouse-gas mitigation and broader energy-system
decarbonization [22,23,26,27]. However, the economic and operational performance of
electrolysis-based hydrogen remains dependent on renewable-electricity availability, stor-
age, grid integration, infrastructure requirements, and capital costs [26-31]. Therefore,
although renewable electrolysis is a fundamental component of future low-carbon en-
ergy systems, complementary renewable pathways capable of supporting dispatchable
and feedstock-based hydrogen production remain relevant [27,28]. Within this scenario,
biomass-derived hydrogen has emerged as a highly promising complementary pathway
capable of addressing some limitations associated with electricity-driven hydrogen systems.
Biomass represents a chemically stored renewable resource that can support dispatch-
able hydrogen production; however, it is not inherently easy or inexpensive to transport.
Low bulk density, variable moisture content, seasonal availability, dispersed collection
points, heterogeneous particle size, and degradation during storage may substantially
increase handling, preprocessing, storage, and transportation costs. Consequently, the
economic feasibility of biomass-to-hydrogen systems depends on feedstock densification,
regional supply radius, plant location, decentralized preprocessing, and reliable long-
term supply chains [32-37]. Biomass resources include agricultural residues, forestry
by-products, municipal organic waste, industrial residues, algae, sewage sludge, and ligno-
cellulosic feedstocks, many of which remain underutilized despite their substantial energy
potential [29-32].

Thermochemical biomass conversion provides several pathways for producing
hydrogen-rich gas, including gasification, pyrolysis, steam reforming, hydrothermal gasifi-
cation, and supercritical water gasification (SCWG) [29,33]. Among these routes, biomass
gasification is one of the most mature and widely investigated because of its feedstock
flexibility, scalability, and compatibility with downstream hydrogen-upgrading technolo-
gies [29,30,33]. Steam- and oxygen-assisted configurations can enhance hydrogen-rich
syngas production, whereas hydrothermal and supercritical-water routes are particu-
larly relevant for high-moisture feedstocks that would otherwise require energy-intensive
drying [29,30,33].
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Current developments increasingly focus on process intensification through cat-
alytic conversion, water—gas shift integration, CO, sorption, staged reactors, gas clean-
ing, and hydrogen separation to improve hydrogen yield, purity, and overall process
efficiency [34,38—40]. These advances demonstrate that the performance of biomass-to-
hydrogen systems depends not only on the primary thermochemical conversion step but
also on the integration of downstream upgrading and purification processes.

Recent research has increasingly focused on integrating thermochemical biomass
conversion with renewable electrolysis systems to improve process efficiency and overall
sustainability. Hybrid systems combining photovoltaic-powered electrolysis with biomass
gasification have demonstrated significant synergies, particularly through the reutilization
of oxygen generated during electrolysis as a gasifying agent in oxy-steam gasification
systems [34,35]. Consequently, biomass and electrolysis are increasingly viewed not as
competing pathways but as complementary technologies capable of enabling more resilient
and integrated renewable hydrogen systems [34,35].

In addition to their energy advantages, biomass-to-hydrogen systems strongly align
with circular economy principles because they enable waste valorization, resource recovery,
and decentralized carbon management [15,18,19,30-32]. Agricultural residues, forestry
waste, industrial by-products, and municipal organic waste can be valorized through
waste-to-energy pathways to produce useful energy carriers, while supporting improved
waste management and reducing the environmental impacts associated with disposal [36].
Furthermore, integrating biomass conversion systems with carbon capture technologies,
biochar stabilization, and renewable electricity inputs may enable low-carbon or even
carbon-negative hydrogen production pathways [18,30,31]. These characteristics position
thermochemical biomass conversion as a potentially strategic component within future
sustainable and circular energy systems.

Nevertheless, despite substantial progress in recent years, several technical, economic,
and operational barriers continue to limit the large-scale deployment of biomass-derived
hydrogen systems. Feedstock heterogeneity, variable moisture content, ash accumulation,
tar formation, catalyst deactivation, reactor fouling, gas cleaning requirements, logistics
complexity, and uncertain techno-economic feasibility remain critical challenges [29,33].
Although numerous reviews have examined individual aspects of biomass-to-hydrogen
technologies, including gasification, catalytic reforming, and reactor optimization, few stud-
ies have integrated techno-economic performance, life-cycle environmental assessment,
bioenergy with carbon capture and storage BECCS integration, hydrogen purification,
renewable hybridization, and scalability within a single systematic framework. Bioenergy
with carbon capture and storage (BECCS) combines biomass conversion with the capture,
transport, and permanent geological storage of biogenic CO,. When biomass regrowth,
upstream supply-chain emissions, capture efficiency, CO, transport, and storage perma-
nence are properly accounted for, BECCS may result in net-negative life-cycle emissions.
However, carbon-negative performance cannot be assumed solely because biomass and
carbon capture are used; it must be demonstrated through transparent life-cycle carbon
accounting [41-43]. Although several previous reviews have compared thermochemical
pathways for biomass-derived hydrogen production, their primary emphasis has generally
been on conversion technologies, reactor performance, catalysts, and hydrogen-rich syngas
production. Consequently, the novelty of the present review does not lie in introducing
a new thermochemical pathway or in repeating a technology-by-technology comparison.
Instead, it provides a systematic, system-level assessment with particular emphasis on
the economic and deployment conditions governing the feasibility of these technologies.
The analysis integrates hydrogen performance with CAPEX, OPEX, LCOH, plant scale,
feedstock logistics, purification requirements, financial assumptions, life-cycle carbon in-
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tensity, CCS/BECCS integration, and technology readiness across 111 original studies. By
linking technical performance with economic, environmental, and deployment-related
boundaries, this review aims to identify not only how biomass-to-hydrogen technologies
perform, but also the conditions under which specific pathways may become technically,
economically, and environmentally viable at relevant deployment scales. Furthermore,
the review identifies current research gaps, scale-up challenges, and future opportunities
for integrating biomass conversion technologies into resilient, circular, and sustainable
hydrogen production systems.

2. Materials and Methods
2.1. Study Design and Literature Search

This study was conducted as a Systematic Literature Review (SLR) focused on ther-
mochemical biomass conversion for sustainable hydrogen production. The review was
developed and reported according to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA 2020) framework to ensure methodological transparency,
reproducibility, and rigorous evidence selection [37]. The methodological structure was
additionally informed by systematic review frameworks adapted for engineering-oriented
research, which organize the review process into planning, conducting, and reporting
phases [38]. Given the multidisciplinary nature of biomass-derived hydrogen systems and
the heterogeneity of feedstocks, reactor configurations, operating conditions, hydrogen
purification technologies, economic assumptions, and life-cycle boundaries, a structured
thematic synthesis was adopted rather than a quantitative meta-analysis. The methodologi-
cal approach was also aligned with recent PRISMA-compliant reviews in renewable-energy
and advanced-energy research [44,45].

The review was guided by six research questions:

RQ1: What are the main thermochemical biomass conversion pathways investigated
for sustainable hydrogen production, and how do they differ in terms of maturity, process
integration, and hydrogen-oriented performance?

RQ2: Which biomass feedstocks are most suitable for thermochemical hydrogen
production, and how do feedstock properties influence pathway selection, pretreatment
requirements, hydrogen yield, and syngas quality?

RQ3: What technical performance indicators are reported for biomass-based hydro-
gen systems, including Hj yield, H, concentration, H, recovery, final H, purity, syngas
composition, conversion efficiency, operating conditions, and purification requirements?

RQ4: What techno-economic indicators are reported for biomass-derived hydrogen
systems, including CAPEX, OPEX, LCOH, payback period, NPV, IRR, TRL, cost drivers,
and sensitivity parameters?

RQ5: What environmental and decarbonization indicators are used to evaluate
biomass-derived hydrogen systems, including LCA boundaries, carbon intensity, CO,
mitigation potential, CCS/BECCS integration, and carbon-negative performance?

RQ6: What are the principal technological barriers, process-integration opportunities,
scale-up challenges, and future research directions for large-scale deployment of sustainable
biomass-derived hydrogen systems?

A systematic literature search was performed in Scopus, Web of Science (WoS), and
IEEE Xplore because of their broad coverage of energy engineering, hydrogen systems,
thermochemical conversion technologies, and environmental assessment. The search
strategy combined predefined keyword groups and Boolean operators related to biomass
feedstocks, hydrogen production, thermochemical conversion, and techno-economic or
environmental assessment. The semantic structure of the search strategy and keyword
categorization adopted for the systematic literature review is summarized in Table 1.
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Table 1. Semantic search structure and keyword categorization adopted for the systematic
literature review.

Layer Category Search Terms
(“biomass” OR “lignocellulosic biomass” OR “agricultural residues” OR “forestry

SL1 Biomass residues” OR “municipal biowaste” OR “sewage sludge” OR “algal biomass” OR
“microalgae” OR “macroalgae” OR “seaweed”)

SL2 Hydrogen Production AND (“green hydrogen” OR “hydrogen production” OR “biohydrogen”)

SL3 Thermochemical Conversion AN.D' ( g.astflcatlc‘)’n OR pyro%yms OR s.teagl reforming” OR “supercritical water
gasification” OR “thermochemical conversion”)

SL 4 Techno-economic and Environmental ~ AND (“LCOH” OR “CAPEX” OR “OPEX” OR “techno-economic analysis” OR “life cycle

Assessment assessment” OR “LCA” OR “BECCS” OR “carbon capture” OR “decarbonization”)

Based on the semantic structure presented in Table 1, the principal integrated search
script was developed as shown in Table 2. This query provided the core retrieval framework
for identifying scientific literature related to thermochemical biomass conversion pathways
for sustainable hydrogen production.

Table 2. Integrated search script used for the systematic literature review query.
Database Search Field/Syntax Complete Search String
TITLE-ABS-KEY ((“biomass” OR “lignocellulosic biomass” OR “agricultural residues” OR
“forestry residues” OR “municipal biowaste” OR “sewage sludge” OR “algal biomass” OR
“microalgae” OR “macroalgae” OR “seaweed”) AND (“green hydrogen” OR “hydrogen
Scopus TITLE-ABS-KEY production” OR “biohydrogen”) AND (“gasification” OR “pyrolysis” OR “steam reforming” OR

“supercritical water gasification” OR “thermochemical conversion”) AND (“LCOH” OR
“CAPEX” OR “OPEX” OR “techno-economic analysis” OR “life cycle assessment” OR “LCA” OR
“BECCS” OR “carbon capture” OR “decarbonization”))

Web of Science Core
Collection

TS = ((“biomass” OR “lignocellulosic biomass” OR “agricultural residues” OR “forestry residues”
OR “municipal biowaste” OR “sewage sludge” OR “algal biomass” OR “microalgae” OR
“macroalgae” OR “seaweed”) AND (“green hydrogen” OR “hydrogen production” OR
“biohydrogen”) AND (“gasification” OR “pyrolysis” OR “steam reforming” OR “supercritical
water gasification” OR “thermochemical conversion”) AND (“LCOH” OR “CAPEX” OR “OPEX”
OR “techno-economic analysis” OR “life cycle assessment” OR “LCA” OR “BECCS” OR “carbon
capture” OR “decarbonization”))

IEEE Xplore

((“biomass” OR “lignocellulosic biomass” OR “agricultural residues” OR “forestry residues” OR
“municipal biowaste” OR “sewage sludge” OR “algal biomass” OR “microalgae” OR
“macroalgae” OR “seaweed”) AND (“green hydrogen” OR “hydrogen production” OR

All Metadata “biohydrogen”) AND (“gasification” OR “pyrolysis” OR “steam reforming” OR “supercritical

water gasification” OR “thermochemical conversion”) AND (“LCOH” OR “CAPEX” OR “OPEX”
OR “techno-economic analysis” OR “life cycle assessment” OR “LCA” OR “BECCS” OR “carbon
capture” OR “decarbonization”))

The principal database search was executed on 16 January 2026 and covered publica-
tions from 2010 up to that date. The complementary technical searches were conducted
using the same database-specific search fields and predefined eligibility criteria, while
omitting the SL4 techno-economic/environmental block. During the revision stage, a
supplementary literature update was conducted on 20 June 2026 using Scopus, Web of
Science Core Collection, and IEEE Xplore to identify newly published studies within the
same review scope, with particular attention to microalgae, macroalgae, seaweed, inte-
grated water—gas shift systems, and multigeneration configurations. Records identified
during this update were screened using the same inclusion and exclusion criteria applied
to the principal search and, when eligible, were incorporated into the final set of 111 core
studies rather than analyzed as a separate dataset. In addition to the integrated search
script shown in Table 2, complementary technical searches were conducted without the SL4
techno-economic/environmental block to retrieve studies focused primarily on technical
performance, process integration, and hydrogen purification.
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During the revision stage, a targeted supplementary update was conducted in
June 2026 to identify newly published peer-reviewed studies relevant to the review scope,
including studies on microalgae, macroalgae, seaweed, integrated water—-gas shift sys-
tems, and multigeneration configurations. Earlier foundational studies identified through
backward reference screening were also retained when they met the predefined eligibility
criteria. These supplementary records were incorporated into the thematic synthesis and
documented in the study-level evidence matrix to preserve methodological transparency
and traceability.

2.2. Eligibility and Study Selection

Peer-reviewed English-language journal articles indexed in Scopus, Web of Science, or
IEEE Xplore were considered eligible when they addressed hydrogen production through
thermochemical biomass conversion and reported at least one relevant technical, techno-
economic, environmental, process-integration, hydrogen-purification, or carbon-mitigation
indicator. Full-text availability was required. Studies focused exclusively on biochemical
hydrogen production, catalyst chemistry without system-level energy analysis, or topics
without explicit relevance to hydrogen production were excluded. Duplicate records,
inaccessible full-text articles, grey literature, institutional reports, patents, unpublished
theses, editorials, conference summaries, opinion papers, and commentaries lacking an
explicit methodology were also excluded [37].

The study-selection process followed the PRISMA 2020 workflow [37] and comprised
four stages: identification, screening, eligibility assessment, and final inclusion. Records
retrieved from the selected databases were exported to a reference-management system for
duplicate removal, followed by title-and-abstract screening according to the predefined
eligibility criteria. Potentially relevant studies subsequently underwent full-text assessment,
and articles that did not meet the inclusion criteria were excluded from the final evidence
base. The methodological sequence is summarized in Figure 1.

Title-and-abstract screening and subsequent full-text eligibility assessment were ini-
tially performed by one reviewer using the predefined inclusion and exclusion criteria.
A second reviewer independently verified the eligibility decisions, particularly for poten-
tially ambiguous records. Any discrepancies were discussed until consensus was reached
before final inclusion or exclusion. This verification procedure was used to reduce selection
bias and improve the reproducibility of the study-selection process.

After duplicate removal, 4874 records underwent title-and-abstract screening. A total
of 4740 records were excluded at this stage because they did not meet the predefined scope
and eligibility criteria, leaving 134 reports for full-text retrieval and eligibility assessment.
All 134 reports selected for full-text assessment were successfully retrieved. Following
full-text evaluation, 23 reports were excluded because they did not satisfy the predefined
eligibility criteria: eight were outside the thermochemical biomass-to-H, scope, six focused
exclusively on catalysts without system-level hydrogen assessment, five lacked sufficient
hydrogen-production relevance or quantitative system-level data, and four failed to meet
other predefined eligibility criteria. This resulted in 111 original studies included in the
final systematic evidence base.

The final systematic evidence base comprised 111 original studies, while 26 review
articles were retained separately as supporting literature for contextualization, comparison
with previous reviews, and research-gap identification. The review articles were not
merged with the primary evidence base used for the systematic synthesis. The quantitative
study-selection and classification process is presented in the PRISMA flow diagram in
Figure 2.
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Figure 2. PRISMA 2020-based flow diagram of the study selection and classification process.
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2.3. Data Extraction and Evidence Synthesis

A standardized evidence-extraction framework was used to systematically collect and
classify information from the selected studies. The extracted variables covered general
study information; biomass type and characteristics; thermochemical conversion pathway
and reactor configuration; operating conditions; H; yield, H, concentration, syngas compo-
sition, H recovery, final H, purity, and conversion efficiency; techno-economic indicators
such as CAPEX, OPEX, LCOH, payback period, and TRL; environmental indicators includ-
ing COy-equivalent emissions, life-cycle assessment results, carbon-reduction potential,
and BECCS integration; and system-integration characteristics such as carbon capture,
renewable hybridization, heat recovery, and process intensification.

For study-level transparency, reproducibility, and traceability, the complete evidence-
extraction matrix for the 111 core studies is provided in Supplementary Table S1. The matrix
includes bibliographic information, feedstock or system classification, thermochemical
pathway, process-integration strategy, evidence type, study scale, hydrogen-performance
indicators, techno-economic and environmental assessment coverage, CCS/BECCS integra-
tion, and mapping to the corresponding manuscript sections and main-text tables.

Data extraction was initially performed by one reviewer using the predefined evidence-
extraction framework. A second reviewer subsequently verified the extracted information
against the original articles, with particular attention to quantitative technical, techno-
economic, environmental, and hydrogen-purification indicators. Any inconsistencies or
ambiguous data were rechecked in the source article and resolved through discussion and
consensus before inclusion in the final evidence matrix. This verification procedure was
applied to improve consistency, reduce extraction errors, and strengthen the reliability of
the synthesized evidence.

Evidence synthesis was conducted at two complementary levels. First, descriptive
synthesis was used to identify publication trends, dominant thermochemical pathways,
geographical distribution, feedstock prevalence, and frequently reported performance
indicators. Second, structured thematic synthesis was conducted for gasification systems,
pyrolysis and reforming pathways, supercritical-water gasification, hydrogen purification
technologies, techno-economic feasibility, life-cycle environmental impacts, BECCS integra-
tion, renewable hybrid configurations, and scalability challenges. Comparative analyses
were emphasized only when studies reported sufficiently comparable operating conditions
and performance metrics.

Because the evidence base exhibited substantial heterogeneity in biomass feed-
stocks, reactor designs, operating conditions, economic assumptions, functional units,
life-cycle boundaries, and carbon-accounting methodologies, a unified quantitative meta-
analysis was not considered appropriate. Restricting the review to English-language
peer-reviewed articles may also have excluded relevant regional studies and industrial
reports, while rapidly evolving pilot-scale developments may not yet be fully repre-
sented in the indexed scientific literature. Nevertheless, the adopted approach provides
a structured and reproducible framework for critically synthesizing thermochemical
biomass-to-hydrogen systems.

To account for differences in study design, scale, validation, and reporting quality,
an evidence-confidence assessment was incorporated into the study-level evidence ma-
trix. Because the reviewed evidence includes experimental studies, process simulations,
techno-economic assessments (TEA), life-cycle assessments (LCA), and pilot-scale demon-
strations, a single conventional risk-of-bias tool was not considered appropriate for all
study types. Instead, evidence confidence was evaluated according to four common criteria:
(i) methodological transparency and reproducibility; (ii) validation or empirical support
appropriate to the study design; (iii) representativeness of the investigated scale and oper-
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ating conditions; and (iv) completeness of assumptions, system boundaries, uncertainty,
and sensitivity reporting. Studies were classified as High, Moderate, or Low confidence.
High-confidence studies showed strong methodological reporting, appropriate valida-
tion, and experimentally or operationally supported conditions; Moderate-confidence
studies provided adequate methodological information but had limitations in validation,
scale, duration, or uncertainty assessment; and Low-confidence studies relied primarily
on conceptual or equilibrium modeling, limited validation, poorly documented assump-
tions, or incomplete system boundaries. This classification was used to contextualize the
quantitative synthesis rather than as an additional exclusion criterion, and the study-level
confidence rating is reported in Supplementary Table S1.

3. Results and Discussion
3.1. Overview of the Analyzed Literature and Comparison with Previous Reviews

The final evidence base was organized to distinguish between original research articles
used for the main systematic synthesis and review articles used as supporting literature for
contextualization and gap identification. As shown in Figure 2, records were retrieved from
Scopus, Web of Science Core Collection, and IEEE Xplore, followed by duplicate removal,
title-and-abstract screening, and full-text eligibility assessment. This process resulted
in 111 core studies included in the systematic literature review and 26 supporting review ar-
ticles analyzed separately to compare previous review scopes, methodological approaches,
and thematic limitations.

The 111 core studies constitute the primary evidence base for analyzing thermo-
chemical conversion pathways, biomass feedstocks, hydrogen production performance,
techno-economic indicators, life-cycle impacts, decarbonization potential, and process
integration strategies. In contrast, the 26 review articles were not merged with the primary
evidence base, but were examined separately to position the present review within the
existing literature and identify unresolved gaps related to BECCS integration, hydrogen
purification, renewable hybridization, scalability, and systematic methodology.

To comprehensively address the research questions (RQ1-RQ6), a comparative analysis
of the main review studies on thermochemical biomass conversion for hydrogen production
was conducted. As shown in Table 3, this analysis enables not only the identification of
current technological and scientific advances, but also the recognition of the principal
methodological, techno-economic, environmental, and scalability limitations that still
persist in the field.

Table 3. Comparative analysis of related review studies on thermochemical biomass conversion
pathways for sustainable hydrogen production and their principal methodological, techno-economic,
and sustainability limitations.

. Techno-
Reference Main Focus Thermochemical Economic LCA/. . BECC'.S Hy.d.r ogen PRISMA Main Limitations Identified
Pathways . Decarbonization Integration Purification
Analysis
Catalytic
. gasification, Focused on catalysts and
Ghodke Catalytic lasma H,-rich syngas; limited
gasification for P / Partial Limited No Partial No 27TICH Syngas;
etal. [46] N microwave, quantitative TEA/LCA
Hj-rich syngas A .
solar, pyrolysis- comparison.
gasification
Hydrogen Gasification, Broad review; limited
Lanjekar from biomass pyrolysis, . . - . integration of TEA, LCA,
etal. [47] thermochemi- reforming, Partial Partial Limited Partial No purification, and BECCS in
cal conversion SCWG one framework.
. . Mini-review; not focused
Bolivar Syngas Reforming, exclusively on H, production
Caballero reforming gasification- No Partial Partial Partial No yonm2p
) . . or full sustainability
etal. [48] from biomass derived syngas

assessment.
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Table 3. Cont.

. Techno-
Reference Main Focus Thermochemical Economic LCA/. . BECC'.S Hy.d rogen PRISMA Main Limitations Identified
Pathways . Decarbonization Integration Purification
Analysis
Syngas Gasification Bibliometric Not centered only on green
Motta . . . . .. Hy; focuses more on gas
cleaning and tar reforming, Partial Partial Limited Yes compo- .
etal. [39] L. O . cleaning than complete H;
conditioning WGS, cleaning nent systems
Steam
. gasification, Strong pathway comparison,
Arregi fﬁ:&fé;ﬂ;ﬁf SCWG, Partial Partial Limited Partial No but older; limited recent
etal. [40] cal H» routes pyrolysis, BECCS/AI/ML and LCOH
2 bio-oil developments.
reforming
Biomass Focused mainly on
Salam asification Yes (PSA, gasification processes and
etal, [49] 8 and H Gasification Limited No No membranes, No purification systems without
) rifica t%on WGS) integrated sustainability or
P economic assessment.
Biomass Primarily focused on catalytic
asification Steam gasification and operating
Cao etal. [50] agn d catalytic gasification, Limited Partial No Partial No conditions without
ovs tem}; SCWG system-level
¥y techno-economic integration.
Thermochemical Pyrolysis, Emphasis on catalysts and
hvdrogen gasification, thermochemical mechanisms
Douetal. [51] r}c; ducgtion reforming, Limited Partial Partial Limited No rather than integrated
tSChnolo ies chemical decarbonization and
& looping scalability assessment.
Catalvtic Catalyst-centered review
Alptekin aay e . . - with limited discussion of
biomass Gasification Partial Partial No Limited No .
etal. [52] asification integrated hydrogen systems
8 and life-cycle sustainability.
Biomass Focused primarily on
hydrogen Gasification, publicati}c::n trend}sl and
et‘/;]lar[l,;s%] proililf}:mn i}f];;)rlx}:isris, Partial Limited No Limited zlbhf;];s;nc hotspot analysis without
T - . &/ PP detailed process integration
bibliometric fermentation
analysis assessment.
Focused mainly on
Biomass gasification technologies
Bartoli gasification for e . L L without broader integration
etal. [54] hydrogen Gasification Yes Partial Limited Limited No of hybrid renewable systems
production and circular bioeconomy
strategies.
Strong system-level
Minh Hydrogen—r;ch Gasification, v Partial Partial Partial N m’tecigrat}on, blut still focused
etal. [55] syngas an pyrolysis es artia artia artia o prec (‘)mllnant y on
sustainability gasification-oriented syngas
production.
Biomass . Focused on syngas quality
Goel chemical Clhen}ifal Partial Y Y Partial N and oxygen carriers; Hy
etal. [56] looping a;)i(f)ii a h%m arta es s arha © purification and LCA/TEA
gasification & not fully integrated.
Carbon Gasification, F . L. d
capture and pyrolysis, OC.L;T%S on 11}1pur1t1eshanA
Huang impurity SCWG, Partial Yes Partial Yes No purification; less emphasis on
etal. [57] removal for chemical feedstock variability and
high-purity H, looping economic scalability.
Setiabudi Bio-oil steam Pyrolysis + Strong catalyst focus; limited
etal. [58] reforming bio-oil Partial Limited No Partial No system-level TEA/LCA and
o toHy reforming BECCS integration.
State-of-the- e
Pande art Gasif(l)(ltasizn, Broad but older; limited
etal [5%1] thermochemi- p %’CV\};G ’ Partial Limited No Partial No BECCS, LCA and recent
o cal reformir{ optimization tools.
biomass-to-H; &
Exergy review Focused on exergy only; lacks
etZ;aF(,go] of steam a;;?ca;ion No Limited No Limited No broader economic, LCA, and
’ gasification 8 BECCS evaluation.
Zhan SCWG from Specialized exergy focus;
etal [ 6g1 ] exergy SCWG No Limited No Limited No limited TEA, purification and
’ perspective decarbonization analysis.
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Table 3. Cont.

. Techno-
Reference Main Focus Thermochemical Economic LCA/. . BECC'.S Hy.d rogen PRISMA Main Limitations Identified
Pathways A . Decarbonization Integration Purification
nalysis
Vuppalada- Pyrolysis Conventional, Focuses on pyr(_)lysls_ ; less
f advanced and . . L . coverage of gasification,
diyam routes for . Partial Partial Limited Partial No :
emerging SCWG and integrated H;
etal. [62] green Hy . e C
pyrolysis purification chains.
. Strong gasification/ catalyst
Valizadeh Grfyfgni{;s:m Catalytic Partial Partial Limited Partial No focus; limited quantitative
etal. [63] asification gasification synthesis of LCOH, LCA and
& BECCS.
Singh Pretreatment Pretreatment + Focuses on feedstock
&l effects on gasifica- Partial Partial Partial No No conditioning; not a full
etal. [64] bi . . . .
io-Hy tion/pyrolysis biomass-to-H; system review.
Ahmed Modeling and Biomass Older modeling review; no
- computational e Partial No No Limited No modern AI/ML, BECCS or
etal. [65] desi gasification . .
esign LCA integration.
Strong on wet
Hydrothermal/ Hydto.the'rmal . .. .. biomass/sludge; limited
Heetal. [66] SCWG of gasification, Partial Limited No Limited No
modern TEA, LCA and
sewage sludge SCWG P . .
purification discussion.
Kumar and V. Blo_—011 Pyrolysis, HTL, ) ) ) Broac?er b_1o—011 upgr'fldlr}g
upgrading and steam Partial Partial No Partial No focus; Hy is one application,
Strezov [67] H . . :
2 production reforming not the only central axis.
Technical,
T economic, Strong global /Brazilian
avares - . O
B environmental Biomass . potential; limited full
orges e Yes Yes Partial Yes No .
and gasification PRISMA-style systematic
etal. [68] - . .
bibliometric screening.
review
Hybrid CLG - .
with biomass Chemical Ir'lcludes. fossil/mineral-rich
Ceron and loopin, Partial Yes Yes No No oil shale; should not be
etal. [69] ping treated as pure green Hy

oil shale

mineral-rich

asification :
& evidence.

Table 3 confirms that technology comparison itself is not a new contribution, since
several previous reviews have already examined gasification, pyrolysis, reforming, super-
critical water gasification, chemical looping, and related biomass-to-hydrogen pathways.
The remaining research gap lies instead in the limited integration of technological per-
formance with economic feasibility and deployment conditions. In particular, previous
reviews have rarely examined within a common evidence framework how plant scale,
feedstock cost and logistics, hydrogen purification requirements, CAPEX and OPEX as-
sumptions, LCOH boundaries, carbon capture, life-cycle performance, and technology
readiness jointly influence the apparent competitiveness of biomass-to-hydrogen pathways.
The present review was therefore structured to address this system-level economic and
deployment gap rather than to provide another purely technological comparison.

Across the 26 prior reviews, several conclusions remain consistent: gasification is
generally identified as the most mature thermochemical route; catalyst selection, tar control,
and gas cleaning are recurrent technical challenges; hydrothermal and supercritical-water
pathways are particularly relevant for wet feedstocks; and downstream syngas upgrading is
required to obtain high-purity hydrogen. These conclusions are consistent with the present
evidence base and confirm that the principal technological trends of biomass-to-hydrogen
conversion are already well established in the literature.

The present review extends this established technological knowledge by linking
reactor-level H, performance with water—gas shift and purification requirements, LCOH
and financial assumptions, feedstock logistics, life-cycle carbon intensity, carbon-capture
performance, technology readiness, operational durability, and deployment scale across
111 original studies. This integrated perspective enables the discussion to move beyond
identifying which technologies are most frequently investigated and toward determin-
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ing the technical, economic, environmental, and deployment conditions under which
individual pathways may be considered viable.

3.2. Evidence-Based Synthesis of the Research Questions

The first level of synthesis was structured around the six research questions defined
in the methodology. This approach was adopted to avoid limiting the discussion to
keyword frequency or publication occurrence. Instead, the selected studies were interpreted
according to pathway maturity, feedstock suitability, H, yield, H, concentration, syngas
composition, H, purification requirements, LCOH, CAPEX, OPEX, GWP, CCS/BECCS
integration, carbon intensity, and scale-up barriers.

The quantitative evidence was interpreted together with the study-level evidence-
confidence classification reported in Table S1. Greater interpretive weight was assigned to
experimentally validated systems, pilot-scale evidence, transparent TEA /LCA assessments,
and validated process models, whereas results derived primarily from conceptual config-
urations, equilibrium simulations, short-duration experiments, or incompletely reported
system boundaries were interpreted more cautiously. Therefore, numerical extremes were
not considered inherently representative of pathway performance solely because they
constituted the highest or lowest reported values.

Table 4 provides an integrated synthesis of the research questions and connects each
question with quantitative and critical evidence extracted from the 111 core studies. The
table is intended to function as an evidence map for the subsequent sections: technical per-
formance is discussed in Section 3.3, techno-economic performance in Section 3.4, feedstock
suitability and scale-up barriers in Section 3.5, life-cycle emissions and decarbonization
performance in Section 3.6, and integrated future priorities in Section 3.7.

Table 4. Evidence-based synthesis of the research questions.

RO Key Evidence Main Finding
RQ1— Gasification is the dominant route in the evidence base and shows the
Thermochemical Gasification appears in 96/111 core studies. Other pathways include strongest maturity evidence, whereas alternative pathways remain
pathways SCWG, pyrolysis, and bio-oil reforming (Table S1). relevant for wet feedstocks, difficult wastes, and advanced H, /CO,

management.

RQ2—Feedstock
suitability

Lignocellulosic/woody/forestry biomass: 75/111; agricultural

residues: 43/111; mixed co-feedstocks: 28/111; MSW /RDF /biowaste:

27/111; bio-oil /intermediates: 20/111; wet streams: 17/111;
algae/microalgae: 10/111 (Table S1).

Dry lignocellulosic biomass favors gasification; wet streams favor
SCWG/hydrothermal routes; MSW /RDF favors waste/plasma
gasification; bio-oil favors catalytic reforming.

RQ3—Technical

Air/oxygen gasification: ~8-16 vol% Hp; steam gasification:
~30-60 vol% H, [70-72]; advanced capture-assisted systems:

Raw syngas and final purified H, must be distinguished; WGS and

performance ~78-81.1 vol% H, [73,74]; final purification: 98.6 vol% [72] and downstream separation strongly affect final H, purity.
99.99 mol% H, [75].
RQ4—Techno- Reported costs range from 1.94 USD/kg H, to 13.75-19.09 USD/kg
omi H; [76,77],2.72 EUR/kg H; to 16.30-24.45 EUR /kg H; [78,79], and Cost is strongly affected by scale, feedstock, purification, CCS/BECCS,
;‘:r)foormacnce 3.16 GBP/kg H, without CCS to 4.17-5.40 GBP/ kg H, with logistics, and system boundaries.
BECCS [41].
RQ5— Life-cycle results range from net-positive to carbon-negative Carbon performance depends on LCA boundaries, auxiliary ener
- configurations [41,80]. CO, capture reaches approximately 90-92% in oonp ance dep . v y 8y,
LCA/decarbonization logistics, H, purification, and CCS/BECCS integration.
advanced waste-to-H; systems [75].
RQ6—Barriers and Main recurring issues: feedstock heterogeneity /logistics (50 studies), ~ Scale-up requires integrated feedstock supply, stable conversion, gas
scale-up TEA/LCOH uncertainty (43), tar/gas cleaning (38), and cleaning, Hy purification, CO, management, competitive cost, and

catalyst/oxygen-carrier stability (22) (Table S1).

pilot validation.

Note: Feedstock categories are non-mutually exclusive because individual studies may evaluate more
than one feedstock type.

The synthesis in Table 4 shows that gasification-based systems constitute the dominant
pathway in the evidence base, but this dominance should not be interpreted as universal
superiority. Gasification appears in conventional fixed-bed, fluidized-bed, pressurized,
dual-stage, catalytic, steam, oxy-steam, sorption-enhanced, chemical-looping, molten-
salt-mediated, plasma-assisted, and BECCS-integrated configurations [41,43,70-75,79-144].
However, the evidence also demonstrates that gasification alone generally produces Hp-rich
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syngas rather than fuel-grade H,. Therefore, downstream gas cleaning, tar reforming, WGS,
CO; removal, drying, compression, PSA, membrane separation, or in situ carbon capture
are required to obtain purified hydrogen [70-72,81,82,92,103,107,111,130,131,136].

The quantitative values presented in Table 4 summarize the range and variability ob-
served across the reviewed evidence base rather than representing isolated best-performing
studies. Detailed study-level results and operating conditions are subsequently presented

in Tables 5-8 and in the complete evidence matrix (Table S1).

Table 5. Quantitative technical performance of thermochemical biomass-to-H, pathways.

Conversion N . Operating ol . S
Pathway Feedstock Configuration Conditions/Scale Quantitative Performance Technical Implication
H, concentration in producer gas:
= 00‘ i e . .
Downdraft gasifier + 15 kWh pilot; 20 kg 14-16 vol%; H, sonf:entratlon a'fter Shows that gasification requires gas
- . . - WGS: 30-33 vol%; final H, purity :
Gasification Wood chips gas cleaning + wood chips; PSA after PSA: 98.6 vol%: CO cleaning, WGS, and PSA to produce
WGS + PSA storage at 55 bar conversion: 94.85%; Hj recovery: high-purity H, [72].
about 95%
s H; concentration: 78 vol%; H; yield: . .
Chemical looping . C;aO—CLG with in Solid circulation rate: ~ 451.11 mL Hj /g biomass; minimum CaO improves H, production,
P Pine sawdust situ CO, capture and 2 . o . captures CO,, and supports tar
gasification X 1.04kg/m*/s CO; concentration: 4.98%; tar X
tar reduction . 3 reforming [74].
concentration: 2.48 g/Nm
Aspen Plus Optimal easification Relative increase in H, production
Gasification + Wood residues; e Eilibrium model + ngz\r 850 °gC' SBR after WGS: 90.3% for wood residues ~ WGS is essential for upgrading raw
staged WGS food waste q ! and 54.8% for food waste; CO syngas toward Hy-rich gas [81].
HT/LTWGS 0.55-0.65
i ’ reduction: up to 93.8%
Bi e H, yield: increased from 37 to 41 g Moderate ER improves H; and
P . iomass gasification . . . . S . .
Gasification with Rice husk with in sita CO Equivalence ratio: H, /kg biomass; syngas yield: syngas yield, but excessive
CO; capture capture 2 0.15-0.25 increased from 2.1 to 2.45 Nm®/kg oxidation can reduce gas
P biomass quality [82].
Average H, concentration:
Sorption- CeO,-modified g}.:ol {oﬁHz yrlleki;ézé H;L I:é é{g Modified CaO-based sorbents
enhanced Biomass Ca0O/CapAl14053 10 cyclic tests lomass; t; COO centratio o and ti enhance WGS/SMR activity and
P . . . yield were 17.4% and 47.3% higher, 3 L
gasification bifunctional material . ; cyclic stability [73].
respectively, than with the
unmodified material
H, yield: 1418 g H, / kg feed for Waste co-gasification can increase
Waste MSW + biomass; Steam gasification + Steam:feed = 2:1; MSW +wood and 201.9 g Hy /kg H, ou u? but LCA and
e MSW + mixed CaO + carbon CaO:feed =0.92:1 feed for MSW + mixed plastic 2 output, :
gasification . . " o o). fossil-carbon accounting must be
plastic waste capture and 0.4:1 waste; final Hy purity: 99.99 mol%; xplicit [75]
CO, capture: 90-92% exphic :
Refractory Plasma gasification + o . Hpyield: 347.04 g H, /kg dry waste;  Technically suitable for difficult
P}aas??caation organic solid reforming + WGS + él/kvl.%%g(slf g;{é) ioig’ H, production efficiency: 65.71%; wastes, but electricity and exergy
8 waste PSA T ’ total energy efficiency: 61.34% demand must be considered [83].

. B Two-stage pyrolysis +  Pyrolysis: 500 °C; Reported H; yield: 58.8%; reported ~ Bio-oil reforming is promising
P};rolysls and E 'or_n 'I/vaste Ni-Fe/PCH catalytic ~ reforming: 800 °C; conversion: 87.3%; stable operation ~ when catalyst stability and coke
reforming 10-ot steam reforming 170 h stability test over170h control are achieved [145].

Hj concentration in
Conventional / Lignocellulosic Gasification chain for Air/ oxygen vs. air/ oxygoen—derlved syngas: Stear_n gasification prm{ldes ]
steam bi . steam gasification 8-16 vol%; H; concentration in Hj-richer syngas but still requires
P iomass purified Hp . i N A
gasification comparison steam-gasification syngas: downstream upgrading [70,71].
30-60 vol%
Catalytic gasification ~ 851 °C; catalyst Algal biomass can produce Hy-rich
Catalytic . with loading: 16.4 wt%; H, concentration: 48.95 mol%; Hy as, but species, catalyst selection,
Y Algal biomass & 8 P Yy
gasification & CaO/Ni/Zn-based reaction time: yield: 37.8 g Hy /kg biomass mineral content, and gas cleaning
material 28.8 min remain decisive [91].
Cladophora Pyrolysis/steam Experimental H, concentration:
Integrated glomerata, gasification followed Approximatel 43.94-48% for Cladophora, 52% for ~ Feedstock species and WGS
pyrolysis— Chlorella by staged WGS 60%12 900°C y Chlorella, and 42% for Gracilaria; integration strongly influence final
gasification vulgaris, and depending on simulated H concentration: H; concentration [146].

Gracilaria gracilis

feedstock and route

approximately 50-52.3%

Note: H; yield values were harmonized to g H,/kg feedstock whenever the reported data allowed direct
conversion. Volumetric yields and percentage-based yields were retained in their original form when a mass-
based conversion could not be performed without additional assumptions. H, concentration refers to the hydrogen
fraction in raw or upgraded gaseous streams, whereas H, purity refers specifically to the hydrogen fraction in the
final separated product after downstream purification. H, recovery refers to the fraction of hydrogen entering a
separation or upgrading unit that is recovered in the hydrogen-rich product stream. Conversion efficiencies are
reported according to the basis specified in the original studies and are not treated as equivalent to Hy yield, Hp
concentration, H, recovery, or final H; purity. H, yield values were harmonized to g H, /kg feedstock whenever
the reported data allowed direct conversion. Volumetric yields and percentage-based yields were retained in their
original form when a mass-based conversion could not be performed without additional assumptions.
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The table also confirms that feedstock suitability is a route-selection criterion rather
than a simple classification variable. Woody and lignocellulosic biomass are mainly asso-
ciated with gasification, WGS, PSA, CCS, BECCS, exergy analysis, and techno-economic
assessment [41,70-72,81,82,87-90,92-95,97,102-114,123,134-136,140,141,147]. Agricultural
and agro-industrial residues, including rice straw, soybean straw, canola straw, olive
pomace, citrus peels, palm residues, corn waste, maize husk, rice husk, oil palm fiber,
and palm rachis, are distributed across steam gasification, oxy-steam gasification, pyro-
gasification, SCWG, bio-oil reforming, co-pyrolysis, chemical looping, TEA, and LCA
studies [77,78,129,138,139,145,148-152]. Wet feedstocks, including sewage sludge, oily
sludge, algae, microalgae, food waste, and other high-moisture residues, are more closely
associated with SCWG, hydrothermal gasification, alkaline pyrolysis, and integrated wet-
route systems. Plasma gasification has been investigated for selected algal and waste-
derived feedstocks, although feedstock conditioning and drying requirements depend on
the specific process configuration [72,76,77,79,86,89,91,104,115-123,146,147,149,153-162].

The quantitative evidence summarized in Table 4 further indicates that performance
comparison must be conducted at the system level. Integrated gasification-WGS modeling
increased Hy production by 90.3% for wood residues and 54.8% for food waste while
reducing CO by up to 93.8% [81]. Pilot-scale gasification followed by WGS and PSA
upgraded producer gas from 14-16 vol% Hj to 30-33 vol% H; after WGS and finally to
98.6 vol% Hj after PSA [72]. CaO-assisted chemical looping and sorption-enhanced systems
reported Hj concentrations around 78-81.1 vol%, H, yield values of 451.11 mL H,/g
biomass or 124 mL H, /g biomass, reduced CO; concentration, and tar reduction [73,74].
Waste-to-H, configurations reported up to 141.8 g H, /kg feed for MSW-wood and 2019 g
H; /kg feed for MSW-mixed plastic systems, with final H, purity of 99.99 mol% and CO,
capture around 90-92% [75].

From an economic perspective, Table 4 highlights strong cost dispersion. USD-
denominated studies reported values from 1.94 USD/kg H, under favorable plant-gate
assumptions to 13.75-19.09 USD/kg H; in remote-community scenarios, whereas EUR-
denominated studies reported values from 2.72 EUR/kg H; to 16.30-24.45 EUR/kg
H; [76-78]. From an environmental perspective, the same synthesis shows that biomass-
derived Hj should not be automatically classified as green. Systems without CCS may
remain net-positive emitters, whereas CCS-/BECCS-integrated configurations can achieve
low-carbon or carbon-negative performance depending on system boundary, electricity
mix, capture rate, storage assumptions, and carbon accounting [41-43,70,71,80,85,102,106,
108,117,122,129,135,137,141,144,148,150,156,163-169].

Overall, Table 4 shows that the key scientific question is not whether biomass can
be converted into Hj-rich gas, but under which feedstock, reactor, purification, techno-
economic, CCS/BECCS, and LCA conditions biomass-derived hydrogen becomes techni-
cally reliable, economically competitive, and environmentally credible.

The evidence indicates that pathway dominance should not be interpreted as techno-
logical superiority. Gasification is the most frequently studied route because of its maturity
and feedstock flexibility, but the most appropriate pathway depends on moisture content,
ash chemistry, impurity profile, required Hj, purity, carbon-capture configuration, plant
scale, and final application. Therefore, the main insight derived from the evidence is that
feedstock-route matching, rather than publication frequency, should be used as the primary
decision criterion for selecting biomass-to-hydrogen technologies.
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3.3. Technical Performance of Thermochemical Biomass-to-H, Pathways
3.3.1. Thermochemical Transformation Mechanisms

Thermochemical conversion of the organic fraction of biomass into hydrogen-
containing gas involves a sequence of interacting decomposition, gasification, reforming,
and shift reactions. During pyrolysis, biomass is initially converted into permanent gases,
condensable vapors and tars, and solid char. Subsequent char gasification with steam
(C + H,O = CO + H;) and carbon dioxide (C + CO, = 2CO), together with steam re-
forming of methane and light hydrocarbons (CHs + H,O = CO + 3H,), contributes to the
formation of Hj- and CO-rich syngas. These reactions are predominantly endothermic
and are generally favored by elevated temperatures. In contrast, the water—gas shift re-
action (CO + H,O = CO; + Hy) is exothermic and plays a central role in increasing the
hydrogen fraction while reducing residual CO. Methanation, carbon deposition, and com-
plete oxidation compete with these hydrogen-oriented pathways under specific operating
conditions [34,38-40].

Temperature is a key operating variable because it influences the relative contribution
of devolatilization, char gasification, reforming, water—gas shift, and oxidation reactions,
and therefore affects H; yield and syngas composition. The reviewed evidence shows that
the effect of temperature cannot be interpreted independently from the gasifying agent,
steam-to-biomass ratio, equivalence ratio, feedstock composition, catalyst formulation, and
residence time [84,87,90,93,109,110,123,130,140,147]. For example, gasification coupled with
staged water—gas shift has been evaluated near 850 °C [81], catalytic gasification of algal
biomass at 851 °C produced 48.95 mol% H; and 37.8 g H;, /kg biomass [91], and plasma
gasification of refractory organic waste operated at approximately 1111.88 °C, reaching
347.04 g Hy /kg dry waste [83]. These results indicate that higher operating temperature
may promote conversion and reforming, but the resulting hydrogen performance remains
strongly dependent on the overall reactor and process configuration.

The organization of the gasification process within the reactor is equally important
because reactor configuration determines how biomass, heat, gasifying agents, catalysts,
sorbents, and intermediate products interact during conversion. The reviewed studies
include downdraft, fixed-bed, fluidized-bed, pressurized, dual-stage, catalytic, sorption-
enhanced, and chemical-looping configurations, demonstrating that hydrogen production
is governed by both reaction chemistry and reactor architecture. In a pilot downdraft con-
figuration, producer gas containing 14-16 vol% H; was subsequently upgraded through
water—gas shift and PSA to 98.6 vol% H; [72]. Staged systems also demonstrate the im-
portance of spatially separating conversion and upgrading steps: two-stage pyrolysis
and catalytic steam reforming of corn-waste bio-oil operated at approximately 500 and
800 °C, respectively, and achieved 58.8% H; yield with stable operation over 170 h [145].
Similarly, CaO-assisted chemical-looping configurations combine reaction and CO, cap-
ture within an integrated solid-circulation environment, reaching H, concentrations of
approximately 78 vol% [74]. These examples show that reactor staging, gas—solid contact-
ing, and integration of reforming, shift, and capture functions can substantially influence
hydrogen-oriented performance.

Figure 3 provides a schematic overview of the principal thermochemical biomass-
to-hydrogen pathways identified in the reviewed literature and the downstream upgrad-
ing stages required to obtain high-purity hydrogen. The scheme integrates biomass pre-
treatment, gasification, pyrolysis-reforming, supercritical water or hydrothermal conver-
sion, and chemical-looping or sorption-enhanced routes with subsequent gas cleaning,
water-gas shift, CO, separation, and final purification by pressure swing adsorption or
membrane technologies.
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Figure 3. Schematic representation of the main thermochemical biomass-to-hydrogen conversion and
purification stages identified in the reviewed literature.

3.3.2. Quantitative Technical Performance and Process Integration

Technical performance was evaluated through quantitative and system-level indica-
tors, including Hj yield, H, concentration, syngas yield, H,/CO ratio, CO conversion,
CH4 conversion, CO; concentration, tar concentration, gas-cleaning requirements, WGS
performance, PSA or membrane purification, energy efficiency, exergy efficiency, and oper-
ational stability. Across the 111 core studies included through the PRISMA-based selection
process, gasification-based configurations dominate the technical evidence; however, per-
formance varies substantially according to feedstock composition, reactor type, gasifying
agent, temperature, pressure, equivalence ratio, steam-to-biomass ratio, catalyst or sorbent
formulation, residence time, and downstream upgrading strategy [41,70-75,78-133,136,142—
144,146,153,154].

To avoid ambiguity among the technical indicators reported across the reviewed
studies, the following terminology was applied consistently throughout the synthesis.
H, yield refers to the amount of hydrogen produced relative to a defined feedstock or
process-input basis and is reported using the original study units, such as g H, /kg biomass,
mol H,/kg feedstock, or Nm3 H, /kg feedstock. H, concentration refers to the fraction
of hydrogen in a gaseous stream, typically expressed as vol% or mol%, and generally
describes raw or upgraded syngas composition rather than the final purified product.
H, recovery refers to the fraction of hydrogen entering a separation or upgrading unit
that is recovered in the hydrogen-rich product stream. H, purity refers to the hydrogen
fraction in the final separated product after downstream purification, such as pressure
swing adsorption or membrane separation. Conversion efficiency refers to the extent to
which a defined feedstock or reactant is converted during a specific process step; where
available, the manuscript therefore specifies the corresponding basis explicitly, such as
biomass conversion, CO conversion, or CHy conversion, rather than using the generic term
“conversion” alone. These indicators were not treated as interchangeable.
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Because many studies report different output levels, Table 5 was included to dis-
tinguish between gasifier-level performance, upgraded syngas performance, and final
Hj purity. This distinction is essential because raw producer gas, Hp-rich syngas, up-
graded syngas, and purified hydrogen are not equivalent products. Conventional biomass
gasification generally produces a mixture containing H,, CO, CO,, CHy, steam, tar, par-
ticulates, and sulfur-, chlorine-, and nitrogen-containing impurities. Therefore, results
based only on raw syngas composition should not be compared directly with results
obtained after WGS, CO, capture, PSA, membrane purification, or other upgrading
units [70-72,81,82,92,103,107,111,130,131,136].

In Table 5, the conversion pathway identifies the general thermochemical route,
whereas the configuration describes the specific reactor arrangement, process integration,
and downstream upgrading steps.

The evidence summarized in Table 5 shows that gasification should not be treated
as a single homogeneous pathway. Air or oxygen gasification generally produces lower
H, concentrations than steam or oxy-steam gasification because nitrogen dilution, partial
oxidation, and lower steam reforming intensity limit H, enrichment. Baseline studies
indicate that air/oxygen gasification may generate syngas with approximately 8-16 vol%
Hj, while steam gasification can reach approximately 30-60 vol% H, under favorable
conditions [70-72]. However, these values refer to syngas-level composition and do not
represent final hydrogen purity.

The role of WGS and purification is particularly important. Akash et al. showed
that staged WGS increased H; production by 90.3% for wood residues and 54.8% for food
waste, while reducing CO by up to 93.8% [81]. Salam et al. provided pilot-scale evidence
in which raw producer gas containing 14-16 vol% H; was upgraded to 30-33 vol% Hj
after WGS and finally to 98.6 vol% H; after PSA, with approximately 95% H; recovery [72].
These values demonstrate that fuel-grade H; is not determined by the gasifier alone, but
by the complete process chain, including gas cleaning, CO conversion, moisture removal,
compression, and final separation.

Operating conditions and feedstock properties strongly influence gasification per-
formance. Doranehgard et al. showed that in situ CO, capture increased H, yield
from 37 to 41 g H,/kg biomass and syngas yield from 2.1 to 2.45 Nm?/kg biomass as
the equivalence ratio increased from 0.15 to 0.25, although excessive oxidation can re-
duce gas quality [82]. Thermodynamic, numerical, exergy, optimization, and machine-
learning studies further show that gasification temperature, steam-to-biomass ratio,
equivalence ratio, feedstock composition, and gasifying agent selection determine Hj
yield, syngas composition, LHV, H,/CO ratio, carbon conversion, and exergy effi-
ciency [84,87,90,93,109,110,123,130,140,147].

Advanced sorption-enhanced, CaO-assisted, chemical-looping, molten-salt-mediated,
and solar-assisted configurations improve Hj enrichment by integrating conversion with
CO; capture, oxygen-carrier cycling, or heat integration. Yan et al. reported an average H,
concentration of 81.1 vol% and an Hj yield of 124 mL H; /g biomass using CeO,-modified
CaO/CajpAl14033, with Hy concentration and yield increasing by 17.4% and 47.3%, respec-
tively, compared with the unmodified material [73]. Udomsirichakorn et al. reported 78%
H,, 451.11 mL H,/g biomass, a minimum CO, concentration of 4.98%, and tar content
of 2.48 ¢/Nm? using CaO-based chemical looping gasification [74]. Other studies on gas-
switching integrated gasification, molten-salt-mediated gasification, solar-biomass chemical
looping, sorption-enhanced gasification, biomass chemical looping, and autothermal chemical
looping confirm that H, enrichment and CO, capture can be integrated, but durability remains
decisive [95,98,99,107,111,115,124,126,128,131-133,136,142—144].
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The technical limitation of these advanced routes is not only whether they can increase
H, concentration, but whether they can maintain performance over realistic operating
cycles. CaO deactivation, sorbent sintering, oxygen-carrier attrition, ash interaction, catalyst
poisoning, carbon deposition, regeneration energy, and impurity tolerance remain major
constraints [73,74,107,111,131-133,136,142-144]. Therefore, future technical comparisons
should include cyclic stability, regeneration performance, tar removal, impurity tolerance,
and continuous operating time rather than maximum Hj concentration alone.

Operational reliability is affected by coupled rather than isolated limitations. Feedstock vari-
ability, tar and particulate formation, ash deposition, slagging, agglomeration, reactor corrosion,
catalyst coking, sorbent sintering, oxygen-carrier attrition, pressure control, and gas-cleaning
requirements can reduce conversion stability and increase downtime, auxiliary energy consump-
tion, maintenance, and H; purification costs [73,74,107,111,131-133,136,142—-144]. Start-up and
shutdown behavior, dynamic feedstock changes, catalyst regeneration, and impurity accumu-
lation are also insufficiently reported. Future experimental studies should therefore provide
continuous operating hours, failure modes, regeneration cycles, impurity tolerance, mainte-
nance requirements, and performance degradation rates rather than reporting only optimized
steady-state results.

SCWG and hydrothermal gasification represent a technically different route for wet
feedstocks. Sewage sludge, oily sludge, algae, food waste, microalgae, and other high-
moisture residues are poorly suited to conventional dry gasification unless drying is
economically and energetically justified. SCWG avoids the drying penalty and can convert
wet biomass directly into Hp-rich gas, but performance depends on temperature, pressure,
residence time, feed concentration, catalyst selection, salt precipitation, and heat recov-
ery [77,86,89,104,151,153-155,157-161]. The main scale-up barriers are corrosion, plugging,
salt deposition, catalyst recovery, high-pressure operation, heat integration, and continuous-
flow reliability. Therefore, SCWG should be evaluated through H; yield, energy efficiency,
exergy performance, solids loading, water management, and reactor durability rather than
Hj; yield alone.

Integrated hydrogen-production systems for wet feedstocks should be evaluated as
complete process chains rather than as isolated SCWG reactors. A representative configu-
ration comprises feedstock preparation, supercritical water gasification, cooling and salt
separation, one or more water—gas shift reactors, CO, separation, and final H; purification
by pressure swing adsorption or membranes. The water—gas shift reaction, CO + H,O =
CO, + Hjy, converts residual CO and steam into additional hydrogen and CO,, thereby
increasing H, recovery and reducing the CO concentration before purification. The integra-
tion of SCWG with WGS is particularly relevant because reforming, methanation, and shift
reactions already interact within the supercritical medium, while a downstream WGS reac-
tor can provide further control of the final H, /CO ratio [72,77,81,130,146,153,154,160,161].
Nevertheless, the integrated system increases heat-exchanger duty, pressure-management
requirements, corrosion exposure, salt-deposition risk, catalyst-deactivation potential, and
downstream separation demand. Therefore, SCWG-WGS systems should be compared
using net H; yield, CO conversion, final H, purity and recovery, heat-recovery efficiency,
high-pressure equipment requirements, and continuous operating stability rather than
gasifier-outlet composition alone.

Algal and microalgal feedstocks require feedstock-specific analysis. Their high volatile-
matter content and carbohydrate and lipid fractions can support rapid thermochemical
conversion and Hj-rich syngas production; however, performance is strongly dependent on
species, composition, pretreatment, and conversion route rather than being inherently supe-
rior to lignocellulosic biomass. Catalytic gasification of algal biomass reached 48.95 mol%
H,, with a reported H, yield of 37.8 g H, /kg biomass, at 851 °C, 16.4 wt% catalyst load-
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ing, and a reaction time of 28.8 min [91]. Nevertheless, high moisture, nitrogen, ash, and
mineral contents can increase drying demand, NH3 and HCN formation, gas-cleaning
requirements, corrosion, and catalyst deactivation [91,119,149]. Microalgae are therefore
better aligned with SCWG and hydrothermal conversion because of their high moisture
content, while plasma gasification and carefully integrated steam-gasification systems may
require feedstock-specific conditioning before conversion.

Although algae and microalgae represent only 10 of the 111 core studies included
in the review, they constitute a distinct and strategically relevant feedstock class because
their high moisture content changes the preferred conversion pathway. Conventional dry
gasification can require substantial drying and feed-conditioning energy for wet microalgal
biomass, whereas supercritical water gasification (SCWG) and related hydrothermal routes
can process high-moisture feedstocks in an aqueous reaction environment and thereby
reduce or avoid the drying penalty. This makes SCWG particularly relevant for microalgae
when the objective is to integrate wet biomass conversion with hydrogen-rich gas produc-
tion. However, the reviewed evidence also shows that the advantages of wet conversion
are accompanied by significant scale-up challenges, including high-pressure operation, cor-
rosion, salt precipitation, catalyst recovery, heat integration, and continuous-flow reliability.
Therefore, the limited number of microalgae studies should not be interpreted as evidence
of low potential, but rather as an indication that this pathway remains comparatively less
mature and requires further pilot-scale validation.

Macroalgae and seaweeds also require separate consideration. Many species have
high moisture content and relatively low lignin content, which can favor hydrothermal
processing, SCWG, or steam-assisted conversion without energy-intensive drying. An inte-
grated pyrolysis-gasification-WGS study evaluated algal feedstocks including Cladophora
glomerata and Gracilaria gracilis and obtained Hy-rich syngas, although the results var-
ied considerably with species and operating conditions [146]. Marine biomass such as
Posidonia oceanica also showed that the steam-to-biomass ratio affects both hydrogen-
oriented performance and life-cycle impacts [148]. However, high concentrations of salts,
ash, alkali and alkaline-earth metals, chlorine, and sulfur may promote corrosion, fouling,
slagging, catalyst poisoning, and additional downstream cleaning. Washing or deashing,
wet-route conversion, corrosion-resistant materials, and impurity-specific gas-cleaning
systems should therefore be considered before scale-up.

Recent techno-economic evidence also indicates that microalgae-based hydrogen
systems can reach reported production costs of 2.46-3.87 USD/kg H; under integrated
steam-gasification, Ca-looping, waste-heat-utilization, and purification configurations,
highlighting the importance of complete process integration rather than feedstock conver-
sion alone [149].

Waste-derived and heterogeneous feedstocks require robust conversion and cleaning.
Plasma gasification of refractory organic solid waste reported 347.04 g H, /kg dry waste, Hy
production efficiency of 65.71%, and total energy efficiency of 61.34%, showing strong technical
potential for difficult waste but also highlighting electricity and exergy burdens [83]. MSW
gasification, RDF gasification, organic fraction of MSW conversion, waste plastic-biomass
co-gasification, waste bagasse sorption-enhanced chemical looping, plasma co-gasification of
coal and biomass, and biomass-assisted autothermal chemical looping show that waste-to-
Hj; systems can increase feedstock flexibility, but their feasibility depends on chlorine, sulfur,
nitrogen, heavy metals, ash behavior, tar destruction, gas cleaning, fossil-carbon accounting,
and electricity source [43,75,76,79,96,100,101,105,118,121,122,124-129,142,144,165].

Bio-oil, pyrolysis, reforming, and intermediate-liquid routes represent another techni-
cal family. These routes convert raw biomass into bio-oil, aqueous fractions, hydrogen-rich
gas, or reformable intermediates before Hy production. They can reduce raw biomass
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logistics and enable staged conversion, but bio-oil acidity, oxygen content, viscosity, in-
stability, coke formation, catalyst deactivation, and reformer corrosion remain critical
barriers [131,134,145,152,166-168,170-174]. Khongchamnan et al. reported 58.8% H, yield,
87.3% conversion, and stable operation over 170 h for two-stage fast pyrolysis and catalytic
steam reforming of corn-waste bio-oil [145]. These results show that bio-oil reforming
can be technically viable when catalyst stability, coke suppression, and staged conversion
are achieved.

Overall, Table 5 confirms that the most technically promising biomass-to-H, systems
are not necessarily those with the highest isolated H, concentration. Rather, they are the
systems that integrate stable feedstock conversion, tar reduction, WGS or reforming, CO,
separation, gas cleaning, H, purification, and long-duration operation. Future studies
should report feedstock composition, operating conditions, H; yield, H, concentration,
syngas composition, tar concentration, CO conversion, H, recovery, final H, purity, en-
ergy/exergy efficiency, purification method, catalyst/sorbent stability, and continuous
operating time.

The technical comparison shows that the highest reported Hy concentration does not
necessarily identify the most deployable system. Greater practical relevance is associated
with process chains that combine stable feedstock conversion, tar control, WGS, CO; re-
moval, final purification, impurity tolerance, and long-duration operation. Consequently,
H, yield, syngas-level concentration, final purity, H, recovery, energy and exergy efficiency,
and continuous operating time should be reported together. This system-level interpreta-
tion represents a more reliable basis for technology comparison than isolated maximum
H, values.

3.4. Techno-Economic Performance of Biomass-Derived Hydrogen

To address the economic and deployment gap identified in Section 3.1, the techno-
economic synthesis was designed to move beyond technology-level performance com-
parisons and examine the conditions that govern cost competitiveness across biomass-
to-hydrogen pathways. Accordingly, economic results were interpreted together with
plant scale, system boundaries, feedstock logistics, purification requirements, financing
assumptions, carbon-management configuration, and technology readiness, rather than as
isolated LCOH values.

Techno-economic performance was evaluated through LCOH, CAPEX, OPEX, NPV,
IRR, payback period, plant capacity, feedstock price, oxygen demand, electricity consump-
tion, steam demand, purification cost, CCS cost, CO, transport and storage cost, carbon-
credit assumptions, coproduct credits, and sensitivity analysis. The evidence shows that
biomass-derived H, cannot be treated as a single economic category because cost values
depend strongly on plant scale, pathway, feedstock, system boundary, currency year, capac-
ity factor, purification level, and whether logistics, compression, storage, coproducts, or
carbon incentives are included [35,41,43,76-79,86-90,94-101,104,108,112-116,120,121,125—
128,134,138,139,142-144,149,151,153,155,157,163,166-168,170-175].

Table 6 was revised to improve the comparability and transparency of the techno-
economic evidence. Reported hydrogen-production costs were first harmonized to a
common mass-based functional unit (currency/kg Hy) whenever the information provided
by the original study allowed direct conversion. For each case, the reported currency and
economic reference year, plant scale, process and purification boundaries, and major cost
assumptions were extracted explicitly whenever available. When the economic reference
year or another essential normalization parameter was not reported, the value was identi-
fied as not reported (NR) rather than inferred. Consequently, monetary values expressed
in different currencies or based on insufficiently documented reference years were not
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treated as directly comparable. Cross-study interpretation therefore considers plant scale,

feedstock cost, system boundary, H, purification, compression, storage and transportation,
CCS/BECCS treatment, CAPEX, OPEX, financing assumptions, coproduct credits, and
carbon-credit assumptions together with the reported LCOH. Direct cost comparisons

were restricted to cases with sufficiently compatible monetary and methodological bases,

whereas within-study scenario comparisons were retained because they preserve a common

economic basis.

Table 6. Harmonized techno-economic comparison framework for representative biomass-derived

hydrogen pathways.
Configuration Feedstock ScaleI;IST;:lario Economic Basis Repor;[edcll,)(sftOH or System Boundary Major cost Assumptions/Drivers
2
Two-stage biomass
3.16 GBP/kg H, gasification; .
Two-stage GBP/kg Hy; without CCS; comparison of Biomass feedstock cost, oxygen
e O 10 MWth; one 4 supply, CCS energy demand and

gasification Wood economic 4.17-5.40 GBP/kg no-CCS and BECCS . -

. . . . no-CCS and two . X oro, . P CCS cost are major drivers; BECCS
with/without chips/biomass BECCS X reference year: H, with BECCS;95%  configurations; . LCOH whil bli
BECCS scenarios NR CI: 2.88-4.32 and downstream mci;eases _Hiwhie enal .glg

3.82-8.06 GBP/kgH,  storage/transport carbon-negative operation [41].
boundary NR
Biomass-only and Biomass without
e eation CCS:2.34USD/kg  Biomass/co-

. & . . Hj; co-gasification feedstock Feedstock cost, CCS cost and
Biomass— W . cases, with and USD/kg Hy; : : e . - .

. oody biomass - K ? without CCS: gasification with carbon-credit assumptions are
plastic without CCS; economic . . . v .

e + polyethylene 3 . 2.18 USD/kg Hy; optional CCS; decisive; a carbon credit of
co-gasification lasti numerical plant reference year: bi cecs: h d 70 USD/t CO duce CCS
with CCS plastic scale: NR in NR iomass + : storage an > may reduce

current 3.18 USD/kg Hy; transport cases below 1.8 USD/kg H [43].
. co-gasification + boundary NR
manuscript CC8: 298 USD/kg Hy
CO,-capture Biomass gasification
alternatives: . with alternative CAPEX approximately
Decarbonized MDEA, Selexol, EUi/rl;gi H; 1'18&1EUtR/k§ I;Iz_ downstream 1888-2130 EUR/kW; CO,-removal
biomass Biomass membrane and eC? omic . ;V27_02u50C ?3%1;{7]; CO;-removal cost as low as 24.43 EUR/t for the
gasification hybrid ﬁ; rence year: H wit.h capture & configurations; H membrane case; capture increases
configurations; 2 P storage/transport production cost [120].
plant scale: NR boundary NR
EUR kg Hy; Sorption-enhanced Overall efficiency 50.10%; TRL 3;
Sorption- RDEF/solid 100 MWth RDF; economgic z gasification with in economic interpretation must
enhanced waste waste H; + power reference vear: 2.72EUR/kg H, situ CO, captureand  account for co-production, carbon
gasification co-production NR year: H,/power capture and low technology
co-production readiness [79].
Net rate of return: 37.1%;
. SCWG-based economics depend on feedstock,
. 56,000t/y usp/ kg H; Minimum selling hydrogen catalyst, utilities, labor and other
Catalytic S soybean straw; economic . . .
oybean straw . . price: production; storage cash-flow assumptions. The
SCWG approximately reference year: 1.94 USD/ke H d . d value should b
170 t/day plant NR .94 /kg Hy and transportation _reporte value should be
excluded interpreted as a plant-level rather
than delivered-H, cost [77].
Pyro-gasification + Conversion, . -
. . Thermochemical efficiency 47.3%
. reforming + WGS EUR/kg Hy; rgformmg, WGSand at ER =0.1; process configuration,
Olive-pomace oli +PSA; Hy X final PSA R P
o- ive pomace production economic 16.30-24.45 EUR/kg purification reforming and purification
pyro- pellets . reference year: H, : . contribute strongly to cost;
gasification approximately included; N .
NR decentralized scale limits
512.8t/y at storage/transport economies of scale [78]
ER=0.1 boundary NR '
Forest biomass: }If;g;({));eéiommumty
Remote- Forest biomass; 14t/day Hy UsD/ kg Hy; 19.09.USD /kg Ha; production; Small scale, re.mo?e' logistics,
. X A remote- economic plastics: feedstock availability and
community MSW; plastics; . deployment context . .
P . community reference year: 15.80 USD/kg Hy; infrastructure strongly increase
gasification tires . ; } and feedstock
scenario NR tire waste: logjstics are integral hydrogen cost [76].
1375USD/kg H cost considerations
Biogas reforming;: Comparative
. 5.2USD/kg Hy; hydrogen- CAPEX: approximately 2400,
Ag.ncultural- Small-vs. USD/kg Hy; small-scale production 3000 and 2200 USD/kW; OPEX:
residue Aericultural large-scale 2 fication: h . detailed - 1 d
asification vs. gricultura comparison; economic gasification: pathways; detaile approximately 0.75, 0.60 an
& residues; biogas . ’ reference year: 4.0USD/kg Hy; urification, 0.45 USD/kg Hy, respectively.
biogas 8 numerical y 8 P 8 P 4
reformin capacitios NR NR large-scale compression and Scale strongly affects reported
& P gasification: storage LCOH [150].
2.8USD/kg H, boundaries NR
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Table 6. Cont.

Configuration Feedstock ScaleI;IST;:lario Economic Basis Repor;;dgo(;tOH or System Boundary Major cost Assumptions/Drivers
2
Integrated . . :
Integrated Integrated conversion chain g%lg)l(\/&}lsgzl 1\I/illlg’ElD, orRX
gratec. s . . through WGS; final : Yoo Vi
co-pyrolysis + Maize husk + lignocellulosic MUSD; economic urification 127.58-204.87 MUSD; payback:
gasification + - process; reference year: LCOH not reported P L 5.13-5.94 y; IRR: 36.77-41.55%. Not
. rice husk . compression, . .
reforming + numerical plant NR storace and suitable for direct LCOH
WGS scale: NR transg ort comparison because LCOH was
boun}cjlaries NR not reported [139].
Steam gasification Steam gasification,
+ Calooping fx?;gzg;ment
Microalgae \C,\?;:t]z 1_1}?2;“ * USD/kg Hy; configuration and E}zsglézl(fift?rtrl:i)? Sz%?;iﬁgz affects
steam . et economic 2.46-3.87USD/kg waste-heat ! e perto
e Microalgae utilization; . depends on integration of heat
gasification + numerical plant reference year: H, utilization; recovery, capture and
Ca-looping scale: NR iE NR purification uriﬁca}t]ionr[)l 49]
curre.nt included as an P ’
manuscriot important economic
P component

Note: All reported hydrogen-production costs were standardized to a mass-based functional unit
of currency/kg Hy whenever direct conversion was possible. NR indicates information that was
not explicitly reported in the current evidence extraction and therefore was not inferred. Economic
reference year, plant scale, system boundary, H, purification, compression, storage, transportation,
CCS/BECCS treatment, feedstock cost, coproduct credits, and carbon-credit assumptions were
retained explicitly whenever available. Reported costs expressed in different currencies or based
on unspecified economic reference years were not treated as directly comparable. Accordingly,
cross-study LCOH ranking was avoided unless the monetary basis and major system-boundary
assumptions were sufficiently aligned. Energy-based costs were converted to a mass basis using
the lower heating value of hydrogen (33.33 kWh/kg Hj). Note: Hydrogen production costs were
harmonized to a mass-based functional unit (currency/kg Hy) whenever direct conversion was
possible. Energy-based costs reported in EUR/MWh H, were converted using the lower heating
value of hydrogen (33.33 kWh/kg Hj). Original currencies and currency years were retained;
therefore, monetary values were not converted between currencies or adjusted for inflation.

To complement the tabulated techno-economic evidence and facilitate visual compar-
ison among case studies reported on the same currency basis, Figure 4 summarizes the
H; production costs of selected USD-denominated scenarios. The values are presented as
originally reported and should be interpreted in conjunction with differences in plant scale,
system boundaries, purification requirements, feedstock logistics, storage and transporta-
tion assumptions, and other study-specific methodological conditions.

Figure 4 reported hydrogen production costs for selected USD-denominated biomass-
to-hydrogen case studies included in the techno-economic synthesis. Point estimates
represent the values reported by the original studies, whereas horizontal intervals indicate
reported cost ranges. The reported costs should be interpreted together with the corre-
sponding plant scale, system boundary, hydrogen-purification requirements, compression,
storage and transportation assumptions, CCS/BECCS configuration, and major economic
assumptions summarized in Table 6. Because several studies do not provide a sufficiently
documented economic reference year for complete inflation normalization, the figure
is intended to illustrate the variability of representative USD-denominated case studies
rather than establish a universal cross-study cost ranking. The catalytic SCWG value of
1.94 USD/kg Hj reported in [77] excludes hydrogen storage and transportation. Table 6 and
Figure 4 show that the reported cost competitiveness of biomass-to-hydrogen pathways
is highly conditional and strongly dependent on case-specific assumptions, scale, process
configuration, and system boundaries. Favorable plant-gate values have been reported for
optimized SCWG, large-scale gasification, waste-to-Hy, and integrated systems. Okolie et al.
reported a minimum selling price of 1.94 USD/kg H, for soybean straw SCWG, although
storage and transportation were excluded; therefore, this value should be interpreted as a
favorable plant-gate estimate rather than a delivered hydrogen cost [77]. Waste-to-H; and
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power co-production by sorption-enhanced solid-waste gasification reported 2.72 EUR/kg
Hj, with high-purity H, and in situ CO; capture, although low TRL and process integration
risk remain important barriers [79]. In contrast, olive-pomace pyro-gasification reported
16.30-24.45 EUR /kg H;, showing that decentralized systems with extensive reforming,
WGS, PSA, and limited economies of scale can remain economically challenging [78].

Catalytic SCWG [140] o ®1.94

Co-gasification, no CCS [156] 1 2.18

Biomass gasification, no CCS [156] 9234

Large-scale gasification [152] ®2.380

Co-gasification + CCS [156] ®2.98

Microalgae steam gasification + Ca-looping [150] f—o—] 246-387

Biomass gasification + CCS [156] ®3.18

Small-scale gasification [152] 4 4.00

Biogas reforming [152] 4 ®5.20

Remote tire-waste gasification [113] 4 ®1375

Remote plastics gasification [113] - 15.80

Remote forest-biomass gasification [113] - ®19.09

0.0 2.5 5.0 75 10.0 125 15.0 17.5 20.0
Reported H: production cost (USD/ka Hz)

Figure 4. Reported hydrogen production costs for selected USD-denominated biomass-to-hydrogen
case studies included in the techno-economic synthesis.

The USD-denominated cases presented in Figure 4 further illustrate the variability
of reported hydrogen-production costs across different deployment contexts. Reported
values range from approximately 1.94-5.20 USD/kg H; in selected plant-gate, integrated,
and scale-comparison scenarios, whereas remote-community applications reach approx-
imately 13.75-19.09 USD/kg H;. These values are presented as representative reported
costs rather than as directly harmonized cross-study estimates. Their interpretation there-
fore requires consideration of plant scale, feedstock, process configuration, purification
boundary, logistics, storage and transportation assumptions, and other economic conditions
summarized in Table 6. Accordingly, Figure 4 is intended to illustrate the dispersion of
reported USD-denominated costs rather than establish a universal cost ranking among
biomass-to-hydrogen technologies.

Plant scale remains an important economic driver, particularly when comparisons are
made within a common study basis. In the scale-comparison analysis reported in [150],
agricultural-residue gasification reached 2.8 USD/kg Hj at large scale compared with
4.0 USD/kg Hy at small scale, while biogas reforming was reported at 5.2 USD/kg H,.
Remote-community scenarios evaluated in [76] reported substantially higher costs, includ-
ing 19.09 USD/kg Hy for forest biomass, 15.80 USD/kg Hy for plastics, and 13.75 USD/kg
Hy, for tire waste. These results illustrate how scale, logistics, feedstock availability, and de-
ployment context can strongly influence hydrogen-production costs, although values from
different studies should not be interpreted as strictly equivalent economic benchmarks.

CCS and BECCS also introduce important economic—environmental trade-offs that are
most reliably evaluated through within-study comparisons. In [41], the reported LCOH
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increased from 3.16 GBP/kg H; without CCS to 4.17-5.40 GBP/kg H, in BECCS con-
figurations. Similarly, Karimi et al. reported 2.34 USD/kg H; for biomass gasification
without CCS and 3.18 USD/kg H, with CCS, while biomass—plastic co-gasification in-
creased from 2.18 to 2.98 USD/kg H; after CCS integration [43]. Under a carbon-credit
assumption of 70 USD/t CO,, the reported CCS cases could decrease below 1.8 USD/kg
H,. These within-study comparisons demonstrate that the economic impact of carbon
capture depends strongly on carbon pricing, CO, transport and storage requirements,
energy penalties, feedstock characteristics, and the selected system boundary. To enable
comparison across studies reported in different currencies, Figure 5 expresses selected sce-
nario differences as relative changes in H, production cost rather than as absolute monetary
values. This within-study normalization highlights the effect of scale, process configuration,
and carbon-capture integration while avoiding direct comparison among USD-, EUR-, and
GBP-denominated results.

Small-scale vs large-scale gaS|f|c[at|nr]1 | & +42.9%
152

Biogas reforming vs large-scale | @ +85.79
gasification [152]

Biomass + CCS vs biomass without CCS [156] @ +35.9%

Co-gasification + CCS vs co-gasification | .
without CCS [156] ® +36.7%

BECCS vs no CCS [111] A F @ { +32.0-70.9%

CO:> capture vs no capture [123] —e—— +25.4-38.1%

0 2’0 4b 6’0 8’0

Relative increase in reported H, production cost (%)
Figure 5. Relative changes in reported H, production cost within selected techno-economic scenario
comparisons. Relative changes were calculated using the reported values within each original study
and are therefore dimensionless. Point estimates represent single relative changes, whereas horizontal
intervals represent ranges derived from reported cost ranges. The figure compares scenario changes
only within the same study and does not imply direct comparability among different currencies, price
years, plant scales, system boundaries, feedstocks, or financing assumptions. For [41], the BECCS
range was calculated relative to the reported no-CCS reference case; for [120], the CO;-capture range
was calculated relative to the reported no-capture case.

Figure 5 illustrates that the economic impact of system configuration can be substantial
even within individual studies. In [150], small-scale gasification increased the reported Hy
production cost by approximately 42.9% relative to the corresponding large-scale gasifi-
cation case, while biogas reforming was approximately 85.7% higher than the large-scale
reference. Carbon-capture integration also increased reported costs within the evaluated
studies: by approximately 35.9-36.7% in the CCS scenarios of [43], by approximately
32.0-70.9% for BECCS in [41], and by approximately 25.4-38.1% for CO,-capture configu-
rations in [120]. These results reinforce that economic performance is highly sensitive to
scale and process-boundary choices and should not be interpreted solely from absolute
LCOH values.
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Hybrid and polygeneration systems expand the economic boundary beyond stand-
alone gasification. Wind-powered electrolysis integrated with biomass gasification reported
strong techno-economic performance in a dual fluidized-bed oxygen-steam configuration,
including 46 vol% Hy, NPV of USD 25 million, IRR of 156%, payback of 0.69 years, LCOE
of USD 0.13/kWh, and LCOH of USD 4.42/kg [35]. Exergoeconomic integration with
geothermal energy, biomass—LNG multigeneration, renewable methanol systems cou-
pled with biomass gasification, solar-biomass chemical looping, solar-assisted biomass
chemical looping, glycerol cogeneration with biomass chemical looping, and autother-
mal MSW chemical looping show that hybridization can improve energy integration but
complicates allocation among H, electricity, methanol, heat, cooling, LNG services, and
coproducts [87,98,115,116,143,144,155].

Several TEA studies report project-level indicators beyond LCOH. Integrated co-
pyrolysis and gasification of lignocellulosic biomass reported CAPEX of 14.7971 MUSD,
OPEX of 5.9313 MUSD/y, NPV of 127.58-204.87 MUSD, payback of 5.13-5.94 years, and
IRR of 36.77-41.55%, but without a directly comparable LCOH [139]. Other studies ap-
ply surrogate modeling, multi-objective optimization, Al-based optimization, K-means
clustering, machine learning, or regional optimization to biomass gasification and hy-
brid hydrogen systems, but their comparability is limited when they do not harmo-
nize capacity factor, feedstock cost, H, purity, compression, storage, and system bound-
aries [84,86,87,90,112,125,138,147,175].

Bio-oil reforming and pyrolysis-derived systems show different economic drivers
from direct gasification. Comparative TEA of bio-oil gasification and bio-oil reforming,
aqueous-phase reforming of pyrolysis bio-oil aqueous fraction, catalytic steam reforming of
pyrolysis bio-oil, oriented pyrolysis, methane tri-reforming, and sorption-enhanced steam
reforming show that catalyst lifetime, coke suppression, hydrogen purification, coproduct
valorization, biochar credits, and liquid-phase intermediate handling strongly affect eco-
nomic feasibility [166-168,170-174]. These routes should not be merged uncritically with
direct solid biomass gasification because their logistics, intermediate upgrading, reactor
requirements, and product portfolios differ.

Across the reviewed techno-economic studies, the most recurrent sensitivity drivers
were plant scale and capacity factor, feedstock price and transportation distance, capital
expenditure, discount rate, oxygen and electricity demand, steam consumption, catalyst
or sorbent replacement, hydrogen yield and purity, compression and storage, and the
cost of carbon capture, CO; transport, and permanent storage. Their relative importance
varied according to pathway and system boundary. Large centralized plants were gen-
erally more sensitive to capital cost, capacity factor, and financing assumptions, whereas
decentralized systems were more strongly affected by feedstock availability, logistics, and
equipment utilization. Carbon credits, waste-treatment revenues, and coproduct valoriza-
tion could partially offset production costs, but their effect depended on policy and market
assumptions [43,77,84,86,138,144].

Overall, Table 6 demonstrates that cost competitiveness improves with large scale,
low-cost residues, reliable feedstock supply, high capacity factor, heat integration, waste-
treatment credits, carbon credits, renewable energy coupling, coproduct valorization,
process intensification, and policy incentives [35,41,43,77,79,94-101,112-114,120,125-128,
134,139,142-144,149,151,163,166-168,171-174]. Conversely, cost increases with small scale,
remote logistics, uncertain biomass supply, high oxygen or electricity demand, tar removal,
gas cleaning, PSA /membrane purification, compression, storage, CCS energy penalty, and
low TRL. Future TEA studies should report plant capacity, currency year, feedstock cost,
CAPEX, OPEX, LCOH, capacity factor, H, purity, compression, storage, CO, transport,
permanent storage, coproduct credits, carbon-credit scenarios, and sensitivity analysis.
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The techno-economic evidence demonstrates that the reported cost range is driven as
much by methodological assumptions as by the conversion technology itself. Plant scale,
capacity factor, currency and reference year, feedstock price, transportation distance, purifi-
cation boundary, compression, storage, carbon capture, financing conditions, and coproduct
or carbon-credit revenues can reverse the apparent ranking of pathways. Therefore, LCOH
values should not be compared or averaged without harmonizing these assumptions. The
principal economic insight is that no universally lowest-cost route can be identified from
the existing literature because the studies do not apply a common system boundary or
cost basis.

As a concise external benchmark, renewable-powered water electrolysis shows sim-
ilarly strong dependence on system configuration and resource conditions. A recent
comparative optimization study reported a specific energy consumption of 39.63 kWh/kg
H; and a total annualized cost of 2.45 MUSD/year for biomass gasification, compared
with 68.7 kWh/kg H; and 3.72 MUSD/year for water electrolysis under the same study
framework [175]. For renewable electrolysis specifically, a PEM-based analysis reported
LCOH values of approximately 3.56-5.34 USD/kg H; under operating-cost uncertainty [31],
whereas an off-grid PV—electrolysis-battery system reported 10.77 USD/kg H, under its
base-case configuration [30]. These values should be interpreted as contextual benchmarks
rather than as a universal ranking because electricity price and availability, capacity factor,
plant scale, feedstock logistics, storage requirements, and system boundaries differ sub-
stantially among studies. Accordingly, biomass conversion and renewable electrolysis are
better viewed as complementary sustainable H, pathways whose relative performance
depends on local resource and deployment conditions.

3.5. Feedstock Suitability, Route Selection, Operational Challenges, and Scale-Up Barriers

Feedstock selection determines route selection, reactor configuration, pretreatment
requirements, syngas quality, tar formation, H; yield, gas-cleaning burden, catalyst stabil-
ity, techno-economic feasibility, and life-cycle performance. The PRISMA evidence base
covers dry woody biomass, lignocellulosic residues, forestry biomass, agricultural residues,
sewage sludge, oily sludge, food waste, biowaste, MSW /RDF, waste plastics, LDPE, tires,
biomass—coal blends, biomass—plastic blends, algae, microalgae, oil palm residues, bio-oil,
aqueous pyrolysis fractions, and hybrid biomass-renewable systems [35,41-43,70-175].

Table 7 was included to connect feedstock categories with their most suitable conver-
sion routes, technical rationale, and scale-up barriers. This structure is necessary because
feedstock frequency alone does not indicate suitability. A feedstock may be widely studied
because it is available or easy to process, but its deployment potential depends on moisture,
ash, volatile matter, HHV/LHYV, mineral content, impurity profile, logistics, pretreatment
requirements, and compatibility with gas cleaning and purification.

Table 7. Feedstock suitability, route selection and scale-up barriers for biomass-derived hydrogen.

Feedstock Category

Frequency Best-Fit Route Quantitative/Technical Basis Main Barriers

Lignocellulosic, woody

Low bulk density, drying demand,
seasonal and regional availability,
transportation logistics, particle-size

Steam gasification;

oxy-steam gasification; dual Dominant feedstock category;

and forestry biomass 75/111 fluidized bed; BECCS; compa?lble with ga51f1cat10n, pyrolysis, variability, tar formation, competing
Ivsis—reformin reforming, and CCS [49,50,60,68,155]. nd sustainable-harvestin
pyrolysis—refo g uses, and sustainable-harvesting
constraints.
Ash, alkali metals, slagging, variable
Gasification; Includes straw, rice straw, soybean straw, =~ moisture, seasonal availability,
Agricultural and 43/111 pyrolysis—gasification; bagasse, palm residues, olive pomace, dispersed collection, transportation
agro-industrial residues bio-oil reforming; citrus peels, and corn waste requirements, competing uses,
decentralized Hp [69,77,78,145,148]. sustainable residue-recovery limits, and
catalyst stability.
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Table 7. Cont.

Feedstock Category Frequency Best-Fit Route Quantitative/Technical Basis Main Barriers
. High moisture makes drying-intensive High pressure, corrosion, salt
Sewage sludge and wet 17 SCW.G’ }}yd.rotherjmal gasification less attractive; SCWG uses precipitation, plugging, catalyst
bi /111 gasification; alkaline th . di d heats .
iomass rolvsis water as the reaction medium recovery, and heat-integration
pyroly: [153,160,162,176]. requirements.
Mt gfkaon asm. etvan for il divesion, matane  Tedelock gty cloring i
MSW, RDF and biowaste 27/111 ast 4 avoidance, and waste-to-H; systems e, . . '8
sorption-enhanced [75,76,79.83] components, variable organic fraction,
gasification; BECCS e and syngas-cleaning requirements.
. Co—ga51flca't1‘on; . Biomass-plastic or biomass-RDF blends Fossil-carbon accounting, impurities,
Mixed co-feedstock 5 co-pyrolysis; chemical . . variable composition, feedstock-quality
8/111 T . can improve H; yield and energy L ey
systems looping; CCS-integrated b ) variability, and complex sustainability
alance [43,85,129]. i
systems classification.

L . S Liquid intermediates may reduce BAIO-OIIA ac1Ad1ty, h_1$h oxygen content,
Bio-oil and Catalytic steam Reforming; raw-bio mass logistics but require viscosity, instability, coke formation,
pyrolysis-derived 20/111 aqueous-phase reforming; dedicated ref st q catalyst deactivation, reformer
s : A ; edicated reforming : ificati
intermediates bio-oil upgrading Py corrosion, Hy purification, and

[63,145,170,171,177]. - -
coproduct-valorization requirements.
ngﬁfa; t}ll g:fi:ﬁrrggls team High moisture content favors wet
gast ficati " 4 4 conversion; carbohydrate, lipid, and Moisture, ash, nitrogen compounds,
Algae, microalgae, gasification; integrate volatile-matter fractions can support NHj;/HCN formation risk, drying cost
¢ ! 10/111 pyrolysis—gasification— .

macroalgae, and seaweed

WGS; plasma gasification
for selected conditioned
algal feedstocks

H,-rich gas production; many
macroalgae have relatively low lignin
content [91,119,146,148,149].

where required, species variability, and
gas-cleaning requirements.

Advanced capture/CaO
systems

Cross-cutting

Sorption-enhanced
gasification; Ca-looping;
CaO-CLG

CaO-CLG achieved 78% H,, 4.98% CO,,
and tar of 2.48 g/Nm? [74]; Ce-modified
CaO reached 81.1 vol% H, [73].

Sorbent sintering,
carbonation/calcination degradation,
material stability, and regeneration
requirements.

Plasma and difficult
waste streams

Specialized

Plasma gasification + WGS +
PSA

Optimized plasma gasification reached
347.04 g Hy /kg dry waste,
H;-production efficiency of 65.71%, and
total energy efficiency of 61.34% [83].

High electricity demand, exergy
destruction, difficult scale-up, and
feedstock-conditioning requirements.

Note: Feedstock categories are non-mutually exclusive because individual studies may evaluate
more than one feedstock type; therefore, the reported frequencies should not be summed to 111
or interpreted as mutually exclusive proportions of the evidence base. Feedstock suitability was
assessed primarily from measurable physicochemical properties, including moisture content, ash and
mineral composition, volatile matter, elemental composition, alkali/chlorine content, heating value,
and particle-related characteristics, rather than from categorical feedstock labels alone.

Table 7 shows that no single feedstock is universally optimal for biomass-derived
hydrogen. Lignocellulosic, woody, and forestry biomass are the most mature feedstock
group for gasification-based H, production because they are compatible with fixed-bed,
fluidized-bed, pressurized, steam, oxy-steam, dual-stage, WGS, PSA, CCS, and BECCS sys-
tems [41,70-72,81,82,87-90,92-95,97,102-114,123,134-136,140,141,147]. Their advantages
include relatively stable conversion behavior and broad availability, while their limitations
include low bulk density, drying demand, particle-size heterogeneity, transport logistics,
ash behavior, tar formation, and seasonal variability.

Agricultural and agro-industrial residues are attractive because of low cost, regional avail-
ability, and compatibility with circular bioeconomy strategies. Studies involving rice straw,
soybean straw, canola straw, olive pomace, citrus peels, bagasse, palm residues, corn waste,
maize husk, rice husk, oil palm fiber, and palm rachis show that these materials can sup-
port SCWG, pyro-gasification, steam gasification, oxy-steam gasification, bio-oil reforming,
co-pyrolysis, chemical looping, TEA, and LCA configurations [77,78,129,138,139,145,148-152].
However, their ash, alkali metals, chlorine, silica, moisture variability, slagging tendency, ag-
glomeration risk, and catalyst-poisoning potential make them more complex than clean woody
biomass. For these residues, proximate and ultimate analysis, ash composition, HHV/LHYV,
mineral content, moisture, and particle size are necessary for selecting reactor type, catalyst,
gasifying agent, ash-management strategy, and gas-cleaning system.

Feedstock availability should also be interpreted in terms of sustainably recoverable
rather than theoretical biomass potential. Agricultural and forestry residues may already
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have competed uses within local bioeconomies, and their diversion to hydrogen production
can therefore affect effective feedstock availability and supply cost. In addition, not all
generated residue can be sustainably removed from the production system. Harvesting
intensity, seasonal supply, collection efficiency, transport distance, storage losses, moisture
content, and the need to retain part of the biomass within agricultural or forestry systems
can constrain the quantity that can be mobilized for continuous hydrogen production.
Consequently, large-scale biomass-to-H; deployment should be based on region-specific
assessments of recoverable feedstock supply rather than on gross residue-generation esti-
mates alone. Long-term supply strategies should also account for competing material or
energy uses, changes in moisture and quality during storage, transport requirements, and
the environmental implications of biomass cultivation, harvesting, and logistics.

Wet feedstocks require a different route-selection logic. Sewage sludge, oily sludge,
algae, microalgae, food waste, and other high-moisture streams are often unsuitable for
conventional dry gasification unless drying is economically justified. SCWG and hydrother-
mal gasification are particularly appropriate for high-moisture feedstocks because they
can reduce or avoid energy-intensive drying. Plasma gasification has also been investi-
gated for algal and waste-derived feedstocks, but its feedstock-conditioning and drying
requirements depend on the specific process configuration [72,76,77,79,86,89,91,104,115—
123,146,147,149,153-162]. However, these routes face corrosion, plugging, salt precipitation,
catalyst recovery, high-pressure operation, heat-recovery challenges, and in some cases
high electricity demand.

MSW, RDE, biowaste, waste plastics, refractory organic wastes, tires, sewage sludge, and
mixed waste streams broaden biomass-to-H; toward circular-economy applications. These
feedstocks can reduce landfill disposal, valorize difficult residues, and support waste-to-H;
configurations, but they introduce feedstock heterogeneity, chlorine, sulfur, nitrogen, heavy
metals, ash-forming components, variable organic fractions, fossil carbon, and gas-cleaning
complexity [43,75,76,79,83,85,96,100,101,105,118,121,122,124-129,142,144,156,163,165]. Plasma
and high-temperature systems can treat difficult wastes, but their electricity demand and exergy
losses require careful evaluation.

Mixed co-feedstock systems provide flexibility but complicate sustainability clas-
sification. Biomass—plastic, biomass—RDF, biomass—coal, biomass-LDPE, sludge-wood,
biomass—-methane, and mineral-rich co-feeds can improve Hj yield, syngas composition,
energy balance, or process stability [43,75,85,90,101,105,118,121,122,129]. However, fossil-
derived co-feeds weaken renewable-hydrogen claims unless fossil-carbon accounting, CCS
performance, and LCA boundaries are explicitly reported. Therefore, these systems should
be classified as waste-to-H,, low-carbon Hj, or potentially carbon-negative H, only when
carbon accounting supports that interpretation.

Bio-oil, aqueous pyrolysis fractions, and intermediate-liquid routes should be treated
separately from direct solid biomass. They may reduce raw biomass transport constraints by
converting distributed biomass into liquid or reformable intermediates, but their scale-up
depends on bio-oil stabilization, catalytic reforming, coke resistance, corrosion control, Hy
purification, and coproduct valorization [131,134,145,166-168,170-174]. These routes are
promising when they integrate staged reforming, stable catalysts, aqueous-phase reforming,
sorption-enhanced reforming, biochar valorization, or coproduct credits.

The main scale-up barriers across Table 7 and the broader evidence base are feed-
stock heterogeneity and logistics, tar formation, gas cleaning, catalyst deactivation, sorbent
degradation, oxygen-carrier stability, ash and alkali management, SCWG corrosion and
plugging, plasma electricity demand, CCS energy penalty, high CAPEX, uncertain LCOH,
inconsistent LCA boundaries, and limited pilot-scale validation [35,41-43,70-175]. These
barriers are interconnected: feedstock impurities increase tar and ash problems; tar poi-
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sons catalysts; gas cleaning increases cost and energy demand; CCS improves GWP but
increases CAPEX and auxiliary energy; and limited pilot validation weakens TEA and
LCA assumptions.

Although tar formation was repeatedly identified as a major operational and economic
barrier, a pooled quantitative sensitivity analysis linking tar concentration directly to
LCOH was not methodologically possible. The reviewed studies did not consistently report
tar loading, tar-removal efficiency, gas-cleaning CAPEX and OPEX, catalyst replacement
frequency, plant downtime, hydrogen losses, and economic system boundaries using
comparable units. The revised manuscript therefore links tar formation only to documented
process-level consequences, including catalyst poisoning, fouling, additional reforming and
filtration equipment, auxiliary energy demand, maintenance, and reduced plant availability.
The lack of harmonized tar-related techno-economic data is identified as a research gap,
and future studies should report the effect of tar loading and removal requirements on
CAPEX, OPEX, plant availability, and LCOH.

Consequently, Table 7 supports an integrated feedstock-route-barrier framework. Dry
woody biomass is best aligned with mature gasification and BECCS; agricultural residues
require ash and alkali control; wet feedstocks are generally better aligned with SCWG
or hydrothermal routes; MSW /RDF and plastic-rich streams require robust gas cleaning
and fossil-carbon accounting; algae and microalgae require wet-route or impurity-aware
systems; and bio-oil requires catalyst-stable reforming.

Feedstock flexibility should not be interpreted as feedstock interchangeability. Dry
lignocellulosic biomass, agricultural residues, wet sludge, algae, municipal waste, plastic-
containing streams, and bio-oil intermediates require different reactors, pretreatment strate-
gies, impurity-control systems, and supply-chain configurations. The feedstock-route—
barrier framework developed in this review indicates that deployment should be designed
around measured feedstock properties rather than attempting to adapt every resource
to conventional dry gasification. This distinction is essential for avoiding technically
unsuitable pathway selection and unrealistic cost or environmental assumptions.

3.6. Life-Cycle Emissions, CCS/BECCS and Decarbonization Performance

Life-cycle emissions and decarbonization potential were analyzed separately because
biomass-derived hydrogen should not be automatically classified as green or carbon-negative.
Environmental performance depends on feedstock origin, system boundary, functional
unit, electricity mix, auxiliary energy demand, H; purification, gas cleaning, CO, capture
rate, CO, transport, permanent storage, coproduct allocation, and biogenic/fossil carbon
accounting [41-43,70,71,80,85,102,106,108,117,122,129,135,137,141,144,148,150,156,163-169].

Direct comparison among the reviewed LCA results is limited by differences in system
boundaries. Gate-to-gate assessments generally include only biomass conversion, syngas
conditioning, and hydrogen upgrading, whereas cradle-to-gate studies may additionally
include biomass cultivation or residue collection, preprocessing, transportation, auxiliary
utilities, gas cleaning, and hydrogen purification. Cradle-to-grave assessments may further
incorporate hydrogen compression, storage, distribution, final use, and end-of-life pro-
cesses. Consequently, carbon-intensity values obtained under different system boundaries
were not pooled or treated as directly equivalent. The functional unit, allocation method,
electricity mix, treatment of biogenic carbon, carbon-capture configuration, CO, transport,
and permanent-storage assumptions were retained as reported in the original studies.

Table 8 was included to synthesize representative LCA, CCS/BECCS, and decarboniza-
tion results. The purpose of this table is not only to report GWP values, but also to show
how system configuration changes the environmental classification of biomass-derived
Hj. Therefore, the table compares cases without capture, with CCS, with BECCS, with
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chemical looping, with fossil-derived co-feeds, with waste-heat recovery, and with different
functional units.

Table 8. Life-cycle emissions, CCS/BECCS and decarbonization performance of biomass-derived

hydrogen pathways.
System
Route/Study . Reported Carbon Carbon-Capture and - .
Focus Feedstock Boundarl}}/;ltmctlonal Intensity/GWP Storage Assumptions Critical Interpretation
Integrated TEA/LCA; BECCS configuration; The negative values are conditional on
10 MWth plant gross CO; sequestration: biogenic-carbon capture and storage and
Two-stage yepant Without CCS: +4.57 kg 21.65-30.22 kg CO, /kg & Liden &

e O Detailed upstream and . ; should not be generalized beyond the
gasification Wood downstream boundar €O /kg Ha; with H;. Detailed CO; reported LCA boundary. The same
with/without chips/biomass elements were not f lly BECCS: —14.7 to transport and bigmass athwa chanyés from
BECCS ified in th WY 213 kg CO,/kg Ha permanent-storage >P Y 8¢ 1

specified in the current assumptions: NR in net-positive to net-negative only under
evidence extraction. current ex tra.ction the BECCS configuration [41].
. Carbon-capture/BECCS .
Biom. Functional unit: 1kg ggc:’ip t?ie'ﬁzjgviiltf configurations included; Crap(;ure sﬁbSti?‘flaily rerctlu;is IGWP irédr
or f'asi . F t resid H,. Detailed life-cycle i eq. —%8 52;’ 971 detailed CO; transport, lt:)ho uces Ce]:ga el eP% ed va utis v elt
gasification orest residues boundary: NR in capture: 8, -9.71, storage permanence, and e assessed scenarios; however, the resu
carbon capture and —9.56 kg remains dependent on energy, solvent,

current extraction.

COsz-eq/kg Ha

allocation assumptions:
NR in current extraction

chemical, and storage assumptions [80].

CCSintegrated into the Negative cradle-to-gate GWP is reported
. X production system. under CCS, but plastic co-feeding
Biomass—plastic . Without CCS: +5.8 to Fossil-derived PE is introduces fossil carbon and therefore
i Woody biomass + +6.5 kg COz-eq/kg Ha; . . . . o .
co-gasification PE plastic Cradle-to-gate LCA. with CCS: —12.3tg present; detailed requires explicit fossil /biogenic carbon
with CCS P 147 ke CO»-0 Jke H permanent-storage accounting. The result should not
</ Xgreq/ kg Ha assumptions: NR in automatically be classified as green
current extraction H, [43].
. ) . Gasification shows lower GWP than the
. Compamtlve Lea Agljlgult}lral-reﬂdue comparator but remains net-positive.
Agricultural- Agricultural agamst_bl(?gas . gasification: 1'?_)0 kg No full BECCS Lower GWP therefore does not imply
residue ; reforming; functional CO,-eq/kg Hy; biogas ) . -, .
e residues . . configuration carbon negativity. Water consumption
gasification unit reported on a reforming: 5.047 kg was also higher: 5.37 m? /ke Hy vs
per-kg-H, basis. CO,-eq/kg Ha Sher: . g2 Vs

0.041m?/kg H, [150].

Co-pyrolysis +

Rice straw +

Functional units: 1kg

Best Hj scenario:
3.87 kg COz-eq/kg Hy;

Chemical-looping

Results depend strongly on functional
unit and coproduct allocation. The

chemical-looping  agricultural H; and 1 MWh o, . configuration; no full positive Hj carbon intensity does not
PR . - electricity scenario: . .
co-gasification plastic waste electricity. BECCS claim reported support a carbon-negative
0.87 tCOz-eq/MWh e
classification [129].
. . Carbon-negative
Environmental /economic :
assessment using results reported for Reported negative results are
Co-gasification Switchgrass; . L integrated biomass, configuration-specific. LDPE and coal
- . ReCiPe midpoint . S .
with carbon switchgrass + biomass-LDPE, and co-feeding introduce fossil carbon and
K methodology; exact . . . Carbon capture + -
capture and LDPE; . biomass—coal scenarios; weaken any generalized renewable or
. functional . . waste-heat recovery e .
waste-heat switchgrass + . ...  directly harmonized green-Hj classification; fossil-carbon
unit/boundary details: 4 .
recovery coal NRi numerical value not allocation must be reported
in current : :
. available in the current transparently [85].
extraction. .
synthesis
Gasification + WGS + .
PSA + CO; capture; . CCS-integrated route; The negatlve value supports BECCS
. . . : Negative GWP . potential under the reported
Indirect biomass . functional unit and full X detailed transport and . . . ",
. . Short-rotation benchmark: configuration but is sensitive to
gasification with up- : permanent-storage M
poplar approximately P X cultivation, pretreatment, syngas
CO; capture stream/downstream assumptions: NRin .
. . —14.63 kg COz-eq/kg Ha . cleaning, capture, and storage
boundary: NRin current extraction A y
. assumptions [42].
current extraction.
Environmental and Exergetic efficiency: Biomass origin alone does not establish
Lignocellulosic Poplar/ exergetic evaluation; approximately 48%;no  No automatic low-carbon or carbon-negative H,. Poplar
biomass lignocellulosic detailed functional directly harmonized carbon-negative cultivation, pretreatment, and gas
gasification biomass unit/boundary: NR in carbon-negative value classification cleaning are important environmental
current extraction. reported contributors [71].
Steam LCA of residue-derived irtlgrer?-sti%iomass ratio Relative GWP reduction demonstrates the
e Citrus peels; Hp; detailed functional o No full BECCS influence of operating conditions but does
gasification of oL . ! . . reduced GWP by 63.5% ) . . . P
. Posidonia oceanica ~ unit/boundary: NR in . configuration not by itself establish a negative life-cycle
residues current extraction for citrus peels and carbon intensity [148]
’ 67.6% for Posidonia y ’
High captursffcienyand s pusiy do
Sorption- MSW + woody and environmental No directly CO; capture . &
. ' . - . : o). production by themselves. A complete
enhanced waste biomass; MSW + assessment; complete harmonized life-cycle approximately 90-92%; ; ; o
A . : X . ; . ; - LCA including upstream emissions,
gasification with mixed plastic life-cycleboundary not  carbon-intensity value final H, purity . . e
. o fossil-plastic carbon, auxiliary energy,
carbon capture waste reported in the current reported 99.99 mol%

synthesis.

CO; transport, and permanent storage
would be required [75].
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Because carbon-capture efficiency and life-cycle carbon intensity are different indica-
tors, both were retained whenever they were reported. A high capture percentage does
not by itself demonstrate carbon-negative hydrogen because upstream emissions, aux-
iliary energy, fossil-derived co-feeds, CO, transport, storage permanence, and system
boundaries may change the final life-cycle result. Studies reporting capture performance
without a complete life-cycle assessment were therefore not treated as direct evidence of
carbon-negative production.

For the purposes of this review, a reported negative carbon intensity was interpreted
as evidence of carbon-negative hydrogen only when the original study evaluated net
life-cycle greenhouse-gas emissions within an explicitly defined system boundary and
accounted for the relevant treatment of biogenic carbon and CO, capture and permanent
storage. Negative values were not inferred from CO, capture efficiency or gross CO,
sequestration alone. Where the original study did not clearly specify upstream biomass
supply, electricity and auxiliary-energy inputs, CO, transport and storage, storage perma-
nence, coproduct allocation, displaced-product credits, or fossil-derived co-feed accounting,
the reported negative value was retained as study-specific evidence but interpreted as
boundary-dependent rather than as a universally transferable carbon-negative result. Ac-
cordingly, carbon-capture efficiency, gross CO, removal, and net life-cycle carbon intensity
were treated as distinct indicators throughout the synthesis.

Table 8 shows that the reviewed biomass-derived hydrogen systems span from net-
positive to negative reported life-cycle carbon intensities, depending on the specific process
configuration and LCA assumptions. Rabea et al. reported +4.57 kg CO,/kg H, for the
configuration without CCS and —14.7 to —21.3 kg CO,/kg H; for the assessed BECCS
configurations, together with gross CO, sequestration of 21.65-30.22 kg CO, /kg H, [41].
These negative values should be interpreted within the system boundary and carbon-
accounting assumptions adopted in the original study. They indicate that the assessed
pathway can achieve a negative net life-cycle balance when biogenic CO; is captured and
stored, but they should not be generalized to biomass-derived hydrogen systems operating
under different upstream, energy, transport, or storage conditions.

A similar boundary-dependent behavior was reported for forest-residue and inte-
grated carbon-capture systems. Wu et al. reported +2.99 kg CO,-eq/kg H, without capture
and values between —18.8 and —9.56 kg CO;-eq/kg H for the assessed capture configura-
tions [80]. Patel et al. also reported negative environmental results for selected biomass,
biomass-LDPE, and biomass—coal co-gasification scenarios incorporating carbon capture
and waste-heat recovery [85]. These results illustrate the potential of CCS, chemical loop-
ing, and heat integration to reduce net life-cycle emissions; however, their interpretation
depends on the treatment of biogenic and fossil carbon, auxiliary-energy requirements,
system boundaries, allocation procedures, and CO, transport and storage assumptions.

Biomass—plastic co-gasification further illustrates the importance of carbon-accounting
boundaries. The study reported +5.8 to +6.5 kg CO»-eq/kg H, without CCS and —12.3 to
—14.7 kg COy-eq/kg H; with CCS [43]. Although the CCS scenarios achieved nega-
tive reported cradle-to-gate GWP values, PE co-feeding introduces fossil-derived carbon
and therefore prevents these results from being interpreted automatically as evidence of
universally green or carbon-negative hydrogen. Likewise, biomass—coal and plasma co-
gasification systems may reduce emissions relative to their respective reference cases, but
their environmental classification depends on fossil-carbon allocation, electricity supply,
capture configuration, storage assumptions, and functional unit [121,122].
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Rice-husk gasification + CO: capture [70]

MSW + wood gasification [145]

MSW + mixed-plastic gasification [145]

Plasma gasification, refractory waste [71]

o

Catalytic SCWG [140]

Large-scale ag.-residue gasification [152]

Microalgae gasification + Ca-looping [149]

Small-scale ag.-residue gasification [152]

Remote forest-biomass gasification [112]
0.0

3.7. Integrated Discussion and Future Research Priorities

The integrated synthesis of the 111 core studies shows that thermochemical biomass-
to-H, pathways cannot be evaluated through a single criterion. High H; yield, high H,
concentration, low LCOH, low GWP, carbon-negative potential, feedstock flexibility, and
scale-up readiness do not always occur simultaneously. Each pathway involves trade-
offs among feedstock properties, reactor performance, gas cleaning, H, purification, cost,
carbon capture, and life-cycle impacts [35,41-43,70-175].

Taken together, Tables 4-8 provide a structured interpretation of the evidence base.
Table 4 maps the research questions and shows why the discussion must move beyond
keyword frequency. Table 5 demonstrates that technical performance depends on the
complete conversion and purification chain, not only on the gasifier. Table 6 shows that
cost competitiveness is conditional on scale, integration, feedstock logistics, and policy
incentives. Table 7 connects feedstock properties with route selection and scale-up barriers.
Table 8 demonstrates that decarbonization depends on LCA boundaries, CCS/BECCS
integration, and carbon accounting rather than on biomass use alone.

To improve cross-metric readability, terminology and units were standardized through-
out the main comparative tables wherever the original data permitted direct conversion.
Hj yield is reported on a mass basis (g Hy /kg feedstock) when possible, final Hy purity
is distinguished from syngas-level H, concentration, hydrogen-production costs are ex-
pressed on a mass basis (currency/kg Hy), and life-cycle carbon intensity is reported as kg
CO;-eq/kg Hy when supported by the original study. Because these indicators represent
different physical and methodological dimensions, they were not combined into a single
normalized index. Instead, Figure 6 provides a four-panel graphical comparison of rep-
resentative Hj yield, final H purity, H, production cost, and life-cycle carbon-intensity
results extracted from Tables 5, 6 and 8.

(a) Representative H: yield (b) Final H2 purity after upgrading

Gasification + WGS + PSA [114] 8.6
(vol% basis)
Waste gasification + CaO + capture [145] 99.99
(mol% basis) .
50 100 150 200 250 300 350 96.0 96.5 97.0 97.5 98.0 98.5 99.0 99.5 100.0 100.5
Hz yield (g Hz/kg feedstock) Final Hz purity (%)
original reporting basis retained: vol% [114] and mol% [145].
(c) Representative Hz production cost (d) Representative life-cycle carbon intensity
0194 Biomass gasification, no CCS [110] 04.57
Same route + BECCS [110] ——e——4-21.30--14.70
0280
Forest-residue system, no capture [78] 02,99
e 2.46-3.87
Forest-residue system + capture [78] @ -18.80--9.56
#4.00
Indirect biomass gasification + CCS [131] 0-14.63
©19.09 Agricultural-residue gasification [151] 0130
25 50 75 100 125 150 175 20.0 -20 -15 -10 -5 0 5
Reported H2 production cost (USD/kg H2) Life-cycle carbon intensity (kg CO:-eq/kg Hz)

[140] excludes H: storage and transport; original study assumptions retained. Negative values indicate net-negative life-cycle results under the original study boundaries.

Figure 6. Comparative performance indicators of representative biomass-to-hydrogen pathways.

Figure 6 highlights the substantial variability among biomass-to-hydrogen pathways
across technical, economic, and environmental indicators. Hj yield differs markedly
among feedstocks and conversion routes, whereas final H, purity above 98% is achieved
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only after downstream upgrading and separation. Reported production costs also vary
considerably with plant scale, feedstock, process integration, and system boundaries.
From an environmental perspective, carbon intensity can shift from positive to negative
values when CCS or BECCS is incorporated, although these results remain dependent
on the underlying life-cycle assumptions. Therefore, no single pathway simultaneously
maximizes Hj yield and purity while minimizing cost and carbon intensity, reinforcing the
need for system-level and case-specific assessment.

An integrated decision framework emerges from the combined technical, feedstock,
economic, and environmental evidence. Technology selection should begin with measur-
able feedstock properties rather than broad categorical labels. Low-moisture lignocellu-
losic feedstocks are generally compatible with conventional, steam, or oxy-steam gasifica-
tion, whereas high-moisture streams such as sewage sludge, algae, and other wet residues
are better aligned with SCWG and related hydrothermal routes [41,70-75,77-133,136,142—
144,146,153,154,160-162]. Waste-derived and heterogeneous feedstocks require additional
consideration of ash, chlorine, sulfur, nitrogen, impurities, gas-cleaning requirements, elec-
tricity demand, and, when fossil-derived fractions are present, explicit fossil-carbon ac-
counting [43,75,76,79,83,85,96,100,101,105,118,121,122,124-129,142,144,156,163,165]. Bio-oil and
pyrolysis-derived intermediates require dedicated reforming, catalyst-stability, coke-control,
corrosion-management, and Hy-purification strategies [131,134,145,152,166-168,170-174]. Hy-
brid and polygeneration configurations can improve heat integration, resource utilization, and
coproduct valorization, but they also introduce additional separation requirements, capital
investment, process-control complexity, and allocation challenges [35,87,98,115,116,142-144,155].
Overall, the selected conversion route determines the subsequent requirements for gas cleaning,
WGS or reforming, CO, removal, and final H; purification, which in turn influence economic
and environmental performance. Technology selection should therefore be based on the com-
plete feedstock-to-purified-H; chain and its deployment context rather than on isolated H,
yield, concentration, cost, or carbon-intensity values. Technology readiness was not reported
using a uniform TRL framework across the reviewed studies. Therefore, numerical TRL val-
ues were retained only when explicitly provided by the original source, while the remaining
pathways were compared qualitatively according to the scale and type of evidence reported,
including laboratory testing, cyclic operation, continuous stability tests, pilot-scale validation,
techno-economic scale-up scenarios, and identified demonstration needs. This distinction avoids
assigning unsupported TRL values while still allowing comparison of the relative scale-up
status of the principal thermochemical pathways.

Accordingly, pathway maturity was assessed independently of publication frequency
using four evidence dimensions: (i) explicitly reported TRL, where available; (ii) demon-
stration of operating-scale, distinguishing laboratory, pilot, and larger-scale studies;
(iii) evidence of continuous or extended-duration operation; and (iv) demonstration of an
integrated process chain capable of producing upgraded or purified hydrogen. Publication
frequency was therefore treated only as an indicator of research activity and not as a proxy
for technological maturity. Under these criteria, conventional and steam/oxy-steam gasifi-
cation showed the strongest maturity evidence among the reviewed pathways, particularly
because pilot-scale integrated operation including gas cleaning, water—gas shift, and PSA
has been demonstrated, producing 98.6 vol% H; [72]. However, numerical TRL values
were not consistently reported across the literature, and the remaining challenges related to
tar control, feedstock variability, long-duration reliability, purification, and CCS/BECCS
integration preclude interpreting gasification as universally deployment-ready.

Technology readiness was not reported using a uniform Technology Readiness Level
(TRL) framework across the reviewed studies. Therefore, numerical TRL values were
retained only when explicitly reported by the original source, whereas the readiness of
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the remaining pathways was interpreted from the type and scale of evidence available,
including laboratory experiments, cyclic tests, continuous-operation studies, pilot-scale
demonstrations, techno-economic scale-up scenarios, and identified demonstration needs.
To provide a clearer comparison, Table 9 summarizes the available readiness evidence,
reported TRL information, scale-up status, and principal remaining deployment barriers
for gasification, supercritical water gasification (SCWG), pyrolysis/reforming, chemical-
looping, sorption-enhanced, plasma, and BECCS-integrated pathways. This evidence-
based approach avoids assigning unsupported TRL values while enabling a transparent
comparison of the relative maturity and scale-up status of the principal thermochemical
biomass-to-Hj technologies.

Table 9. Evidence-based comparison of technology readiness and scale-up status for major biomass-

to-hydrogen pathways.

Pathway

Readiness Evidence in the Reviewed
Studies

TRL/Scale-Up Status

Main Remaining Scale-Up
Limitations

Conventional/steam/oxy-steam
gasification

Broadest evidence base and most
frequently investigated pathway.
Pilot-scale gasification integrated with
gas cleaning, WGS and PSA produced
98.6 vol% Hj, demonstrating operation
of a complete upgrading chain [72].

Strongest maturity evidence among the
reviewed pathways; pilot-scale
integrated operation demonstrated.
Numerical TRL not consistently
reported.

Tar formation, gas cleaning, ash
management, feedstock variability,
long-duration reliability, H2
purification, and integration with
CCS/BECCS.

Supercritical water gasification (SCWG)

Strong experimental, modeling,
environmental and techno-economic
evidence, particularly for wet biomass.
Large-scale economic scenarios have
been evaluated, but the review still
identifies the need for pilot-scale
validation [77,151,153,159,161].

Emerging/pre-commercial scale-up
stage. Numerical TRL not consistently
reported.

High-pressure operation, corrosion,
salt precipitation, plugging, catalyst
recovery, heat integration, and
continuous-flow reliability.

Pyrolysis + bio-oil reforming

Two-stage fast pyrolysis and catalytic
steam reforming achieved stable
operation for 170 h with 58.8% H, yield
and 87.3% conversion [145]. Ex ante
studies explicitly identify scale-up
uncertainty [168].

Experimental-to-pilot-oriented
development; intermediate readiness.
Numerical TRL not consistently
reported.

Bio-oil instability, coke formation,
catalyst deactivation, corrosion,
intermediate handling, purification,
and long-duration catalyst stability.

Chemical-looping
gasification/hydrogen production

Experimental studies report high H,
concentrations and cyclic
sorbent/oxygen-carrier performance,
including CaO-assisted systems with
approximately 78-81.1 vol% H;
[73,74,132,133].

Laboratory /early scale-up stage.
Numerical TRL not consistently
reported.

Oxygen-carrier attrition, sorbent
degradation, cyclic stability, solids
circulation, reactor integration,
impurity tolerance, and pilot-scale
validation.

Sorption-enhanced
gasification/Ca-looping

High-H, performance has been
demonstrated experimentally, while a
100 MWth RDF-based H, / power
configuration was evaluated at

TRL 3 [79].

Low-to-intermediate readiness; TRL 3
explicitly reported for the
representative waste-gasification

case [79].

Sorbent sintering,
carbonation—calcination degradation,
regeneration, heat integration, scale-up,
and system-integration risk.

Plasma and high-temperature waste
gasification

High H; yield and energy-efficiency
values have been reported for difficult
waste streams, but the review identifies
plasma gasification among the
pathways still requiring pilot-scale
demonstration [83].

Emerging/demonstration-limited
pathway. Numerical TRL not
consistently reported.

High electricity demand, exergy
destruction, electrode/reactor
durability, feedstock conditioning, gas
cleaning, and scale-up cost.

BECCS-integrated biomass gasification

Gasification itself is comparatively
mature, whereas BECCS integration
introduces additional capture,
transport, storage, and
process-integration requirements.
Several studies evaluate
techno-economic and LCA scenarios
rather than fully demonstrated
commercial systems [41-43].

Maturity depends on integration level;
gasification is comparatively mature,
but full biomass-to-H, + BECCS chains
remain less demonstrated. Numerical
TRL not consistently reported.

CCS energy penalty, CO, transport and
permanent storage, capture integration,
economics, carbon accounting,
infrastructure, and long-duration
system validation.

The main future research priorities are sixfold. First, technical studies should report
standardized feedstock characterization, operating conditions, H; yield, H, concentration,
syngas composition, tar content, CO conversion, H; purity, H, recovery, energy efficiency,
exergy efficiency, and continuous operation time. Second, process studies should move
from isolated gasifiers toward complete chains including pretreatment, conversion, gas
cleaning, WGS, CO, removal, PSA or membranes, compression, storage, and carbon
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capture. Third, catalyst, sorbent, and oxygen-carrier stability must be tested over multiple
cycles using real feedstocks containing ash, sulfur, chlorine, nitrogen, alkali metals, and
moisture. Fourth, TEA studies should harmonize plant capacity, currency year, feedstock
cost, CAPEX, OPEX, LCOH, capacity factor, Hy purity, compression, storage, CO, transport,
carbon credits, and sensitivity analysis. Fifth, LCA studies should distinguish renewable,
low-carbon, and carbon-negative H; using transparent carbon accounting and multi-impact
assessment. Sixth, pilot-scale demonstrations are needed for SCWG, chemical looping,
sorption-enhanced gasification, plasma gasification, bio-oil reforming, BECCS-integrated
systems, and hybrid renewable-biomass configurations.

Taken together, the evidence supports a system-level decision framework in which
feedstock properties determine the feasible conversion route, the conversion route defines
gas-cleaning and purification requirements, and these downstream requirements influence
both economic performance and life-cycle impacts. Technology readiness and deployment
context then determine whether the resulting pathway can progress beyond laboratory
or conceptual performance. Future research should therefore prioritize complete and
continuously operated process chains, standardized technical and economic reporting,
transparent life-cycle carbon accounting, and pilot-scale validation rather than further
optimization of isolated reactor-level indicators.

4. Conclusions

This review integrated 111 original studies and 26 supporting review articles to criti-
cally assess thermochemical biomass conversion for sustainable hydrogen production. Its
principal contribution does not lie in providing another technology-by-technology compar-
ison, since the main thermochemical pathways have already been extensively discussed
in previous reviews. Instead, the present synthesis integrates reactor-level hydrogen per-
formance with the economic, environmental, and deployment conditions that determine
the practical feasibility of biomass-to-hydrogen systems. Particular emphasis was placed
on the relationships among plant scale, feedstock logistics, hydrogen purification, CAPEX,
OPEX, LCOH, financial assumptions, life-cycle carbon intensity, CCS/BECCS integration,
technology readiness, and scale-up requirements. This system-level perspective enables the
assessment to move beyond isolated experimental performance and toward identifying the
conditions under which specific biomass-to-hydrogen pathways may become technically,
economically, and environmentally viable. The integrated evidence indicates that pathway
selection should be based on the complete feedstock-to-hydrogen system rather than on
the isolated performance of a conversion reactor. Gasification shows the strongest maturity
evidence for dry lignocellulosic feedstocks, whereas wet biomass is better aligned with
SCWG or related hydrothermal routes, and heterogeneous waste streams require more
intensive impurity control and gas cleaning. Regardless of the conversion route, production
of fuel-grade H generally requires an integrated chain comprising feedstock conditioning,
conversion, gas cleaning, WGS or reforming where applicable, CO, management, and
final Hj purification. Feedstock composition, moisture, ash and mineral content, impurity
profile, plant scale, and technology readiness therefore determine whether a technically
attractive pathway is also operationally viable.

Economic and environmental performance must likewise be interpreted at the system
level. LCOH, minimum selling price, and hydrogen production cost are not interchange-
able metrics, and should only be compared when their economic basis, plant scale, and
system boundaries are sufficiently compatible. Similarly, biomass origin alone does not
establish green or carbon-negative hydrogen: life-cycle classification depends on electricity
and auxiliary-energy inputs, allocation procedures, biogenic and fossil carbon accounting,
capture efficiency, CO; transport, permanent storage, and the selected LCA boundary.
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Mixed fossil/biomass configurations should therefore be treated as hybrid comparative
cases rather than automatically classified as fully biomass-derived hydrogen. Overall, no
single thermochemical pathway is universally optimal; deployment decisions should jointly
consider feedstock suitability, complete process integration, purified-H, performance, eco-
nomic feasibility, life-cycle impacts, and technology readiness. The main limitation of
the available literature is its methodological heterogeneity. Studies differ substantially
in feedstock properties, operating conditions, reactor scale, hydrogen purity, economic
year, functional unit, system boundary, and carbon-capture assumptions. Many results
are based on simulations, equilibrium models, conceptual plants, or short-duration ex-
periments rather than continuous industrial operation. Future research should therefore
prioritize standardized reporting, complete process-chain assessment, multi-cycle testing
of catalysts and sorbents, long-duration pilot demonstrations, harmonized TEA and LCA
assumptions, and explicit reporting of final H, purity, recovery, compression, storage, and
CO, management. The most important future contribution of the field will be to move
beyond demonstrating that biomass can produce Hj-rich gas and instead prove that specific
integrated systems can deliver purified hydrogen reliably, economically, and with verifiable
life-cycle decarbonization at commercially relevant scales.

Supplementary Materials: The following supporting information can be downloaded at https:
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integration, and mapping to the corresponding manuscript sections and main-text tables.
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Al Artificial Intelligence
AWE Alkaline Water Electrolysis

BECCS Bioenergy with Carbon Capture and Storage
CAPEX  Capital Expenditure

CCS Carbon Capture and Storage

CCUs Carbon Capture, Utilization, and Storage
COz-eq  Carbon Dioxide Equivalent

GHG Greenhouse Gas
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GWP Global Warming Potential

H; Hydrogen

IEEE Institute of Electrical and Electronics Engineers
IRR Internal Rate of Return

LCA Life-Cycle Assessment

LCOH Levelized Cost of Hydrogen

ML Machine Learning

MSW Municipal Solid Waste

NISE National Institute of Solar Energy
NPV Net Present Value

OPEX Operating Expenditure

PEM Proton Exchange Membrane
PRISMA  Preferred Reporting Items for Systematic Reviews and Meta-Analyses
PSA Pressure Swing Adsorption

PV Photovoltaic

RDF Refuse-Derived Fuel

RQ Research Question

SCWG Supercritical Water Gasification
SL Semantic Layer

SLR Systematic Literature Review
SMR Steam Methane Reforming

SOEC Solid Oxide Electrolysis Cell

TEA Techno-Economic Analysis

TRL Technology Readiness Level
WGS Water-Gas Shift

WoS Web of Science
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