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Abstract: Biomass gasification technology has been extensively researched around the world; however,
there is a need to evaluate the current research landscape and evolutionary direction of research in the
broader context of energy transition. A systematic bibliometric analysis of the Web of Science database
was performed for articles that fall within the keywords ‘Biomass gasification’ and ‘Energy transition’.

A total of 1498 articles were identified; after applying inclusion and exclusion criteria, 1196 articles

were selected for final analysis. VOSviewer and Biblometrix were used for the study. Trends in biomass
gasification and energy transition were identified as the initial (1994-2008), rise (2009-2018) and prosperity
stages (2019 to date). A significant portion (47 %) of publications were concentrated in 10 journals,
including Renewable Energy, Energy and International Journal of Hydrogen Energy. Among the countries,
China leads with 672 publications, followed by the US, India, and Italy. The prominent research areas

are hydrogen production, process optimization, exergy analysis, tar reduction and life cycle assessment.
Currently, the active area of research is the production of hydrogen-rich gas through biomass gasification
technologies and integrating bioenergy systems with carbon capture and storage to achieve sustainable
energy transition goals. © 2025 The Author(s). Biofuels, Bioproducts and Biorefining published by Society
of Industrial Chemistry and John Wiley & Sons Ltd.
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Introduction

he urgent need for global decarbonization is

underscored by the fact that without significant

transformation of the energy and industrial sectors, the
long-term goals of the Paris Agreement cannot be achieved,
which will in turn jeopardize human well-being.! Current
climate pledges suggest a global temperature rise of 2.5-2.9°C
by 2100, highlighting the necessity for stronger action to limit
this increase to below 2°, ideally closer to 1.5°.'~> Achieving
these goals requires not only ambitious emissions targets but
also effective implementation of policies and technologies,
with renewable energy playing essential roles in driving
sustainable decarbonization efforts.

The energy transition demands a comprehensive
transformation of energy production, consumption, and
distribution, extending far beyond simply replacing fossil
fuels with an arbitrary set of renewable sources. This process
involves rethinking energy systems to improve flexibility,
efficiency, and sustainability. Integrating renewable energy
into the energy mix requires not only the use of available
renewable sources but also a complete overhaul of energy
systems. Innovative technological solutions are essential for
the efficient and environmentally sustainable production,
conversion, and utilization of renewable energy in this
transition.”

Biomass, the only sustainable, renewable and CO,-neutral
carbon source, has gained considerable acceptance owing to
its great potential to generate dispatchable heat, and electricity,
and to be used as feedstock for biofuels. Globally, biomass is
a significant source of renewable energy. In 2020, the world’s
supply of primary energy from biomass reached approximately
57.5 exajoules.® Biomass accounts for about 55% of renewable
energy and over 6% of the global energy supply.” Biomass
gasification is a promising technology for the transition to
sustainable energy systems by converting biomass through a
series of chemical reactions into a fuel gas known as syngas, a
gas mixture consisting of H,, CO and CH,.}

Biomass gasification has been extensively explored as a
renewable energy conversion technology with significant
potential to reduce greenhouse gas emissions.” An extensive
review of the literature reveals that, despite significant
technological advancements and increasing integration of
biomass gasification into energy systems, its full potential
within the broader energy transition context remains
underexplored. Current research is often fragmented, primarily
addressing isolated topics such as improvements in gasification
techniques, efficiency assessments, and environmental
impacts,'®!! without a comprehensive evaluation of its overall
potential to support the energy transition. Furthermore,

Review: Potential contribution of biomass gasification-based technology in energy transition

there is a limited understanding of the global research trends,
key contributors, the evolution of knowledge and emerging
research trends in this field. To address these gaps, a systematic
bibliometric analysis is needed to critically assess the scientific
output, collaboration networks, and thematic areas within
biomass gasification research. Such an analysis would provide
valuable insights into the current state of research, highlight
this technology’s contributions to energy transition, and
identify future research directions.

This research aims to conduct a detailed, systematic
bibliometric and technical analysis of the potential of
biomass gasification-based technologies in driving the energy
transition. This study will offer a holistic understanding of
biomass gasification’s place in the evolving energy landscape
by mapping global research trends, identifying key themes,
and assessing the technology’s role in decarbonization efforts.
Given this, the research questions are:

RQI: How has research in biomass gasification and energy
transition been progressing over time?

RQ2: Who are the key drivers in the research niche?

RQ3: What are the identified problems of energy transition,
and how can biomass gasification technology contribute
to their mitigation?

RQ4: What are the future research areas in biomass
gasification technology?

Providing evidence-based answers to these questions will
highlight the vital role of biomass gasification technology in
the global energy transition.

Methodology

A systematic bibliometric analysis of scientific articles
mapping was adopted according to the methodology
described in Nogueira et al.'* The survey carried out
according to the questioning of the research questions
presented studies from different parts of the world,
institutions, and authors, based on citations, publications,
impact factors, and other parameters. In addition, to provide
a scientific landscape of the trends and perspectives of how
the topic of biomass gasification and integration has evolved
in the scientific community, an analysis of grouping by
clusters was also conducted. The data collection process and
analysis are presented in Fig. 1.

Data source

In this research, two major concepts were identified: (1)
biomass gasification technology; and (2) energy transition.
After an extensive literature review, a set of keywords was
defined to facilitate comprehensive searches in academic
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Figure 1. Data collection and analysis process using a hybrid methodology.

databases. For the first concept, biomass gasification
technology, the identified keyword is ‘biomass gasification’
This keyword will give a holistic view of related technologies
associated with concepts such as catalytic gasification,
biofuels, syngas, carbon capture, hydrogen production, etc.
For the second concept, energy transition, relevant keywords
include ‘energy transition’ OR ‘renewable energy’ OR
‘sustainable energy’ OR decarbonization given a combination
of (ALL=(‘Biomass gasification’) AND ALL = (‘energy
transition’ OR ‘renewable energy’ OR ‘sustainable energy’ OR
decarbonization)).

The data for bibliometric analysis were obtained from the
Web of Science (WoS) database because of its significant
overlap in journal articles with other major databases that
focus on the life sciences, physical sciences and technology
area.'® The keywords were searched on October 15, 2024.
The initial search retrieved articles published between 1997
and 2024 (1498). Articles published in English were screened
according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses statement (1196). Review papers,
papers that were presented at conferences, and were still in
preprint format were excluded.'*

Data analysis

The free software VOSviewer (version 1.6.20) and
Bibliometrix library in R'> were used to create the
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bibliometric maps. Maps of journals, countries, prominent
areas of research, and keywords based on correlation data
were created using the data retrieved from WoS. Additionally,
when applicable, data analysis and charting were done using
Microsoft Excel spreadsheets.

Results

Trends and distribution of scientific
journals

The number of publications analyzed was 1196 between
1994 and 2025 (Fig. 2). It was observed that the considered
period could be divided into three stages, as proposed

by Wang et al.'® The period from 1994 to 2008, which
accounted for about 4% of the total publications and the
maximum production during this period, was 13 articles.
During this time, the potential of biomass gasification had
just been explored as the reality of environmental crisis was
just becoming obvious. The work of Maniatis and Millich'”
represents a pivotal advancement in the field of biomass
gasification. They emphasized that among all renewable
energy sources, biomass holds the greatest potential and is
widely recognized as a critical component in achieving global
energy transition goals. Their assertion underscores the
essential role biomass will play in meeting renewable energy
targets, positioning it as a key driver in future sustainable
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Figure 2. Research output on biomass gasification and integration between 1994 and 2024.

energy systems.'” This groundbreaking work provides a
solid foundation for further development of gasification
technology and its optimization for energy generation as
reported in the works between 2001 and 2008. As a result,
this period represents what can be referred to as the ‘initial
stage for biomass gasification technology.

Between 2009 and 2018, the publications in biomass
gasification and energy transition fluctuated between 26
and 53 publications per year with the highest number
of publications in 2018. This phase marks the ‘rise’ of
significant interest in the topic with 29% increase in
publication output. Researchers began to explore and
publish more extensively, reflecting a rising momentum.
During this time, researchers investigated areas such as
the role of catalysts in enhancing biomass gasification and
biofuel production,'® integration of biomass gasification
with other energy systems for cogeneration and electricity
generation,'® environmental and economic impacts of
utilizing waste biomass for energy generation’’?! and
technological innovation in biomass gasification such as the
use of fixed bed and fluidized bed gasifiers.*>** Since 2019,
the study of biomass gasification has reached the ‘prosperity’
stage with more than 100 publications annually. The number
of research outputs during this year accounted for about

63% of the total publications, demonstrating that it is now
an active field of research.

Leaders in the generation of knowledge

By understanding the distribution statistics of the
publications in terms of affiliation, country and journals, it
will be easier to identify those that have achieved a significant
milestone in biomass gasification in the context of the energy
transition, thereby encouraging knowledge transfer via
collaboration.

Prominent journals

In other to identify the key journals responsible for

the dissemination of knowledge in relation to biomass
gasification, Bradford’s law was applied to the records

as presented in the work of Lakshminarasimhappa and
Kemparaju.?* Bradford’s law describes the scatter of citations
for a given subject or field. It can be used to identify the most
highly cited journals for a field or subject. Figure 3 shows
the core journals that contributed a significant portion of
the total number of articles published on the subject. Out of
the identified 1196 journal articles, 47% were published in
seven journals, which are Renewable Energy (199), Energy
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Figure 3. Number of publications by journal.

(71), International Journal of Hydrogen Energy (70), Energy
Conversion and Management (57), Fuel (54), Energies (44),

Applied Energy (33), and Journal of Cleaner Production (32)
respectively.

Contributions by country

To expand our understanding of the global landscape of
biomass gasification and integration research, we examined
the geographical distribution of the publications. Our dataset
includes contributions from 86 countries. The map (Fig. 4)
shows China as the leading country with 672 publications,
followed by the United States with 253 documents, India
(187), and Italy (120). Other significant contributors include
Iran (119), Brazil (117), UK (113), and Malaysia (112). In
Africa, Egypt has made 30 contributions, while Nigeria and
South Africa contributed 13 and 12 documents, respectively.
East Asia, North America, and Europe show strong research
involvement, while other regions like Africa, and Central Asia
demonstrate lower but notable contributions.

The links between countries whose researchers collaborated
in this research domain are presented in Fig. 5. This shows
that China, USA, India and Canada have a significant number
of international collaborations. This coincides with the fact

that these countries have been identified by the International
Energy Agency as the major key players in the energy

transition.”

Prominent research areas

To better understand this research field, keyword analysis of the
articles was done. The keywords used for the analysis are the
author’s keywords. The analysis will help to achieve an in-depth
perspective of the emerging relevant keywords that are linked
to the core concept of the research. Figure 6(a) highlights the
dominant keywords from the analysis, focusing on terms with
a frequency of occurrence adjusted to 30 or more. The chart
displays the relative prominence of these keywords through
larger node sizes, emphasizing their importance within the
research corpus. Figure 6(b) provides an overlay visualization,
illustrating how these key terms and research themes have
evolved over time. The visualization uses node color and linkage
thickness to show associations and trends, offering insights into
the development and shifts in focus areas.

The keyword ‘biomass gasification’ is the most prominent
(largest) node in the centre. This central position means
that other research topics are frequently linked to biomass
gasification, emphasizing its pivotal role in the field.
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Green cluster: gasification technology and hydrogen production suggest research aimed at improving
reactor design the efficiency of gasification processes, managing of by-
products like tars, and enhancing hydrogen production.
The first cluster (green) in Fig. 6(a) focuses on the technical It also reflects significant interest in hydrogen production
aspects of biomass gasification. Key terms like fluidized- pathways from gasified biomass, highlighting a push toward
bed gasifier, temperature, catalysts, kinetics, tars, and cleaner fuels.
6 © 2025 The Author(s). Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.
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Figure 6. (a) Dominant keywords. (b) Overlay visualization of dominant keywords over time.
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Red cluster: electricity generation and
sustainability assessment of biomass
gasification

The red cluster has keywords like optimization, life cycle
assessment, technologies, performance, operation, power
generation, plants, and electricity. It highlights a focus

on exploring how biomass gasification technology can

be integrated into real-world power systems to address
energy demand, environmental sustainability, and
operational efficiency. These terms reflect the transition
from laboratory-scale or component-level research

to broader energy applications, where the aim is to
deploy gasification technologies as viable alternatives

or supplements to fossil fuel-based electricity systems.
The presence of keywords such as solid oxide fuel cell,
multiobjective optimization and life cycle analysis further
suggests an interest in hybrid energy systems that combine
biomass gasification with advanced energy conversion
technologies and evaluation of carbon foot print of the
technology.

Blue cluster: thermochemical conversion of
specific feedstock

The blue cluster focuses on the thermochemical conversion
of biomass waste, particularly agricultural residues like

rice husk, through gasification technologies. It emphasizes
the relationship between specific feedstocks and gasifier
types, and product gas. Rice husk is often studied owing

to its availability and challenging combustion properties,
prompting research into suitable gasifier designs such as
downdraft and fluidized-bed systems. The use of ‘wastes’ as
a keyword also highlights the role of biomass gasification in
sustainable waste management by transforming residues into
energy-rich syngas and biofuels.

Yellow cluster: modeling and system design
in biomass gasification

This cluster comprises studies that focused on the
simulation and computational modeling of biomass
gasification processes. Keywords such as Aspen Plus
simulation, Computational Fluid Dynamics (CFD),
combustion, co-gasification, and syngas indicate the

use of process simulation software and fluid dynamics
modeling to predict system behavior and optimize design.
The methodological orientation of this cluster is critical
for computer-aided experimentation/simulation and the
validation of theoretical models, enabling researchers to
explore process improvements and scale-up strategies.

Review: Potential contribution of biomass gasification-based technology in energy transition

The clusters showed that the biomass gasification
technology research landscape has a coherent structure,
highlighting its multifaceted role in supporting global energy
transition. They show how the research trend ranges from
understanding the technical aspect of biomass gasification
technology and reactor design, to system integration for
electricity generation and sustainability, and the use of
sustainable waste management. They also include the
application of simulation and computational modeling for
process optimization. This presents a clear picture of how
biomass gasification technology has contributed to the energy
transition.

Furthermore, the overlay visualization (Fig. 6(b)) provides
the temporal context of the keywords. It showed that,
while technical studies of gasification processes remain
essential, recent years have seen growing research focused
on performance optimization, sustainability, environmental
assessment, and hydrogen production. This shift reflects
a maturation of the field, from isolated technological
advancements to comprehensive, systems-oriented
approaches, positioning biomass gasification as a scalable
and sustainable contributor to the energy transition. Table 1
presents some of the highly cited articles in this research
domain.

Thematic map

Figure 7 represents a thematic map based on density and
centrality, which are indicators of how developed and
important certain topics are in a research field. The map

is divided into four quadrants, categorizing themes as

either motor, niche, basic, or emerging ones. The vertical

axis (development degree — density) measures how well-
developed the research themes are while the horizontal axis
(relevance degree — centrality) measures how central a theme
is to the overall research field. This figure reveals the topics
currently leading biomass gasification research, those that are
specialized, and areas that are still evolving or hold significant
potential for future exploration.*® In the context of energy
transition, the thematic map highlights the evolving role

and potential of biomass gasification-based technologies in
advancing sustainable energy solutions. Table 2 summarizes
the interpretation of these themes meaning within each
quadrant.

Motor themes: central and well-developed

The motor themes represent the intellectual core of biomass
gasification research. Prominent keywords in this quadrant
include biomass, gasifier, and syngas. These topics are not
only well-structured but also have high connectivity with
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Table 1. Prominent articles in biomass gasification.

Title of article Total citations Total Citations (TC) per Normalized TC
year
Techno-economic assessment of hydrogen production 380 21.11 3.38

processes for the hydrogen economy for the short and
medium-term?®

Steam gasification of biomass with subsequent syngas 255 31.88 5.68
adjustment using shift reaction for syngas production:
An Aspen Plus model?”

An overview of hydrogen production: Current status, 254 84.67 14.92
potential, and challenges®®

Hydrogen-rich gas production from biomass air and 253 14.06 2.25
oxygen/steam gasification in a downdraft gasifier®®

Biomass gasification cogeneration — A review of state- 240 20.00 5.05
of-the-art technology and near future perspectives®

Pretreated olivine as tar removal catalyst for biomass 239 11.95 1.55
gasifiers: Investigation using naphthalene as model
biomass tar®

A novel biomass air gasification process for producing 199 10.47 1.49
tar-free higher heating value fuel gas®
Potential of hydrogen from oil palm biomass as a source 198 11.00 1.76
of renewable energy worldwide®
Experimental study on biomass gasification in a double 121 6.05 0.97
air stage downdraft reactor®*
Biomass gasification in a downdraft gasifier with a two- 117 5.85 0.93
stage air supply: Effect of operating conditions on gas
quality®®
Niche Themes Motor Theme

Tar

Catalyst

Steam Reforming Gasification

Biomass
Solid oxide fuel cell ~  Syngas

Exergy analysis
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Figure 7. Thematic map of keywords.
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Table 2. Interpretation of themes.

Quadrant What it means
Upper right (motor themes) Important and well developed

Review: Potential contribution of biomass gasification-based technology in energy transition

Explanation
Topics that are both conceptually well developed and exhibit strong
connectivity with other research areas, indicating their central role and
sustained scholarly interest within the field

Upper left (niche themes) Developed but less connected

Highly specialized topics characterized by internal coherence and
maturity, yet with limited interaction or cross-topic referencing with
broader research domains

Lower right (basic themes) Central but inadequate depth of

research

Foundational or cross-cutting topics that are widely referenced across
studies but remain underdeveloped in terms of internal structure or
depth of investigation

Lower left (emerging or
declining themes)

Weakly developed and marginal

Underdeveloped and weakly connected topics, which may represent
nascent research areas with growth potential or declining themes
losing relevance within the academic discourse

other areas, reflecting their essential role in the field. Motor
themes largely capture technological advancements in
converting various biomass feedstocks into syngas through
different gasifier designs such as downdraft, fluidized-bed,
and updraft reactors.*** The syngas composition and yield
are influenced by operational parameters like the equivalence
ratio (ER), steam-to-biomass ratio (S/B), and gasification
temperature.*”*! Increasing the ER raises gasification
temperatures but reduces CO, H,, and CH, concentrations,
while higher temperatures improve carbon conversion,
syngas yield, and gasification efficiency by increasing CO and
H, levels, although CH, concentrations tend to drop.**™**

The choice of biomass feedstock, gasification agent (air
or steam), and operating parameters like ER, S/B, and
temperature, along with reactor type, significantly impacts
syngas yield and composition. Notably, steam gasification
generates more syngas at lower temperatures compared with
air gasification.*

A major technological challenge addressed within this
cluster is tar formation, which degrades syngas quality, clogs
equipment, and increases operational costs.*® Tar condenses
at lower temperatures, leading to blockage in equipment,
which, in turn, increases operational costs and decreases
the efficiency of the system. It also reduces the quality of the
syngas by lowering the heating value.'®* Recent innovations,
such as dual-stage gasifiers and oxygen-steam co-injection,
have significantly improved syngas quality while reducing
tar levels.”” These advancements demonstrate the potential
of biomass gasification technology in producing high-quality
syngas that can be utilized for various applications, including
the synthesis of liquid fuels and chemicals.

Basic themes: central but underdeveloped

Basic themes are widely referenced across biomass
gasification literature but lack internal maturity. The

major topics in this quadrant include hydrogen, life cycle
assessment (LCA), techno-economic analysis (TEA),
biomass gasification, optimization and renewable energy.
The prominence of hydrogen reflects the growing focus

on biomass gasification as a low-carbon hydrogen
production pathway. However, the hydrogen content in
raw syngas is typically low (<18%), prompting ongoing
research into enhancing its yield through methods such as
catalytic gasification, reforming and system integration.*®
Detailed hydrogen production methods and technologies
are presented in Table 3, including in-situ and ex-situ
enhancement of hydrogen content. Similarly, the increased
use of LCA and TEA indicates a shift toward holistic
evaluations of sustainability and economic feasibility.*
These tools are essential to evaluate the environmental and
economic viability of biomass gasification technologies.

Niche themes: specialized but less
connected

Niche themes are highly developed topics characterized by
internal coherence and maturity, but with limited cross-

topic referencing with broader biomass gasification research
domains. Key topics in this quadrant include tar, catalyst, and
steam reforming, solid oxide fuel cell, and economic analysis.
These topics address operational bottlenecks, particularly tar
mitigation, which remains one of the most critical barriers

to commercial-scale deployment. Studies have explored the
use of catalysts (e.g. Ni-based, CaO, olivine) for enhancing tar
cracking and improving gas composition.”*””

Although well-explored, these areas tend to be specialized
and lack broader conceptual linkages to overarching
sustainability frameworks, which limits their visibility
in interdisciplinary research settings. Nonetheless, these
technologies are vital for the scaling up of biomass
gasification systems.

/‘ O © 2025 The Author(s). Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.

| Biofuels, Bioprod. Bioref. (2025); DOI: 10.1002/bbb.70086

85UB017 SUOLULIOD BAER.D 3|ed! dde 8y} Aq peusnob 818 Sajofe O @SN JO SajNJ 10} AReiq18UIIUO /8|1 U (SUORIPUOD-PUR-SWLB}/WOD ™A 1M ARe1d1BU1IUO//SANY) SUORIPUOD PUe SWB L 8L3 885 *[5202/2T/T0] U0 Ariqauliuo A8|im mynL JO AiseAiun Ag 98002 °40d/200T OT/10p/w0d™A8 | Im AReiq 1BUIIUO'S FeUINO 108//SdRY WO} pepeojumoq ‘0 ‘TE0TZEET



Review: Potential contribution of biomass gasification-based technology in energy transition OO Adeoye et al.

Table 3. Key technologies in hydrogen production via biomass gasification.
Method of Percentage Brief description Limitations References
hydrogen output of
production hydrogen
Steam gasification 25-35% Biomass reacts with steam at high temperatures Requires high [51-54]

and pressure to produce a gas mixture containing temperatures and

hydrogen, carbon monoxide, and carbon dioxide  pressures (typically

700-1100°C)

Autothermal 50-60% Involves partial oxidation of biomass using air, Complex process, [51,55,56]
gasification oxygen, or CO,-enriched air as gasifying agents potential for tar formation

to provide the heat required for the endothermic

gasification reactions. Using CO, or air-CO,

mixtures can enhance CO production, potentially

increasing the syngas heating value compared

with conventional air gasification. The process

can be further enhanced by incorporating

CaO carbonation, which provides thermal

compensation and shifts equilibrium toward

higher H,/CO ratios and overall gas yields
Plasma gasification 50-73% It uses high-temperature plasma arcs to convert High energy consumption, [57-59]

biomass into syngas, primarily consisting of expensive equipment

hydrogen and carbon monoxide. The extreme

heat breaks down biomass, increasing hydrogen

yield with minimal emissions
Sorption enhanced 50-62% It combines gasification, steam reforming, and Requires additional [60-63]
reforming CO, capture into a single, integrated process to equipment and chemicals

produce high-purity hydrogen from biomass
Membrane 42-66% It uses selective membranes to separate High energy consumption, [64,65]
separation hydrogen from syngas. As syngas passes through potential for membrane

the membrane, hydrogen is selectively filtered out  fouling

while other gases like carbon dioxide and carbon

monoxide are retained
Water-gas shift 40-65% Involves reacting carbon monoxide (from syngas)  Requires additional [55,63,66]
reaction with water (steam) to produce additional hydrogen catalyst and energy

and carbon dioxide
Catalytic 35-65% Catalytic gasification uses catalysts to speed up Requires additional [67-71]
gasification the conversion process, improving hydrogen yield catalyst and fast rate of

and efficiency while reducing energy consumption catalyst deactivation

Emerging or declining themes: peripheral
and underdeveloped

Themes in the lower-left quadrant are characterized by low
density and centrality, suggesting limited development and
weak cross-topic referencing to the mainstream literature.
In this analysis, exergy analysis, steam gasification, and
hydrogen production appeared in this category. Interestingly,
as hydrogen also appeared in the basic theme quadrant, it
reflects its transitional status and also indicates that these
topics are emerging and not declining. Its presence in both
quadrants may indicate that while hydrogen is gaining
scholarly attention, its integration with other topics is still
limited, pointing to a fragmented knowledge structure.

The inclusion of exergy analysis and steam gasification
as emerging topics indicates rising interest in optimizing
energy efficiency and resource utilization.”® Exergy-based
evaluations are increasingly used to compare different gasifier
configurations and identify losses, while steam gasification
has shown promise for higher hydrogen yields under milder
conditions.*

These findings suggest that while biomass gasification
technologies are robust, there remains significant scope
for innovation in process integration and decarbonization
pathways to achieve the energy transition target. The
field is progressively moving from isolated technological
advancements toward system-oriented research, which is
critical for achieving net-zero targets.
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Biomass gasification technology,
operating conditions and scaling
challenges

Biomass gasifiers are mainly of three types: fixed-bed,
fluidized-bed, and entrained-flow.”” Operating conditions
such as temperature, gasifying agent, and residence time
significantly influence the gasification process and product
quality.”® Steam-assisted gasification has garnered attention
for its potential to improve syngas quality and reduce tar
formation. However, challenges persist, including the
presence of impurities like polycyclic aromatic hydrocarbons
and soot in the syngas.” Scaling up gasification technologies
requires consideration of factors such as feedstock properties,
gasifier type, and operating parameters.”” Table 4 presents

a concise summary of various reactors, their operating
conditions and scaling-up challenges.

Role of artificial intelligence/machine
learning in optimizing biomass
gasification systems

Recent studies have explored the use of artificial intelligence
(AI) in biomass gasification, with applications aimed at
solving inherent process challenges. For instance, Al is being
84-86 cunoas
yield,*” and overall syngas composition, lower heating value,
and cold gas efficiency using combined Extreme Gradient
Boosting (XGBoost) and Shapley additive explanations
machine learning (ML) models.*® Several review articles
further highlight these advancements.**=! This body of work
shows that A can help solve the complexity and non-linearity
problems often encountered in biomass gasification modeling
owing to its multivariable nature.

Al-based models, including artificial neural networks,
support vector machines, random forests, and XGBoost, can
predict syngas composition (H,, CO, CH,) and other product
yields (tar, char) with high accuracy. For example, a trained

used to predict hydrogen concentration in syngas,

artificial neural network model achieved an R value of 0.92
for predicting H,, CO, and CH, composition. XGBoost
models have also shown significantly lower error margins
for H, and CH, composition compared with traditional
thermodynamic models like Aspen Plus.”

Furthermore, Al-driven optimization methods, such
as genetic algorithms and reinforcement learning, can
determine optimal operating conditions (e.g. reactor
temperature, pressure, gasifying agent flow rates) to maximize
syngas production while minimizing tar formation. Genetic
algorithms, for instance, has been shown to increase syngas
production by 15% and reduce tar formation by 20%
compared with conventional methods.”! Artificial intelligence

Review: Potential contribution of biomass gasification-based technology in energy transition

can also improve traditional models by generating data that
is difficult or expensive to measure directly, such as kinetic
parameters.

This shows that integrating AI/ML offers significant
potential to improve the efficiency, reliability, and
sustainability of biomass gasification, which strengthens
its competitiveness as a clean, adaptable technology for the
energy transition.

Biomass gasification potential contribution
to energy transition challenges

Biomass gasification has emerged as a pivotal technology in
the transition to sustainable energy systems, aiming to reduce
the environmental footprint and improve the efficiency

of energy production. By converting biomass into syngas,

a mixture of carbon monoxide, hydrogen, and methane,
gasification allows the production of electricity, heat, and
biofuels. Between 1997 and 2024, numerous studies have
contributed to understanding how biomass gasification can
contribute to energy transition, offering both technological
advancements and critical assessments of feasibility

(Fig. 8). However, there is a need to understand some of
the challenges limiting energy transition and examine the
promising pathway biomass gasification technology offers.

Grid stability and energy supply
intermittency

One of the major challenges in the transition to renewable
energy is the variability and intermittency of sources

like wind and solar (Bakht ef al., 2022).°>°* Biomass
gasification offers potential for a stable baseload energy
supply, particularly in oft-grid or weak-grid scenarios,
complementing intermittent renewables and enhancing grid
stability.”

Moreover, by adopting a poly-generation approach,
simultaneously producing electricity, heat, hydrogen, and
biofuels, biomass gasification systems can improve overall
energy efficiency and enhance electric systems resilience.”*”
These attributes not only support grid stability but also
contribute to broader goals of energy security and climate
change mitigation.

Energy storage limitations

Energy storage remains a bottleneck for renewable energy
adoption, and biomass gasification provides a solution to

this problem.”**®%° Biomass gasification converts organic
matter into synthesis gas (syngas) and further into biofuels, a
versatile energy carrier that can be stored and utilized flexibly.
This flexibility helps to stabilize the energy supply, especially

© 2025 The Author(s). Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.
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Table 4. Comparative analysis of biomass gasification technology.

Typical operating
conditions

Reactor type

Fixe:

(downdraft)1%-7°

d-bed

Design features

Carbon conversion
efficiency: 60-80%
Lower Heating Value
(LHV): 8.72-11.32MJ
Nm=2

Cold gas efficiency:
60-70%

Temperature: 1000-1400°C
Needs dry feedstock
(<20% moisture content)
Large particles (10—

100 mm)

Pressure: low/atmospheric
Gasifying agent: air
Equivalence Ratio (E.R.):
0.14-0.5

Advantage

High temperature
promotes tar cracking,
thereby producing a
cleaner gas with low
tar content (0.1-1.2g
Nm~2), making it
suitable for direct use
in internal combustion
engines

Disadvantage

High exit gas temp
(approx. 600°C)
requires cooling

Lower overall thermal
efficiency compared
with the updraft design
Non-uniform
temperature
distribution

OO0 Adeoye et al.

Scaling challenges

Limited feedstock
flexibility (low ash
tolerance)

Hard to scale up
beyond small units
(<1 MW) because
of bridging and
channeling
Formation of
uneven temperature
distribution leading
to a cold spot

and increased tar

formation.
Fixed-bed Carbon conversion Temperature: (<900 °C) Simple design and Very high tar (20-100g Low efficiency
(updraft)'%77 efficiency: 90-95% Particle size: flexible its tolerance for high- ~ Nm™) Costly gas cleanup
LHV: 4.1-6.2MJ Nm=  particle size (5-100mm) moisture biomass. Non-uniform setup
Cold gas efficiency: Moisture content: (<40%) Produces cooler gas temperature High cost of
70-90% Pressure: low/atmospheric  (approx. 300 °C) distribution maintenance
Gasifying agent: air, steam  Can handle wetter Frequent operational
feedstock downtime
Suitable for medium to
large-scale operations
(1.1-12MW)
Fluidized-bed Carbon conversion Temperature: 700-900°C Moderate tar (1-15g Incomplete carbon Complex design/
(BFB)77:80 efficiency: 85-95% Particle size: 1-20mm Nm=3) conversion can occur  operation
LHV (air): (4.1-6.0MJ Moisture content: <50% Uniform temperature Can be scaled up to Moderate tar and
Nm™3) Pressure: low/atmospheric  distribution 50 MW particulates need
LHV (steam): 10-16 MJ  Gasifying agent: air/steam/ High heat transfer cleanup
Nm=2 oxygen rates More costly than
Cold gas efficiency: E.R.: 0.17-0.4 Flexibility to use a wide fixed-bed
50-90% range of fuels
Fluidized-bed Carbon conversion Temperature: 700-900°C Better circulation and ~ More complex and High operational and
(CFB)77:81 efficiency: 85-90% Particle size: 1-20mm temperature uniformity expensive to build maintenance cost
LHV (air): (4.1-6.0MJ Moisture content: owing to the need for = Demands skilled labor
Nm™3) Pressure: low/atmospheric cyclones and particle  and advanced control
LHV (steam): 10-16 MJ  Gasifying agent: air/steam/ recycling equipment. Erosion of the reactor’s
Nm=3 oxygen Can be scaled up to wall and cyclone owing
Cold gas efficiency: E.R: 0.17-0.4 50 MW to high particle velocity
>80%
Entrained- Carbon conversion Temperature: 1200-1800°C It is highly efficient and Need high-grade High material/
flow®283 efficiency: >98% Particle size: 0.1-1mm produces a very clean, materials to build operational cost

LHV: 6-12MJ Nm~2
Cold gas efficiency:
>80%

Moisture content: Low
moisture

Pressure: 20-70bar
Gasifying agent: oxygen
E.R.: 0.2-0.4

high-quality syngas
with extremely low
tar formation (approx.
0.2g Nm™3)

a reactor that can
withstand high
temperatures
Expensive to operate
owing to cost of
preparing feedstock
and oxygen generation

(owing to ash melting,
extreme temperature)
Limited feedstock
flexibility

Clogging of the
feedstock during
feeding owing to the
fine nature of the
biomass

Less suited for small-
scale use
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Figure 8. Biomass gasification technology potential contributions to energy transition.

when integrated with hydrogen storage systems.'® By
upgrading biogas into high-energy-density biofuels, biomass
gasification offers a carbon-neutral solution for energy
storage.'’! These advancements allow for efficient energy
management and storage, ensuring a consistent energy supply
during fluctuations in demand.

Carbon emissions reduction

One of the significant advantages of biomass technologies
lies in their potential to mitigate carbon emissions in difficult
to decarbonize sectors, particularly through bioenergy with
carbon capture and storage systems.'1** In Indonesia, for
example, the integration of carbon capture with biomass
power plants could reduce greenhouse gas emissions by

up to 2.2 million tonnes of CO, annually (Sutrisno et al.,
2021)'%. Moreover, combining biomass gasification with
other technologies such as solid oxide fuel cells and solar-
driven hydrogen production has the potential to enhance
system efficiency further while reducing CO, emissions.
Under optimal conditions, this hybrid system could achieve
an exergy efficiency of 24.85% with CO, emissions as low
as 0.257kg (kWh) ™. This is a significant improvement
compared with 20.0% and 0.368 kg (kWh) ™ reported at
baseline, demonstrating the effectiveness of the proposed
system in minimizing environmental impact.'%

Waste management and sustainability

Biomass gasification also plays a crucial role in sustainable
waste management by the possibility of converting
agricultural, industrial, and forestry waste into syngas to be

used for biofuels synthesis. This process supports the circular
economy by utilizing organic waste that would otherwise go
to landfill or be burned.'”’

In addition, integrating hydrothermal carbonization prior
to gasification can enhance overall efficiency and reduce
environmental impact.'® Moreover, gasification residues can
be repurposed as CO, adsorbents, promoting a near-zero-
waste system and enhancing the environmental sustainability
of this technology.'®”

Social and geographic barriers

One of the social challenges in the energy transition is
ensuring equitable energy access, particularly in rural or
off-grid areas.!'®!"! Decentralized biomass energy systems
based on gasification can enhance local energy production,
particularly in off-grid and rural areas, addressing energy
access challenges.

Biomass-driven technologies, like combined heat and
power systems, convert local agricultural and forestry by-
products into electricity and heat, reducing transportation
costs and improving energy security.''* Small-scale gasifiers
could benefit millions in rural regions.''* Biomass systems
also offer lower operational costs and greater resilience
compared with traditional sources, with competitive
levelized costs of electricity and enhanced sustainability.
Furthermore, gasification generates byproducts such as char,
ash, tar, and liquid condensates, which can be repurposed
for agricultural or industrial applications, supporting waste
valorization and contributing to a circular economy.'*® This
makes biomass gasification technology a viable pathway to
attain energy transition goal.
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Synergy between biomass gasification,
low-carbon hydrogen and biofuels

Biomass gasification technology offers a promising pathway
for producing low-carbon hydrogen. This hydrogen can

be integral to biofuel production, especially in the sectors
that prioritize the use of biofuels such as transportation,
chemicals, and energy production. In this context, the
generated syngas is processed using Fischer-Tropsch
synthesis to convert the syngas into liquid biofuels.''*!"”

Hydrogen can play a key role in improving biofuel quality
and energy content through hydrotreatment, a key chemical
process in bio-refining. The integration of low-carbon
hydrogen into these processes boosts production efficiency,
biofuels yield and helps ensure that the overall life cycle
emissions of biofuels remain low.''® This is particularly
significant in maintaining a low-emission profile for biofuels
throughout their production cycle, contributing to the
decarbonization of the transportation and energy sectors.'"”

Moreover, surplus energy from renewable sources, such as
wind or solar, can be stored in the form of hydrogen, which
can then be used to enhance biofuel production for electricity
generation when renewable energy supply fluctuates.'® This
storage capability ensures that biofuel production remains
consistent and stable, even in the face of intermittent energy
generation, thus promoting a more resilient energy system.

An important performance indicator in this synergy
is carbon usage efficiency (CUE), which represents the
proportion of biomass carbon converted into useful energy
carriers such as CO and H, rather than lost as CO,, tar, or
char. High CUE values are essential for maximizing the
hydrogen yield via the water—gas shift reaction and for
ensuring efficient carbon incorporation into liquid fuels
during Fischer-Tropsch synthesis. Thus, CUE not only
improves the overall productivity of low-carbon hydrogen
and biofuels but also enhances the climate benefits of biomass
gasification when assessed across the energy transition.

In addition to its role in production and refining, the blending
of biofuels with hydrogen, creating hybrid fuels, offers further
environmental and performance advantages.'*’ Hydrogen-
enriched biofuels are known to exhibit cleaner combustion
characteristics, reducing harmful emissions and improving
engine efficiency. These hybrid fuels not only contribute to
lower emissions but also optimize fuel performance, showcasing
the potential for combining biofuels and hydrogen to create a
more sustainable energy solution (Fig. 9).

Policy and economic barriers to adoption

Beyond the technical hurdles, the transition of biomass
gasification from research to widespread commercial

adoption is significantly hampered by policy and economic
barriers. While renewable energy policies such as feed-in
tariffs, portfolio standards, and tax incentives exist, they

are often designed for wind and solar rather than tailored

to the specific needs of biomass gasification. As a result,
developers face uncertain revenue streams, investment risks,
and difficulties in accessing finance. Inconsistent policy
frameworks, lengthy permitting procedures, and the limited
integration of biomass gasification into national energy
strategies further constrain adoption. In addition, many
gasification technologies are still at pilot or demonstration
stages, which means there is a need for sustained research and
development support to improve efficiency, scalability, and
reliability. Economically, high capital costs, underdeveloped
feedstock supply chains, and the absence of established
markets for syngas or biomethane make projects less
competitive, while subsidies for fossil fuels or alternative
technologies exacerbate the challenge. Addressing these
challenges can significantly enhance the capability of biomass
technology to meet the energy transition goal.

Future research direction

To identify future research directions in biomass gasification
technologies and their role in the energy transition, a
keyword trend analysis was conducted for articles published
over the last five years (2019-2024), as presented in Fig. 10.
The results highlight that improving and enhancing hydrogen
production is a crucial area of research. Current hydrogen
yields at the biomass gasifier outlet can be enhanced through
techniques like catalytic gasification. Additionally, reducing
tar formation and optimizing the gasification process are
essential for increasing both the quality and economic
viability of hydrogen-rich gas. To address these complexities,
the disruptive potential of Al should be explored. Advanced
Al models, including support vector machines, genetic
algorithms, and random forests, can be employed to manage
the complex interdependencies of gasification processes,
enabling more sophisticated process control and simulation
of reaction kinetics. Furthermore, because many renewable
resources are intermittent, research into the effective storage
of energy carriers like syngas, biofuels, and hydrogen derived
from biomass gasification remains an active and critical field
of study.

Research should also prioritize integrating carbon capture
technologies with biomass gasification, particularly through
bioenergy with carbon capture and storage systems.'?!

This integration holds the potential to achieve negative
carbon emissions, contributing significantly to global
decarbonization efforts. Studies should focus on optimizing

© 2025 The Author(s). Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.
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Figure 10. Keyword trend analysis for articles published between 2019 and 2024 for future research direction.

gasification parameters, such as temperature and the technologies, along with LCAs and TEAs, will provide
steam-to-biomass ratio, to optimize CO, capture. All these insights into its environmental and economic viability.
directions require the support of life cycle assessment of the Such studies will help guide policymakers and stakeholders
product system. in making informed decisions regarding the deployment

Finally, assessing the techno-economic feasibility of of biomass gasification in global energy systems. Other
biomass gasification technologies is crucial to its widespread identified areas are solid oxide fuel cells, exergy analysis and
adoption. Comparative analyses with other renewable simulation studies.

/‘ 6 © 2025 The Author(s). Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.
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Conclusions

It was observed that despite significant technological
advancements and increasing integration of biomass
gasification into energy systems, its full potential within the
broader energy transition context remains underexplored.
This study therefore, analyses the academic literature

on biomass gasification and energy transition using
systematic bibliometric content analysis techniques and

a technical analysis. It provides a comprehensive and up-
to-date overview of the knowledge structure in this field

by highlighting its development and evolution over time.
The data for bibliometric analysis were obtained from the
WoS database because of its significant overlap in journal
articles with other major databases that focus on the life
sciences, physical sciences and technology resulting in the
selection of a robust body of literature, forming a trustworthy
dataset. This dataset enables the identification of key trends,
prominent research areas, and identifies future direction on
biomass gasification technology. Based on the analysis, the
conclusions of this study are drawn as follows:

1. The trends in biomass gasification and energy transition
research from 1994 to 2024 reveal three distinct stages.
The ‘initial’ stage (1997-2008) saw limited research.
Interest grew in the ‘rise’ stage (2009-2018), marked by
increasing publications and exploration of gasification’s
integration with power systems. The ‘prosperity’ stage
(2019 onwards) has seen a surge in research, with
over 100 publications annually, reflecting significant
advancements and ongoing interest in the field.

2. The analysis of trends and distribution of scientific
journals reveals that 47% of the publications on biomass
gasification are concentrated in seven core journals,
with Renewable Energy leading the contributions,
followed by Energy and the International Journal of
Hydrogen Energy. China, the United States, India, and
Italy are the leading countries in biomass gasification
research, with China producing the most publications,
while international collaborations are primarily
concentrated among China, the United States, India,
and Canada.

3. Thematic analysis identifies key themes in biomass
gasification research through a thematic map. Major
findings show that hydrogen production, exergy,
and steam gasification are active areas of research,
highlighting the potential of biomass gasification as a
viable solution for clean hydrogen production, energy
optimization, and the development of more sustainable
and scalable energy transition pathways.

4. Future research in biomass gasification should focus on
efficient hydrogen production from biomass, alongside
advancements in the storage of biomass gasification
energy carrier products such as syngas and biofuels.
Likewise, the techno-economic feasibility of biomass
gasification technologies should be explored to facilitate
widespread adoption of the technology.

Acknowledgments

The contributions of the UNIFEI NEST Research Team
are gratefully acknowledged, with thanks to the National
Research Council of Brazil, the Minas Gerais Research
Support Foundation, and the Tertiary Education Trust
Fund, Nigeria, for their support. The Article Processing
Charge for the publication of this research was funded by
the Coordenagdo de Aperfeicoamento de Pessoal de Nivel
Superior - Brasil (CAPES) (ROR identifier: 00x0ma614).

References

1. IRENA, World Energy Transitions Outlook 2024 (2024).
Available: https://www.irena.org/Publications/2024/Nov/
World-Energy-Transitions-Outlook-2024 [16 November
2024].

2. Tibrewal K, Tanaka K, Boucher O and Ciais P, Levers of
climate pledges influencing the Paris Agreement target.

In: EGU General Assembly 2023, EGU23-6566. 2023.
Available from: https://doi.org/10.5194/egusphere-egu23-
6566.

3. UNEP, Nations must go further than current Paris pledges or
face global warming of 2.5-2.9°C (2023). Available: https:/
www.unep.org/news-and-stories/press-release/natio
ns-must-go-further-current-paris-pledges-or-face-global-
warming [10 October 2024].

4. Kulagin V, Transformation of global energy markets in the
context of the energy transition. AIP Conf Proc 2552:080025
(2023). https://doi.org/10.1063/5.0111488.

5. Weimann L, Beyond the Energy Transition: Modelling of
Integrated Multi-Energy Systems for a Sustainable Industrial
Transformation. Utrecht University, Netherlands (2023).
https://doi.org/10.33540/1773.

6. Statista, Global Biomass Primary Energy Supply. Statista,
New York (2024). Available: https://www.statista.com/stati
stics/481628/biomass-primary-energy-supply-worldwide/
[30 September 2024].

7. |EA, Bioenergy. IEA, France (2024). Available: https:/
www.iea.org/energy-system/renewables/bioenergy [30
September 2024].

8. Suparmin P, Purwanti N, Oscar Nelwan L and Halomoan
Tambunan A, Syngas production by biomass gasification:

A meta-analysis. Renew Sustain Energy Rev 206:114824
(2024). https://doi.org/10.1016/j.rser.2024.114824.

9. Errera MR, Dias TA d C, Maya DMY and Lora EES, Global
bioenergy potentials projections for 2050. Biomass
Bioenergy 170:106721 (2023). https://doi.org/10.1016/j.biomb
i0e.2023.106721.

© 2025 The Author(s). Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.

| Biofuels, Bioprod. Bioref. (2025); DOI: 10.1002/bbb.70086

OO Adeoye et al.

17

85UB017 SUOWILLIOD BAIERID) B|qedtjdde au Aq pausenob a1e sapiie WO ‘SN JOSaIN. Joj AriqI U1 UO AB]IM UO (SUORIPUOD-PUR-SLLBHWIOD" A3 | 1M AReIq 1 BuI|UO//SURY) SUORIPUOD Pue SWS L 8U} 88S *[5202/2T/T0] uo Ariqiauliuo AB|Im ‘minL JO AiseAN Ag 98002 40/200T OT/I0p/L0D" A3 1M Areiqeul|uo'S euIno 105//:5dny Woiy papeojumoq ‘0 ‘TE0TZEBT


https://www.irena.org/Publications/2024/Nov/World-Energy-Transitions-Outlook-2024
https://www.irena.org/Publications/2024/Nov/World-Energy-Transitions-Outlook-2024
https://doi.org/10.5194/egusphere-egu23-6566
https://doi.org/10.5194/egusphere-egu23-6566
https://www.unep.org/news-and-stories/press-release/nations-must-go-further-current-paris-pledges-or-face-global-warming
https://www.unep.org/news-and-stories/press-release/nations-must-go-further-current-paris-pledges-or-face-global-warming
https://www.unep.org/news-and-stories/press-release/nations-must-go-further-current-paris-pledges-or-face-global-warming
https://www.unep.org/news-and-stories/press-release/nations-must-go-further-current-paris-pledges-or-face-global-warming
https://doi.org/10.1063/5.0111488
https://doi.org/10.33540/1773
https://www.statista.com/statistics/481628/biomass-primary-energy-supply-worldwide/
https://www.statista.com/statistics/481628/biomass-primary-energy-supply-worldwide/
https://www.iea.org/energy-system/renewables/bioenergy
https://www.iea.org/energy-system/renewables/bioenergy
https://doi.org/10.1016/j.rser.2024.114824
https://doi.org/10.1016/j.biombioe.2023.106721
https://doi.org/10.1016/j.biombioe.2023.106721

OO0 Adeoye et al.

18

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Khlifi S, Pozzobon V and Lajili M, A comprehensive review
of syngas production, fuel properties, and operational
parameters for biomass conversion. Energies 17(15):3646
(2024). https://doi.org/10.3390/en17153646.

Taqvi SAA, Kazmi B, Naqgvi SR, Juchelkova D and Bokhari
A, State-of-the-art review of biomass gasification: Raw to
energy generation. ChemBioEng Rev 11(4):e202400003
(2024). https://doi.org/10.1002/cben.202400003.

Nogueira RC, Neto FS, Junior PGDS, Valério RBR, Serpa J
d F, Lima AM d S et al., Research trends and perspectives
on hydrothermal gasification in producing biofuels. Energy
Nexus 10:100199 (2023). https://doi.org/10.1016/j.nexus.
2023.100199.

Singh VK, Singh P, Karmakar M, Leta J and Mayr P,

The journal coverage of Web of Science, Scopus and
Dimensions: A comparative analysis. Scientometrics
126(6):5113-5142 (2021). https://doi.org/10.1007/s11192-021-
03948-5.

Page MJ, McKenzie JE, Bossuyt PM, Boutron |, Hoffmann
TC, Mulrow CD et al., The PRISMA 2020 statement: An
updated guideline for reporting systematic reviews. PLoS
Med 18(3):e1003583 (2021). https://doi.org/10.1371/journal.
pmed.1003583.

Aria M and Cuccurullo C, bibliometrix: An R-tool for
comprehensive science mapping analysis. J Informetr
11(4):959-975 (2017). https://doi.org/10.1016/j.joi.2017.08.
007.

Wang X, Zhang Y, Zhang J, Fu C and Zhang X, Progress in
urban metabolism research and hotspot analysis based on
CiteSpace analysis. J Clean Prod 281:125224 (2021). https:/
doi.org/10.1016/j.jclepro.2020.125224.

Maniatis K and Millich E, Energy from biomass and waste:
The contribution of utility scale biomass gasification plants.
Biomass Bioenergy 15(3):195-200 (1998). https://doi.org/10.
1016/S0961-9534(98)00052-X.

Jiang L, Hu S, Wang Y, Su S, Sun L, Xu B et al., Catalytic
effects of inherent alkali and alkaline earth metallic species
on steam gasification of biomass. Int J Hydrogen Energy
40(45):15460-15469 (2015). https://doi.org/10.1016/j.ijhyd
ene.2015.08.111.

Naqvi M, Dahlquist E and Yan J, Complementing

existing CHP plants using biomass for production of
hydrogen and burning the residual gas in a CHP boiler.
Biofuels 8(6):675-683 (2017). https://doi.org/10.1080/17597
269.2016.1153362.

Archer D and Johnson J, Evaluating local crop residue
biomass supply: Economic and environmental impacts.
Bioenergy Res 5(3):699-712 (2012). https://doi.org/10.1007/
s12155-012-9178-2.

Barbanera M, Cotana F and Di Matteo U, Co-combustion
performance and kinetic study of solid digestate with
gasification biochar. Renew Energy 121:597-605 (2018).
https://doi.org/10.1016/j.renene.2018.01.076.

Goransson K, Soderlind U, Engstrand P and Zhang W, An
experimental study on catalytic bed materials in a biomass
dual fluidised bed gasifier. Renew Energy 81:251-261 (2015).
https://doi.org/10.1016/j.renene.2015.03.020.

Mikulandric R, Béhning D, B6hme R, Helsen L, Beckmann
M and Loncar D, Dynamic modelling of biomass gasification
in a co-current fixed bed gasifier. Energ Conver Manage
125:264-276 (2016). https://doi.org/10.1016/j.enconman.
2016.04.067.

Lakshminarasimhappa M and Kemparaju T, Impact

of Bradford’s law of scattering on drone technology
publications. Libr Philos Pract:0_1-13 (2019).

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Review: Potential contribution of biomass gasification-based technology in energy transition

IEA, China — World Energy Investment 2024 — Analysis. |IEA,
France (2024). Available: https://www.iea.org/reports/world
-energy-investment-2024/china [19 October 2024].
Mueller-Langer F, Tzimas E, Kaltschmitt M and Peteves

S, Techno-economic assessment of hydrogen production
processes for the hydrogen economy for the short and
medium term. Int J Hydrogen Energy 32(16):3797-3810
(2007). https://doi.org/10.1016/j.ijhydene.2007.05.027.

Pala L, Wang Q, Kolb G and Liessel V, Steam gasification

of biomass with subsequent syngas adjustment using shift
reaction for syngas production: An Aspen Plus model.
Renew Energy 101:484-492 (2017). https://doi.org/10.1016/j.
renene.2016.08.069.

Younas M, Shafique S, Hafeez A, Javed F and Rehman F, An
overview of hydrogen production: current status, potential,
and challenges. Fuel 316:123317 (2022). https://doi.org/10.
1016/j.fuel.2022.123317.

Lv P, Yuan Z, Ma L, Wu C, Chen Y and Zhu J, Hydrogen-
rich gas production from biomass air and oxygen/

steam gasification in a downdraft gasifier. Renew Energy
32(13):2173-2185 (2007). https://doi.org/10.1016/j.renene.
2006.11.010.

Ahrenfeldt J, Thomsen T, Henriksen U and Clausen L,
Biomass gasification cogeneration — A review of state of the
art technology and near future perspectives. Appl Therm
Eng 50(2):1407-1417 (2013). https://doi.org/10.1016/j.applt
hermaleng.2011.12.040.

Devi L, Ptasinski K and Janssen F, Pretreated olivine as tar
removal catalyst for biomass gasifiers: Investigation using
naphthalene as model biomass tar. Fuel Process Technol
86(6):707-730 (2005). https://doi.org/10.1016/j.fuproc.2004.
07.001.

Cao Y, Wang Y, Riley J and Pan W, A novel biomass air
gasification process for producing tar-free higher heating
value fuel gas. Fuel Process Technol 87(4):343-353 (2006).
https://doi.org/10.1016/j.fuproc.2005.10.003.

Kelly-Yong T, Lee K, Mohamed A and Bhatia S, Potential of
hydrogen from oil palm biomass as a source of renewable
energy worldwide. Energy Policy 35(11):5692-5701 (2007).
https://doi.org/10.1016/j.enpol.2007.06.017.

Martinez JD, Silva Lora EE, Andrade RV and Jaén RL,
Experimental study on biomass gasification in a double air
stage downdraft reactor. Biomass Bioenergy 35(8):3465-
3480 (2011). https://doi.org/10.1016/j.biombioe.2011.04.049.
Galindo AL, Lora ES, Andrade RV, Giraldo SY, Jaén RL and
Cobas VM, Biomass gasification in a downdraft gasifier with
a two-stage air supply: Effect of operating conditions on gas
quality. Biomass Bioenergy 61:236-244 (2014). https://doi.
org/10.1016/j.biombioe.2013.12.017.

Tao Z and Chao J, A bibliometric and visualized analysis

of research on green finance and energy in a global
perspective. Res Glob 7:100156 (2023). https://doi.org/10.
1016/j.resglo.2023.100156.

Cobo MJ, Lépez-Herrera AG, Herrera-Viedma E and Herrera
F, Science mapping software tools: Review, analysis, and
cooperative study among tools. J Am Soc Inf Sci Technol
62(7):1382-1402 (2011). https://doi.org/10.1002/asi.21525.
Passas I, Bibliometric analysis: The Main steps.
Encyclopedia 4(2):1014-1025 (2024). https://doi.org/10.3390/
encyclopedia4020065.

Pandey PH, Ukarde TM, Mahale JS, Vasishta A and Pawar
HS, Syngas production via biomass gasification, in Biomass,
Biofuels, Biochemicals. Elsevier, United Kingdom pp.
211-261 (2022). https://doi.org/10.1016/B978-0-12-824419-7.
00019-4.

© 2025 The Author(s). Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.

| Biofuels, Bioprod. Bioref. (2025); DOI: 10.1002/bbb.70086

85UB017 SUOWILLIOD BAIERID) B|qedtjdde au Aq pausenob a1e sapiie WO ‘SN JOSaIN. Joj AriqI U1 UO AB]IM UO (SUORIPUOD-PUR-SLLBHWIOD" A3 | 1M AReIq 1 BuI|UO//SURY) SUORIPUOD Pue SWS L 8U} 88S *[5202/2T/T0] uo Ariqiauliuo AB|Im ‘minL JO AiseAN Ag 98002 40/200T OT/I0p/L0D" A3 1M Areiqeul|uo'S euIno 105//:5dny Woiy papeojumoq ‘0 ‘TE0TZEBT


https://doi.org/10.3390/en17153646
https://doi.org/10.1002/cben.202400003
https://doi.org/10.1016/j.nexus.2023.100199
https://doi.org/10.1016/j.nexus.2023.100199
https://doi.org/10.1007/s11192-021-03948-5
https://doi.org/10.1007/s11192-021-03948-5
https://doi.org/10.1371/journal.pmed.1003583
https://doi.org/10.1371/journal.pmed.1003583
https://doi.org/10.1016/j.joi.2017.08.007
https://doi.org/10.1016/j.joi.2017.08.007
https://doi.org/10.1016/j.jclepro.2020.125224
https://doi.org/10.1016/j.jclepro.2020.125224
https://doi.org/10.1016/S0961-9534(98)00052-X
https://doi.org/10.1016/S0961-9534(98)00052-X
https://doi.org/10.1016/j.ijhydene.2015.08.111
https://doi.org/10.1016/j.ijhydene.2015.08.111
https://doi.org/10.1080/17597269.2016.1153362
https://doi.org/10.1080/17597269.2016.1153362
https://doi.org/10.1007/s12155-012-9178-2
https://doi.org/10.1007/s12155-012-9178-2
https://doi.org/10.1016/j.renene.2018.01.076
https://doi.org/10.1016/j.renene.2015.03.020
https://doi.org/10.1016/j.enconman.2016.04.067
https://doi.org/10.1016/j.enconman.2016.04.067
https://www.iea.org/reports/world-energy-investment-2024/china
https://www.iea.org/reports/world-energy-investment-2024/china
https://doi.org/10.1016/j.ijhydene.2007.05.027
https://doi.org/10.1016/j.renene.2016.08.069
https://doi.org/10.1016/j.renene.2016.08.069
https://doi.org/10.1016/j.fuel.2022.123317
https://doi.org/10.1016/j.fuel.2022.123317
https://doi.org/10.1016/j.renene.2006.11.010
https://doi.org/10.1016/j.renene.2006.11.010
https://doi.org/10.1016/j.applthermaleng.2011.12.040
https://doi.org/10.1016/j.applthermaleng.2011.12.040
https://doi.org/10.1016/j.fuproc.2004.07.001
https://doi.org/10.1016/j.fuproc.2004.07.001
https://doi.org/10.1016/j.fuproc.2005.10.003
https://doi.org/10.1016/j.enpol.2007.06.017
https://doi.org/10.1016/j.biombioe.2011.04.049
https://doi.org/10.1016/j.biombioe.2013.12.017
https://doi.org/10.1016/j.biombioe.2013.12.017
https://doi.org/10.1016/j.resglo.2023.100156
https://doi.org/10.1016/j.resglo.2023.100156
https://doi.org/10.1002/asi.21525
https://doi.org/10.3390/encyclopedia4020065
https://doi.org/10.3390/encyclopedia4020065
https://doi.org/10.1016/B978-0-12-824419-7.00019-4
https://doi.org/10.1016/B978-0-12-824419-7.00019-4

Review: Potential contribution of biomass gasification-based technology in energy transition

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Narnaware S, Panwar NL, Gupta T and Meena KK, Bubbling
Fluidized Bed Gasification of Biomass: A Review on the
Effect of Selected Operational Parameters (2022). Available:
https://www.semanticscholar.org/paper/Bubbling-Fluidized-
Bed-Gasification-of-Biomass%3A-A-Narnaware-Panwar/
03476945423df35f986347b1c9c525d67d24726b [19 October
2024].

Amankeldin SA and Kalinin AA, Enhancing biomass
gasification: analyzing crucial parameters for sustainable
energy production. Bull Toraighyrov Univ Energ Ser
4(2023):35-45 (2023). https://doi.org/10.48081/JTYR5134.
Abdalla ME, Abdalla SA, Taqvi SAA, Naqvi SR and Chen
WH, Investigation of biomass integrated air gasification
regenerative gas turbine power plants. Energies 15(3):741
(2022). https://doi.org/10.3390/en15030741.

Gao Y, Wang M, Raheem A, Wang F, Wei J, Xu D et al.,
Syngas production from biomass gasification: Influences of
feedstock properties, reactor type, and reaction parameters.
ACS Omega 8(35):31620-31631 (2023). https://doi.org/10.
1021/acsomega.3c03050.

Mukti R, Kresnowati MTAP and Setiadi T, Challenges in
syngas fermentation for bioethanol production: Syngas
composition. Eng Chem 1:9-19 (2023). https://doi.org/10.
4028/p-9g14o1.

Singh D, Raizada A and Yadav S, Syngas production from
fast pyrolysis and steam gasification of mixed food waste.
Waste Manag Res 40(11):1669-1675 (2022). https://doi.org/
10.1177/0734242X221093948.

Dafiqurrohman H, Kosasih D, Putra A, Setyawan M and
Surjosatyo A, Improvement of tar removal performance in
biomass gasification using fixed-bed biomass filtration.

J Eng Technol Sci 52(4):546-564 (2020). https://doi.org/10.
5614/j.eng.technol.sci.2020.52.4.7.

Rouanet A and Jeanmart H, Improvement of syngas quality
from two-stage downdraft wood gasification through steam
and oxygen injection. Biomass Bioenergy 180:106998
(2024). https://doi.org/10.1016/j.biombioe.2023.106998.
Lanjekar PR, Panwar NL and Agrawal C, A comprehensive
review on hydrogen production through thermochemical
conversion of biomass for energy security. Bioresour
Technol Rep 21:101293 (2023). https://doi.org/10.1016/j.
biteb.2022.101293.

Abbas S, Alhassany H, Vera D and Jurado F, Techno-
economic viability analysis of a downdraft gasification
system for hydrogen production from date molasses waste
in Iraqg. Biofuels Bioprod Biorefin Biofpr 18(1):139-155 (2024).
https://doi.org/10.1002/bbb.2557.

Demol R, Dufour A, Rogaume Y and Mauviel G, Production
of purified H,, heat and biochar from wood: Techno-
economic and life cycle assessment of small scale units.

J Clean Prod 412:137347 (2023). https://doi.org/10.1016/j.jclepro.
2023.137347.

Mondal P, From municipal solid waste (MSW) to

hydrogen: performance optimization of a fixed bed gasifier
using Box-Benkhen method. Int J Hydrogen Energy
47(46):20064-20075 (2022). https://doi.org/10.1016/j.ijhyd
ene.2022.04.150.

Ren R, Wang H and You C, Steam gasification of refuse-
derived fuel with CaO modification for hydrogen-rich syngas
production. Energies 15(21):8279 (2022). https://doi.org/10.
3390/en15218279.

Yadav S and Mohanty P, Utilization of paper mill sludge

as a sustainable source of hydrogen production. Biofuels
13(9):1113-1118 (2022). https://doi.org/10.1080/17597269.
2022.2107658.

54.

55.

56.

57.

58.

50.

60.

61.

62.

63.

64.

65.

Timofeeva SS, Karaeva JV, Kovalev AA, Kovalev DA and Litti
YV, Steam gasification of digestate after anaerobic digestion
and dark fermentation of lignocellulosic biomass to produce
syngas with high hydrogen content. Int J Hydrogen Energy
48(21):7559-7568 (2023). https://doi.org/10.1016/j.ijhydene.
2022.11.260.

Cormos C, Green hydrogen production from decarbonized
biomass gasification: An integrated techno-economic and
environmental analysis. Energy 270:126926 (2023). https:/
doi.org/10.1016/j.energy.2023.126926.

Zhang S, He S, Gao N, Wang J, Duan Y, Quan C et al.,
Hydrogen production from autothermal CO2 gasification

of cellulose in a fixed-bed reactor: Influence of thermal
compensation from CaO carbonation. Int J Hydrogen Energy
47(98):41480-41487 (2022). https://doi.org/10.1016/j.ijhyd
ene.2022.02.018.

Sikarwar V, Peela N, Vuppaladadiyam A et al., Thermal
plasma gasification of organic waste stream coupled with
CO2-sorption enhanced reforming employing different
sorbents for enhanced hydrogen production. RSC Adv
12(10):6122-6132 (2022). https://doi.org/10.1039/d1ra07719h.
Nemmour A, Inayat A, Janajreh | and Ghenai C, Syngas
production from municipal solid waste plasma gasification:
A simulation and optimization study. Fuel 349:128698 (2023).
https://doi.org/10.1016/j.fuel.2023.128698.

Zhao'Y, Yao J, Chen G, Liu J, Cheng Z, Wang L et al.,
Energy, efficiency, and environmental analysis of hydrogen
generation via plasma co-gasification of biomass and
plastics based on parameter simulation using Aspen plus.
Energ Conver Manage 295:117623 (2023). https://doi.org/10.
1016/j.enconman.2023.117623.

Xie H, Yu Q, Lu H, Zhang Y, Zhang J and Qin Q,
Thermodynamic study for hydrogen production from bio-

oil via sorption-enhanced steam reforming: Comparison
with conventional steam reforming. Int J Hydrogen Energy
42(48):28718-28731 (2017). https://doi.org/10.1016/j.ijhyd
ene.2017.09.155.

Hosseini Abbandanak M, Taghizadeh M and Fallah N, High-
purity hydrogen production by sorption-enhanced methanol
steam reforming over a combination of Cu-Zn-CeO,—ZrO,/
MCM-41 catalyst and (Li-Na-K) NO5;-MgO adsorbent. Int J
Hydrogen Energy 46(10):7099-7112 (2021). https://doi.org/10.
1016/j.ijhydene.2020.11.250.

Faheem HH, Tanveer HU, Abbas Syed Z and Magbool

F, Comparative study of conventional steam-methane-
reforming (SMR) and auto-thermal-reforming (ATR) with
their hybrid sorption enhanced (SE-SMR & SE-ATR) and
environmentally benign process models for the hydrogen
production. Fuel 297:120769 (2021). https://doi.org/10.1016/j.
fuel.2021.120769.

Brito J, Pinto F, Ferreira A, Soria MA and Madeira LM,
Steam reforming of biomass gasification gas for hydrogen
production: From thermodynamic analysis to experimental
validation. Fuel Process Technol 250:107859 (2023). https://
doi.org/10.1016/j.fuproc.2023.107859.

Barisano D, Canneto G, Nanna F, Villone A, Fanelli E, Freda
C et al., Investigation of an intensified thermo-chemical
experimental set-up for hydrogen production from biomass:
Gasification process integrated to a portable purification
system — Part Il. Energies 15(13):4580 (2022). https://doi.org/
10.3390/en15134580.

Singh A, Shivapuji AM and Dasappa S, Hydrogen production
through agro-residue gasification and adsorptive separation.
Appl Therm Eng 234:121247 (2023). https://doi.org/10.1016/j.
applthermaleng.2023.121247.

© 2025 The Author(s). Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.
| Biofuels, Bioprod. Bioref. (2025); DOI: 10.1002/bbb.70086

OO Adeoye et al.

19

85UB017 SUOWILLIOD BAIERID) B|qedtjdde au Aq pausenob a1e sapiie WO ‘SN JOSaIN. Joj AriqI U1 UO AB]IM UO (SUORIPUOD-PUR-SLLBHWIOD" A3 | 1M AReIq 1 BuI|UO//SURY) SUORIPUOD Pue SWS L 8U} 88S *[5202/2T/T0] uo Ariqiauliuo AB|Im ‘minL JO AiseAN Ag 98002 40/200T OT/I0p/L0D" A3 1M Areiqeul|uo'S euIno 105//:5dny Woiy papeojumoq ‘0 ‘TE0TZEBT


https://www.semanticscholar.org/paper/Bubbling-Fluidized-Bed-Gasification-of-Biomass%3A-A-Narnaware-Panwar/03476945423df35f986347b1c9c525d67d24726b
https://www.semanticscholar.org/paper/Bubbling-Fluidized-Bed-Gasification-of-Biomass%3A-A-Narnaware-Panwar/03476945423df35f986347b1c9c525d67d24726b
https://www.semanticscholar.org/paper/Bubbling-Fluidized-Bed-Gasification-of-Biomass%3A-A-Narnaware-Panwar/03476945423df35f986347b1c9c525d67d24726b
https://doi.org/10.48081/JTYR5134
https://doi.org/10.3390/en15030741
https://doi.org/10.1021/acsomega.3c03050
https://doi.org/10.1021/acsomega.3c03050
https://doi.org/10.4028/p-9g14o1
https://doi.org/10.4028/p-9g14o1
https://doi.org/10.1177/0734242X221093948
https://doi.org/10.1177/0734242X221093948
https://doi.org/10.5614/j.eng.technol.sci.2020.52.4.7
https://doi.org/10.5614/j.eng.technol.sci.2020.52.4.7
https://doi.org/10.1016/j.biombioe.2023.106998
https://doi.org/10.1016/j.biteb.2022.101293
https://doi.org/10.1016/j.biteb.2022.101293
https://doi.org/10.1002/bbb.2557
https://doi.org/10.1016/j.jclepro.2023.137347
https://doi.org/10.1016/j.jclepro.2023.137347
https://doi.org/10.1016/j.ijhydene.2022.04.150
https://doi.org/10.1016/j.ijhydene.2022.04.150
https://doi.org/10.3390/en15218279
https://doi.org/10.3390/en15218279
https://doi.org/10.1080/17597269.2022.2107658
https://doi.org/10.1080/17597269.2022.2107658
https://doi.org/10.1016/j.ijhydene.2022.11.260
https://doi.org/10.1016/j.ijhydene.2022.11.260
https://doi.org/10.1016/j.energy.2023.126926
https://doi.org/10.1016/j.energy.2023.126926
https://doi.org/10.1016/j.ijhydene.2022.02.018
https://doi.org/10.1016/j.ijhydene.2022.02.018
https://doi.org/10.1039/d1ra07719h
https://doi.org/10.1016/j.fuel.2023.128698
https://doi.org/10.1016/j.enconman.2023.117623
https://doi.org/10.1016/j.enconman.2023.117623
https://doi.org/10.1016/j.ijhydene.2017.09.155
https://doi.org/10.1016/j.ijhydene.2017.09.155
https://doi.org/10.1016/j.ijhydene.2020.11.250
https://doi.org/10.1016/j.ijhydene.2020.11.250
https://doi.org/10.1016/j.fuel.2021.120769
https://doi.org/10.1016/j.fuel.2021.120769
https://doi.org/10.1016/j.fuproc.2023.107859
https://doi.org/10.1016/j.fuproc.2023.107859
https://doi.org/10.3390/en15134580
https://doi.org/10.3390/en15134580
https://doi.org/10.1016/j.applthermaleng.2023.121247
https://doi.org/10.1016/j.applthermaleng.2023.121247

OO0 Adeoye et al.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

20

Ansari SH, Shen J and Liu X, Using concentrated solar
energy in a biomass gasification to produce hydrogen. AIP
Conf Proc 2445:130001 (2022). https://doi.org/10.1063/5.
0085710.

Tacuri D, Andrade C, Alvarez P, Abril-Gonzalez M,

Zalamea S, Pinos-Vélez V et al., Design and development
of a catalytic fixed-bed reactor for gasification of banana
biomass in hydrogen production. Catalysts 12(4):395 (2022).
https://doi.org/10.3390/catal12040395.

Zhang J and Niu Y, Biomass to hydrogen-rich syngas via tar
removal from steam gasification with La;_yCeyxFeOs/dolomite
as a catalyst. Int J Hydrogen Energy 47(52):21997-22009
(2022). https://doi.org/10.1016/j.ijhydene.2022.05.022.
Yesilova N, Tezer O, Ongen A and Ayol A, Enhancing
biomass gasification: A comparative study of catalyst
applications in updraft and modifiable-downdraft fixed bed
reactors. Int J Hydrogen Energy 76:290-303 (2024). https:/
doi.org/10.1016/j.ijhydene.2024.05.075.

Gaona-Cumbicos J, Naula-Duchi K, Alvarez-Lloret P,
Mejia-Galarza W, Bernal-Pesantez B and Jara-Cobos L,
Simulation of the catalytic gasification of banana biomass
in the production of hydrogen, using glucose as a model
compound. Catalysts 13(10):1323 (2023). https://doi.org/10.
3390/catal13101323.

Su H, Yan M and Wang S, Recent advances in supercritical
water gasification of biowaste catalyzed by transition metal-
based catalysts for hydrogen production. Renew Sustain
Energy Rev 154:111831 (2022). https://doi.org/10.1016/j.rser.
2021.111831.

Ahmed T, Hoadley A and Tanksale A, In-situ reforming of
biomass primary tars via reactive flash volatilization. Renew
Energy 147:1180-1187 (2020). https://doi.org/10.1016/j.
renene.2019.09.051.

Jurado L, Papaefthimiou V, Thomas S and Roger A,
Upgrading syngas from wood gasification through steam
reforming of tars over highly active Ni-perovskite catalysts
at relatively low temperature. Appl Catal Environ 299:20687
(2021). https://doi.org/10.1016/j.apcatb.2021.120687.

Wang N, He H, Wang Y, Xu B, Harding J, Yin X et al.,
Machine learning-driven optimization of Ni-based catalysts
for catalytic steam reforming of biomass tar. Energ Conver
Manage 300:117879 (2024). https://doi.org/10.1016/j.encon
man.2023.117879.

Zabihi A, Ghobadian B, Samadi S, Lefsrud M and Samadi H,
Tar removal from synthesis gas by a walnut shell downdraft
fixed bed gasifier. Energ Conver Manage 319:118872 (2024).
https://doi.org/10.1016/j.enconman.2024.118872.

Luo J, Yan Q, Feng Z, Zhang M and Yang Y, Exergy

and energy analysis on coal/biomass co-gasification in
supercritical water. High Temp High Press 50(1):3-15 (2021).
https://doi.org/10.32908/hthp.v50.927.

Maitlo G, Mahar RB, Bhatti ZA and Nazir I, A comprehensive
literature review of thermochemical conversion of biomass
for syngas production and associated challenge. Mehran
Univ Res J Eng Technol 38(2):495-512 (2019). https://doi.
org/10.22581/muet1982.1902.24.

Ferreiro Al, Ferreira AF, Fernandes EC and Coelho P,
Influence of process parameters on biomass gasification: A
review of experimental studies in entrained flow reactors and
droptube furnaces. Biomass Bioenergy 185:107217 (2024).
https://doi.org/10.1016/j.biombioe.2024.107217.
Carmo-Calado L, Hermoso-Orzaez MJ, Diaz-Perete D, Cal-
Herrera JL, Brito P and Terrados-Cepeda J, Experimental
research on the production of hydrogen-rich synthesis

gas via the air-gasification of olive pomace: A comparison

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Review: Potential contribution of biomass gasification-based technology in energy transition

between an updraft bubbling bed and a downdraft fixed
bed. Hydrogen 4(4):726-745 (2023). https://doi.org/10.3390/
hydrogen4040046.

Shahadat Hossain Mohammad S, Kumar Deepak D, Paul
Nishat P et al., Design and development of bubbling fluidized
bed gasifier for non-woody biomass gasification. Chem Eng
Trans 92:289-294 (2022). https://doi.org/10.3303/CET22
92049.

Wang L, Zhou T, Hou B, Yang H, Hu N and Zhang

M, A comprehensive review of biomass gasification
characteristics in fluidized bed reactors: Progress,
challenges, and future directions. Fluids 10(6):147 (2025).
https://doi.org/10.3390/fluids10060147.

Adeoye OO, Silva Lora EE, Andrade RV, Pupo LP and Jaén
RL, Review of entrained flow co-gasification technology of
biomass with different fuels. Fuel 404:136420 (2026). https:/
doi.org/10.1016/j.fuel.2025.136420.

Zhou J, Chen Q, Zhao H, Cao X, Mei Q, Luo Z et al.,
Biomass—oxygen gasification in a high-temperature
entrained-flow gasifier. Biotechnol Adv 27(5):606-611 (2009).
https://doi.org/10.1016/j.biotechadv.2009.04.011.

Shi Y, Maya DMY, Lora ES and Ratner A, Hydrogen
enhancement in syngas through biomass steam gasification:
Assessment with machine learning models. Energies
18(5):1200 (2025). https://doi.org/10.3390/en18051200.
Tuntiwongwat T, Yukawa T, Srinophakun TR, Manatura K,
Sukpancharoen S and Mirjalili S, Machine learning and
thermodynamic modeling for optimizing hydrogen production
via algae-biomass co-gasification. Clean Eng Technol
28:101038 (2025). https://doi.org/10.1016/j.clet.2025.101038.
Vaiyapuri T, Optimizing hydrogen production in the co-
gasification process: Comparison of explainable regression
models using Shapley additive explanations. Entropy
27(1):83 (2025). https://doi.org/10.3390/e27010083.

Wang B, Xu J, Wang D, Wang Y, Guo X, Gao S et al., Al-
driven predictive modelling for syngas yield in hydrothermal
biomass gasification. Chem Eng Sci 316:122017 (2025).
https://doi.org/10.1016/j.ces.2025.122017.

Paramasivam P, Alrugi M and Agbulut U, Experimental
simulation and analysis of Acacia Nilotica biomass
gasification with XGBoost and SHapley additive
explanations to determine the importance of key features.
Energy 327:136291 (2025). https://doi.org/10.1016/j.energy.
2025.136291.

Liao M and Yao Y, Applications of artificial intelligence-
based modeling for bioenergy systems: A review. GCB
Bioenergy 13(5):774-802 (2021). https://doi.org/10.1111/gcbb.
12816.

Mahdavi N, Dutta A, Tasnim SH and Mahmud S, Review

of machine learning techniques for energy sharing and
biomass waste gasification pathways in integrating solar
greenhouses into smart energy systems. Energy Al
20:100498 (2025). https://doi.org/10.1016/j.egyai.2025.
100498.

Ouedraogo H, Sadio Sidibe SD and Richardson Y,
Advancing small-scale biomass gasification (10-200 kW) for
energy access: Syngas purification, system modeling and
the role of artificial intelligence — A review. Energy Convers
Manag X 27:101059 (2025). https://doi.org/10.1016/j.ecmx.
2025.101059.

Achalanka WM, Application of Al and machine learning in
enhancing the efficiency of biomass gasification processes.
Int J Eng Dev Res 12(4):68-85 (2024).

Kittner N, Lill F and Kammen DM, Energy storage
deployment and innovation for the clean energy transition.

© 2025 The Author(s). Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.

| Biofuels, Bioprod. Bioref. (2025); DOI: 10.1002/bbb.70086

85UB017 SUOWILLIOD BAIERID) B|qedtjdde au Aq pausenob a1e sapiie WO ‘SN JOSaIN. Joj AriqI U1 UO AB]IM UO (SUORIPUOD-PUR-SLLBHWIOD" A3 | 1M AReIq 1 BuI|UO//SURY) SUORIPUOD Pue SWS L 8U} 88S *[5202/2T/T0] uo Ariqiauliuo AB|Im ‘minL JO AiseAN Ag 98002 40/200T OT/I0p/L0D" A3 1M Areiqeul|uo'S euIno 105//:5dny Woiy papeojumoq ‘0 ‘TE0TZEBT


https://doi.org/10.1063/5.0085710
https://doi.org/10.1063/5.0085710
https://doi.org/10.3390/catal12040395
https://doi.org/10.1016/j.ijhydene.2022.05.022
https://doi.org/10.1016/j.ijhydene.2024.05.075
https://doi.org/10.1016/j.ijhydene.2024.05.075
https://doi.org/10.3390/catal13101323
https://doi.org/10.3390/catal13101323
https://doi.org/10.1016/j.rser.2021.111831
https://doi.org/10.1016/j.rser.2021.111831
https://doi.org/10.1016/j.renene.2019.09.051
https://doi.org/10.1016/j.renene.2019.09.051
https://doi.org/10.1016/j.apcatb.2021.120687
https://doi.org/10.1016/j.enconman.2023.117879
https://doi.org/10.1016/j.enconman.2023.117879
https://doi.org/10.1016/j.enconman.2024.118872
https://doi.org/10.32908/hthp.v50.927
https://doi.org/10.22581/muet1982.1902.24
https://doi.org/10.22581/muet1982.1902.24
https://doi.org/10.1016/j.biombioe.2024.107217
https://doi.org/10.3390/hydrogen4040046
https://doi.org/10.3390/hydrogen4040046
https://doi.org/10.3303/CET2292049
https://doi.org/10.3303/CET2292049
https://doi.org/10.3390/fluids10060147
https://doi.org/10.1016/j.fuel.2025.136420
https://doi.org/10.1016/j.fuel.2025.136420
https://doi.org/10.1016/j.biotechadv.2009.04.011
https://doi.org/10.3390/en18051200
https://doi.org/10.1016/j.clet.2025.101038
https://doi.org/10.3390/e27010083
https://doi.org/10.1016/j.ces.2025.122017
https://doi.org/10.1016/j.energy.2025.136291
https://doi.org/10.1016/j.energy.2025.136291
https://doi.org/10.1111/gcbb.12816
https://doi.org/10.1111/gcbb.12816
https://doi.org/10.1016/j.egyai.2025.100498
https://doi.org/10.1016/j.egyai.2025.100498
https://doi.org/10.1016/j.ecmx.2025.101059
https://doi.org/10.1016/j.ecmx.2025.101059

Review: Potential contribution of biomass gasification-based technology in energy transition

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Nat Energy 2(9):17125 (2017). https://doi.org/10.1038/nener
gy.2017.125.

Bakht MP, Salam Z, Gul M et al., The potential role of hybrid
renewable energy system for grid intermittency problem: a
techno-economic optimisation and comparative analysis.
Sustainability 14(21):14045 (2022). https://doi.org/10.3390/
su142114045.

Lanagran E, Ortega MV, Ortega M, Vera D and Jurado F,
Design of an energy management system applied to an
electric power plant based on a biomass gasifier. Renew
Energy 216:119116 (2023). https://doi.org/10.1016/j.renene.
2023.119116.

Saleem MS and Abas N, Optimizing renewable
polygeneration: A synergetic approach harnessing solar and
wind energy systems. Results Eng 21:101743 (2024). https:/
doi.org/10.1016/j.rineng.2023.101743.

Giordano L, Furlan G, Puglisi G and Cancellara FA, Optimal
design of a renewable energy-driven polygeneration
system: An application in the dairy industry. J Clean Prod
405:136933 (2023). https://doi.org/10.1016/j.jclepro.2023.
136933.

Calero F, Cafizares CA, Bhattacharya K, Anierobi C,

Calero |, de Souza MFZ et al., A review of modeling and
applications of energy storage systems in power grids. Proc
IEEE 111(7):806-831 (2023). https://doi.org/10.1109/JPROC.
2022.3158607.

Rahman MM, Oni AO, Gemechu E and Kumar A,
Assessment of energy storage technologies: A review. Energ
Conver Manage 223:113295 (2020). https://doi.org/10.1016/.
enconman.2020.113295.

Acikkalp E, Palmero-Marrero A and Mueller KW, Coupling
gasification with liquid organic hydrogen carrier storage:
Aspects of dynamization of biomass-based power
production. Chem Eng Technol 46(2):398-402 (2023).
https://doi.org/10.1002/ceat.202200071.

Villadsen SNB, Fosbgl PL, Angelidaki I, Woodley JM, Nielsen
LP and Moller P, The potential of biogas; the solution to
energy storage. ChemSusChem 12(10):2147-2153 (2019).
https://doi.org/10.1002/cssc.201900100.

Yu Y and Xu Y, The roles of carbon trading system and
sustainable energy strategies in reducing carbon emissions
— An empirical study in China with panel data. Int J Environ
Res Public Health 20(8):5549 (2023). https://doi.org/10.3390/
ijerph20085549.

Kabeyi MJB and Olanrewaju OA, Sustainable energy
transition for renewable and low carbon grid electricity
generation and supply. Front Energy Res 9:743114 (2022).
https://doi.org/10.3389/fenrg.2021.743114.

Nikolaidis P and Poullikkas A, A thorough emission-cost
analysis of the gradual replacement of carbon-rich fuels with
carbon-free energy carriers in modern power plants: The
case of Cyprus. Sustainability 14(17):10800 (2022). https:/
doi.org/10.3390/su141710800.

Sutrisno ZP, Meiritza AA and Raksajati A, Understanding the
potential of bio-carbon capture and storage from biomass
power plant in Indonesia. Indones J Energy 4(1):36-56
(2021). https://doi.org/10.33116/ije.v4i1.99.

Cao Y, Alsharif S, Attia EA, Shamseldin MA and Ibrahim

BF, A conceptual process design towards CO, emission
reduction by integration of solar-based hydrogen production
and injection into biomass-derived solid oxide fuel cell.
PROCESS Saf Environ Prot 164:164-176 (2022). https://doi.
org/10.1016/j.psep.2022.05.050.

Dias TADC, Lora EES, Maya DMY and Olmo OAD, Global
potential assessment of available land for bioenergy

108.

109.

110.

111,

112.

113.

114.

115.

116.

117.

118.

119.

120.

projects in 2050 within food security limits. Land Use Policy
105:105346 (2021). https://doi.org/10.1016/j.landusepol.2021.
105346.

Vallejo F, Diaz-Robles L, Carné-Seco V, Pino-Cortés E,
Espinoza-Pérez A and Espinoza-Pérez L, Hybrid porous
media gasification of urban solid waste pre-treated by
hydrothermal carbonization. PLoS One 18(9):e0291838
(2023). https://doi.org/10.1371/journal.pone.0291838.
Nguyen HN, Nguyen PLT and Tran VB, Zero-waste
biomass gasification: Use of residues after gasification

of bagasse pellets as CO, adsorbents. Therm Sci Eng
Prog 26:101080 (2021). https://doi.org/10.1016/j.tsep.2021.
101080.

Bai C, Zhan J, Wang H, Liu H, Yang Z, Liu W et al.,
Estimation of household energy poverty and feasibility of
clean energy transition: Evidence from rural areas in the
Eastern Qinghai-Tibet Plateau. J Clean Prod 388:135852
(2023). https://doi.org/10.1016/j.jclepro.2023.135852.
Oviedo-Toral LP, Frangois DE and Poganietz WR, Challenges
for energy transition in poverty-ridden regions — The case
of rural Mixteca, Mexico. Energies 14(9):2596 (2021). https:/
doi.org/10.3390/en14092596.

Schicker PC, Spayde D and Cho H, Design and feasibility
study of biomass-driven combined heat and power
systems for rural communities. J Energy Resour Technol
144(7):070909 (2022). https://doi.org/10.1115/1.4053345.
Lozano FJ, Lozano R, Lozano-Garcia DF and Flores-
Tlacuahuac A, Reducing energy poverty in small rural
communities through in situ electricity generation. Discov
Sustain 4(1):13 (2023). https://doi.org/10.1007/s43621-023-
00128-8.

Maharjan K, Hwang J and Cho H, Design strategies for
biomass-based CHP Systems in Rural Communities,

in ASME 2023 17th International Conference on Energy
Sustainability. American Society of Mechanical Engineers,
New York. VOO1TO9A002 (2023). https://doi.org/10.1115/
ES2023-107125.

Mishra S and Upadhyay RK, Review on biomass
gasification: Gasifiers, gasifying mediums, and operational
parameters. Mater Sci Energy Technol 4:329-340 (2021).
https://doi.org/10.1016/j.mset.2021.08.009.

Castro J, Leaver J and Pang S, Simulation and techno-
economic assessment of hydrogen production from
biomass gasification-based processes: A review. Energies
15(22):8455 (2022). https://doi.org/10.3390/en15228455.
Liuzzi D, Fernandez E, Perez S, Ipifiazar E, Arteche A, Fierro
JLG et al., Advances in membranes and membrane reactors
for the Fischer-Tropsch synthesis process for biofuel
production. Rev Chem Eng 38(1):55-76 (2022). https://doi.
org/10.1515/revce-2019-0067.

Hannula I, Hydrogen enhancement potential of synthetic
biofuels manufacture in the European context: A techno-
economic assessment. Energy 104:199-212 (2016). https:/
doi.org/10.1016/j.energy.2016.03.119.

Tavares Borges P, Silva Lora EE, Venturini OJ, Errera MR,
Yepes Maya DM, Makarfi Isa Y et al., A comprehensive
technical, environmental, economic, and bibliometric
assessment of hydrogen production through biomass
gasification, including global and Brazilian potentials.
Sustainability 16(21):9213 (2024). https://doi.org/10.3390/
su16219213.

Jhang SR, Lin YC, Chen KS, Lin SL and Batterman S,
Evaluation of fuel consumption, pollutant emissions and
well-to-wheel GHGs assessment from a vehicle operation
fueled with bioethanol, gasoline and hydrogen. Energy

© 2025 The Author(s). Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.
| Biofuels, Bioprod. Bioref. (2025); DOI: 10.1002/bbb.70086

OO Adeoye et al.

21

85UB017 SUOWILLIOD BAIERID) B|qedtjdde au Aq pausenob a1e sapiie WO ‘SN JOSaIN. Joj AriqI U1 UO AB]IM UO (SUORIPUOD-PUR-SLLBHWIOD" A3 | 1M AReIq 1 BuI|UO//SURY) SUORIPUOD Pue SWS L 8U} 88S *[5202/2T/T0] uo Ariqiauliuo AB|Im ‘minL JO AiseAN Ag 98002 40/200T OT/I0p/L0D" A3 1M Areiqeul|uo'S euIno 105//:5dny Woiy papeojumoq ‘0 ‘TE0TZEBT


https://doi.org/10.1038/nenergy.2017.125
https://doi.org/10.1038/nenergy.2017.125
https://doi.org/10.3390/su142114045
https://doi.org/10.3390/su142114045
https://doi.org/10.1016/j.renene.2023.119116
https://doi.org/10.1016/j.renene.2023.119116
https://doi.org/10.1016/j.rineng.2023.101743
https://doi.org/10.1016/j.rineng.2023.101743
https://doi.org/10.1016/j.jclepro.2023.136933
https://doi.org/10.1016/j.jclepro.2023.136933
https://doi.org/10.1109/JPROC.2022.3158607
https://doi.org/10.1109/JPROC.2022.3158607
https://doi.org/10.1016/j.enconman.2020.113295
https://doi.org/10.1016/j.enconman.2020.113295
https://doi.org/10.1002/ceat.202200071
https://doi.org/10.1002/cssc.201900100
https://doi.org/10.3390/ijerph20085549
https://doi.org/10.3390/ijerph20085549
https://doi.org/10.3389/fenrg.2021.743114
https://doi.org/10.3390/su141710800
https://doi.org/10.3390/su141710800
https://doi.org/10.33116/ije.v4i1.99
https://doi.org/10.1016/j.psep.2022.05.050
https://doi.org/10.1016/j.psep.2022.05.050
https://doi.org/10.1016/j.landusepol.2021.105346
https://doi.org/10.1016/j.landusepol.2021.105346
https://doi.org/10.1371/journal.pone.0291838
https://doi.org/10.1016/j.tsep.2021.101080
https://doi.org/10.1016/j.tsep.2021.101080
https://doi.org/10.1016/j.jclepro.2023.135852
https://doi.org/10.3390/en14092596
https://doi.org/10.3390/en14092596
https://doi.org/10.1115/1.4053345
https://doi.org/10.1007/s43621-023-00128-8
https://doi.org/10.1007/s43621-023-00128-8
https://doi.org/10.1115/ES2023-107125
https://doi.org/10.1115/ES2023-107125
https://doi.org/10.1016/j.mset.2021.08.009
https://doi.org/10.3390/en15228455
https://doi.org/10.1515/revce-2019-0067
https://doi.org/10.1515/revce-2019-0067
https://doi.org/10.1016/j.energy.2016.03.119
https://doi.org/10.1016/j.energy.2016.03.119
https://doi.org/10.3390/su16219213
https://doi.org/10.3390/su16219213

OO Adeoye et al.

209:118436 (2020). https://doi.org/10.1016/j.energy.2020.
118436.

121. Restrepo-Valencia S and Walter A, BECCS opportunities in
Brazil: Comparison of pre and post-combustion capture in a
typical sugarcane mill. Int J Greenh Gas Control 124:103859
(2023). https://doi.org/10.1016/j.ijggc.2023.103859.

Olasunkanmi Opeoluwa Adeoye

Olasunkanmi Opeoluwa Adeoye is
a postgraduate research student

in Mechanical Engineering at the
Federal University of Itajuba, Brazil.
His research focuses on biomass
gasification, fluidized bed design,
syngas quality enhancement,

tar reduction, hydrogen yield, and carbon capture
integration.

Electo Eduardo Silva Lora

Electo Eduardo Silva Lora is a full
professor at UNIFEI and coordinator
of NEST, specializing in thermal

and distributed generation. He is
focused on biomass thermochemical
conversion, cogeneration, solar

“ B A thermal energy, and life cycle
assessment. He is a CNPq 1A researcher with extensive
publications and mentorship in mechanical engineering.

Rubenildo Vieira Andrade

Rubenildo Vieira Andrade is an
associate professor at the Federal
University of Itajuba. He holds a BSc
in Mechanical Engineering (UFPA,
1996) and MSc and PhD degrees
(UNIFEI, 1999, 2007). His research
focuses on energy utilization,
combustion, biomass gasification, thermoelectric
generation, steam systems, and transport phenomena.

Review: Potential contribution of biomass gasification-based technology in energy transition

Leonardo Peifia Pupo

Leonardo Pefia Pupo is a postdoctoral
researcher with expertise in energy
systems modeling, automation, and
sustainable technologies for efficient
power generation. His research
interests are in renewable energy
sources, control of power generation
systems and sustainability analysis.

JDD" V'I René Lesme Jaén

René Lesme Jaén is a mechanical
engineer and professor at the
University of Oriente, and a
Postgraduate researcher at the
Thermal and Electric distribution
Center of Federal University
Itajuba, Brazil. His research

focuses on blomass thermochemical conversion,
including gasification and pyrolysis, as well as energy
management.

Osvaldo José Venturini

Osvaldo José Venturini is a full
professor at UNIFEI’s Institute of
Mechanical Engineering. He holds
a PhD in Mechanical Engineering
(UNIFEI, 2001). Research interests
include renewable energy (solar,
biomass, wind), energy system
simulation and optimization, thermoelectric plants,
Heating, Ventilation, and Air Conditioning, and energy
conservation.

22 © 2025 The Author(s). Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.

| Biofuels, Bioprod. Bioref. (2025); DOI: 10.1002/bbb.70086

85U801 SUOWILLIOD AITeID) 8|l jdde ay) Aq peusencb a.e oo VO ‘88N JO S9N 10) AIq178UIUQ A8]1M UO (SUONIPUOD-PUR-SLLBIWD A8 |Im" ARe.d1jBul[U0//SdNY) SUONIPUOD pue swie | 8y} 88s *[6Z0z/ZT/T0] uo Akiqiauluo Aoim ML JO AiseAlun A 98002°qq0/200T OT/10p/woo" A3 1M AleIqpuljuo's puInolios//:sdny Wwolj pepeojumoq ‘0 ‘TE0TZE6T


https://doi.org/10.1016/j.energy.2020.118436
https://doi.org/10.1016/j.energy.2020.118436
https://doi.org/10.1016/j.ijggc.2023.103859

	Potential contribution of biomass gasification-based technology in energy transition: a technical review coupled with bibliometric studies
	Abstract: 
	Introduction
	Methodology
	Data source
	Data analysis

	Results
	Trends and distribution of scientific journals
	Leaders in the generation of knowledge
	Prominent journals
	Contributions by country
	Prominent research areas
	Green cluster: gasification technology and reactor design
	Red cluster: electricity generation and sustainability assessment of biomass gasification
	Blue cluster: thermochemical conversion of specific feedstock
	Yellow cluster: modeling and system design in biomass gasification


	Thematic map
	Motor themes: central and well-developed
	Basic themes: central but underdeveloped
	Niche themes: specialized but less connected
	Emerging or declining themes: peripheral and underdeveloped

	Biomass gasification technology, operating conditions and scaling challenges
	Role of artificial intelligence/machine learning in optimizing biomass gasification systems
	Biomass gasification potential contribution to energy transition challenges
	Grid stability and energy supply intermittency
	Energy storage limitations
	Carbon emissions reduction
	Waste management and sustainability
	Social and geographic barriers

	Synergy between biomass gasification, low-carbon hydrogen and biofuels
	Policy and economic barriers to adoption

	Future research direction
	Conclusions
	Acknowledgments
	References


