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Biomass-derived residuals represent a vital renewable energy source, offering sustainable alternatives to

mitigate fossil fuel dependency, address climate change, and manage waste. Although biomass generally

has a lower calorific value (10–20 MJ kg−1) compared to fossil fuels (40–50 MJ kg−1), its energy

recovery potential can be enhanced through advanced conversion technologies such as torrefaction,

pyrolysis, and gasification. Additionally, biomass is considered carbon neutral when sourced sustainably,

as the CO2 released during combustion is reabsorbed by plants during their regrowth cycle, maintaining

a balanced carbon flux in the atmosphere. This review explores the diverse sources of biomass and

examines their chemical compositions and inherent properties, emphasizing their transformation into

valuable energy carriers and bio-products. It provides a comprehensive analysis of thermochemical,

biochemical, and physicochemical conversion technologies, detailing their mechanisms, efficiencies and

applications. Special attention is given to biochar, a product of biomass pyrolysis, highlighting its

potential in pollution mitigation, carbon sequestration, and as a catalyst in industrial applications. The

review delves into synthesis processes of biochar and performance-enhancing modifications, illustrating
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its significant role in sustainable environmental management. Additionally, the economic and ecological

advantages of biomass-derived energy, including reduced greenhouse gas emissions and waste

reutilization, are critically evaluated, underscoring its superiority over conventional fossil fuels. Challenges

limiting the scalability of biomass energy, such as technology costs, process efficiency, and market

dynamics, are addressed, alongside prospective solutions. By consolidating extensive research on

biomass conversion technologies and engineered biochar applications, this review serves as a valuable

resource for researchers and policymakers. It aims to guide advancements in biomass utilization,

fostering a transition toward sustainable energy systems and addressing global energy and environmental

challenges.
1. Introduction

The reliance on conventional fossil fuels, such as coal, oil, and
natural gas, has been the cornerstone of global power genera-
tion for decades. However, this dependency has led to signi-
cant environmental challenges, primarily due to the extensive
release of greenhouse gases (GHGs), including carbon dioxide
(CO2), into the atmosphere. Fossil fuel combustion remains the
largest contributor to anthropogenic CO2 emissions,
accounting for approximately 23% of global emissions.1–3

Alarmingly, projections suggest that CO2 emissions from
petroleum fuels could rise by 80% by 2030 if current trends
persist4,5 Supporting this forecast, the United States Environ-
mental Protection Agency (US-EPA) has reported that the
combustion of gasoline and diesel fuels results in the emission
of approximately 8.887 × 10−3 and 1.0180 × 10−2 metric tons of
CO2 per gallon, respectively.

In response to these alarming trends, there is a growing
imperative to transition from fossil fuels to low-carbon and
renewable energy sources, such as hydrogen, solar energy, and
bio-energy derived from biomass.6–9 Such a shi holds the
promise of signicantly reducing CO2 emissions to levels below
approximately 8 kg CO2 per unit of energy produced. In this
context, it means that for every unit of energy generated (for
example, 1 kW h of electricity or 1 MJ of heat), 8 kilograms of
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CO2 are emitted or less. This suggests that a shi in energy
production methods could signicantly lower CO2 emissions,
aiming for a reduction to below 8 kg of CO2 per unit of energy.
To achieve this goal, there is increasing momentum behind the
utilization of biomass residuals for energy generation, marking
a rapid departure from hydrocarbon-based energy systems.
Biomass emerges as a particularly promising renewable energy
source due to its widespread availability globally and the exis-
tence of cost-effective conversion technologies.10 The global
transition toward renewable energy sources is essential.
Biomass, as a renewable and widely available energy resource,
has gained signicant attention due to its potential to reduce
GHG emissions and mitigate climate change.11 Unlike fossil
fuels, biomass energy operates within a balanced carbon cycle;
the CO2 emitted during biomass combustion is reabsorbed by
plants during their growth. This biogenic origin of CO2 posi-
tions biomass as a carbon-neutral energy source, provided that
sustainable cultivation and harvesting practices are maintained
(Fig. 1).

The escalating demand for clean energy sources amid
a global push for sustainability has underscored the increasing
attractiveness of biomass-based fuels as viable alternatives to
traditional fossil fuels.13 Despite its promise, the large-scale
adoption of biomass-derived energy faces several challenges,
including technological limitations, economic barriers, and the
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Fig. 1 The carbon cycle in biomass production and utilization.12
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efficient conversion of biomass into high-value products. While
existing reviews have extensively discussed biomass conversion
technologies, few have provided a synchronized perspective on
their integration with the emerging applications of engineered
biochar—a material that offers solutions for pollution mitiga-
tion, carbon sequestration, and catalytic processes.

Among the various processing pathways for biomass
conversion, pyrolysis emerges as a particularly effective method
due to its ability to yield a range of valuable products simulta-
neously, including bio-oil, biochar, and combustible gases.
Leveraging agricultural, industrial, and municipal solid resid-
uals as feedstock during pyrolysis holds signicant environ-
mental promise, contributing to greenhouse gas emission
reduction, solid waste minimization, and carbon sequestration.
Moreover, upgrading the bio-oil derived from solid residuals
pyrolysis through thermochemical processes offers additional
economic incentives for bio-energy production. Catalytic
hydrotreatment of bio-oils with hydrogen at elevated tempera-
tures yields green diesel and gasoline-like fuels, which exhibit
reduced emissions during combustion owing to their predom-
inantly hydrocarbon composition. Consequently, biomass-
derived fuels represent an environmentally favorable energy
source, offering a pathway towards sustainable energy
production.14–18

This review uniquely integrates a comprehensive analysis of
biomass conversion technologies with the advanced
11944 | RSC Adv., 2025, 15, 11942–11974
applications of engineered biochar, emphasizing its potential
in pollution mitigation, carbon sequestration, and catalytic
processes. By critically evaluating the economic and environ-
mental advantages of biomass-derived energy over fossil fuels,
the study provides novel insights into optimizing biochar
synthesis and its modications for enhanced functionality.19

Furthermore, the manuscript highlights emerging opportuni-
ties and challenges in scaling biomass energy solutions,
offering a holistic perspective that bridges technological
advancements and sustainable environmental management.
This integrated approach establishes the review as a valuable
resource for guiding future research and policy development in
renewable energy systems (Fig. 2). Unlike prior reviews that
discuss biomass conversion pathways or biochar applications
in isolation, this study uniquely integrates both aspects,
emphasizing the transformation of biomass-derived residuals
into engineered biochar for high-value applications. While
earlier works,20,21 have focused on biochar's role in agriculture
and carbon sequestration, this review extends beyond conven-
tional uses to highlight biochar's potential as a precursor for
energy storage materials, catalysts for biofuel upgrading, and
functional adsorbents for pollutant removal. Furthermore,
compared to studies that assess biochar's physicochemical
properties without a direct link to energy applications,22 this
article presents a detailed discussion on optimizing biochar
characteristics for enhanced electrochemical performance in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Transforming various biomass sources into valuable products.19
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super-capacitors, hydrogen storage, and catalysis. This
comprehensive approach provides deeper insights into the
development of biochar-based functional materials that can
support the transition toward sustainable energy solutions.
Moreover, this review cover expanded perspectives with regard
to the introduction of recent methods of biochar synthesis,
elaborating the unique innovative aspects of these methods in
terms of process and environmental benets. Policy environ-
ment faced by biomass energy development in different regions
worldwide as well as the challenges faced by the large-scale
application of biomass energy is also discussed through this
review. Thus, the novelty of this article is based on simulta-
neously presenting versatile aspects in correlation to biomass as
an energy source and its potential sub-products (such as bio-
char) for use in advanced applications.
2. Conversion of solid residuals to
carbonaceous structures

Thermal conversion methods stand as the predominant means
for repurposing biomass-derived solid residues into valuable
bio-based products, particularly within the waste-to-energy
sector. Recent years have witnessed a surge in research
endeavors focused on harnessing thermal techniques to
produce efficient carbon-based structures capable of capturing
heavy metals and other contaminants from liquid waste media.
Notably, between 2019 and 2021, several studies have docu-
mented the conversion of rice straw into biochar via pyrolysis.
Subsequent activation of the produced biochar was achieved
through two distinct chemical treatments. In the rst approach,
biochar underwent immersion in various mineral acids fol-
lowed by thermal treatment at elevated temperatures to
generate active carbon species. Conversely, the second treat-
ment involved doping biochar with nanoparticles of co-metal
© 2025 The Author(s). Published by the Royal Society of Chemistry
hydroxides, succeeded by calcination at high temperatures.
Both methodologies yielded activated biochar structures
exhibiting signicant adsorption capacities for precious heavy
metals and organic pollutants present in industrial-grade
phosphoric acids.23–27

In a separate investigation, El Saied et al.28 introduced
a novel methodology for transforming sawdust into activated
carbon particles possessing a high specic surface area. This
one-step conversion process employed a chemical activator
under a nitrogen gas stream at moderate operating tempera-
tures. The resulting activated carbon demonstrated remarkable
catalytic prowess, facilitating the conversion of cellulose, an
additional solid waste stream, into biofuel feedstock via
hydrothermal hydrolysis reactions. Further expanding the
repertoire of biochar synthesis methods, Moneim et al.10 pio-
neered the synthesis of a specialized grade of biochar utilizing
a low-temperature pyrolysis process. Pre-treatments of the solid
waste precursor, including ball-milling and UV irradiation, were
undertaken prior to pyrolysis. Additionally, variations in the
operating time during pyrolysis enabled the acquisition of
biochar grades characterized by high levels of crystallinty and
commendable specic surface areas.

These multifaceted approaches to biochar synthesis under-
score the versatility of thermal conversion methods in trans-
forming diverse biomass residues into functional carbonaceous
materials, thus contributing to the sustainable management of
organic waste streams and the development of valuable bio-
based products.29,30

2.1. Utilizing nitrogen-free biomass for hydro-char
production

2.1.1. Cellulose. In lignocellulosic materials (Fig. 3), cellu-
lose stands as the predominant constituent, comprising D-
glucose subunits linked by b-1,4 glycosidic bonds. Structurally,
RSC Adv., 2025, 15, 11942–11974 | 11945
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Fig. 3 Structure and key components of lignocellulosic biomass: a systematic overview.31
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cellulose manifests as a combination of crystalline bers and
disordered, amorphous regions.31,32 These cellulose chains
typically aggregate into autonomous bers weakly inter-
connected via hydrogen bonding.33,34 During hydrothermal
processing, cellulose undergoes disruption at elevated temper-
atures, typically exceeding 200 °C. Initially, the physical integ-
rity of cellulose is compromised through hydrolysis, leading to
the breakdown of long-chain cellulose into water-soluble
compounds of lower molecular weight, namely oligomers, and
subsequently into glucose monomers. Notably, a fraction of the
glucose isomerizes into fructose.35 Following hydrolysis,
ensuing reactions involve isomerization, dehydration, and
fragmentation processes, resulting in the formation of crucial
intermediates such as 5-hydroxymethylfurfural (5-HMF) or
furfural, along with their respective derivatives. These inter-
mediates further engage in polymerization, condensation,
reverse aldol condensation, and intermolecular dehydration
reactions.36,37

Gao et al.38 conducted a comprehensive analysis of biochar
derived from cellulose at a hydrothermal carbonization (HTC)
temperature of 250 °C utilizing different characterization
techniques. Their investigation revealed distinct core–shell
architecture within the biochar, with the core characterized by
ketone and ether groups, while the shell predominantly
featured carboxylic and carbonyl functionalities. This structural
elucidation provided a foundation for understanding the
cellulose-to-biochar conversion mechanism, as depicted in
11946 | RSC Adv., 2025, 15, 11942–11974
Fig. 3. Further insights into biochar formation mechanisms can
be gleaned from previous studies.39,40 Sevilla et al.41 similarly
examined biochar, identifying a core–shell structure with
a hydrophobic aromatic core and a hydrophilic shell rich in
reactive oxygen functional groups, such as hydroxyl/phenolic,
carbonyl, or carboxylic moieties. Their investigations, con-
ducted on biochar derived from glucose at temperatures
ranging from 170 to 240 °C, emphasized the presence of stable
oxygen-containing groups within the aromatic nucleus.
Consistent ndings were observed by other researchers inves-
tigating cellulose-derived biochar within the temperature range
of 220–250 °C, where a carbonaceous scaffold comprising
condensed benzene rings was identied.42 Chuntanapum
et al.43 proposed a structural model for biochar derived from 5-
HMF at hydrothermal temperatures of 350 °C and 450 °C,
denoted as “tarry material” elucidating the presence of furan
units coupled with benzene rings. The diverse structural
features observed across these studies are attributed to varia-
tions in hydrothermal conditions, particularly temperature and
residence time. Additionally, Falco et al.44 proposed a model for
cellulose hydrothermal carbonization under mild temperatures
(180–280 °C), elucidating the formation of extensive aromatic
networks or polyfuranic structures through interchangeable
mechanisms dependent on temperature.45

In a summary, the intricate pathways governing biochar
formation from cellulose are illustrated in Fig. 3 and 4.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Mechanism of biochar preparation via cellulose decomposition.32
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2.1.2. Hemicellulose. Hemicellulose, a complex polymer
composed of pentose and hexose sugars, notably xylose and
other sugars besides glucose, exhibits a lower degree of poly-
merization compared to cellulose.46 Integral to lignocellulosic
materials, hemicellulose interacts via hydrogen bonds with
cellulose and forms covalent bonds with lignin, contributing to
the structural integrity of plant cell walls.47 Under certain
© 2025 The Author(s). Published by the Royal Society of Chemistry
conditions, hemicellulose can be readily separated from the
main constituents and undergo depolymerization into mono-
mers. Comprising various sugars such as xylan and gluco-
mannan, along with short lateral chains, acetic acid, pentoses,
hexuronic acids, and deoxyhexoses, hemicelluloses exhibit
heightened susceptibility to chemical degradation.48 The
thermal instability of hemicelluloses, akin to cellulose,
RSC Adv., 2025, 15, 11942–11974 | 11947
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becomes apparent around 180 °C during hydrothermal pro-
cessing.49,50 Beyond this threshold, the derived monomers
undergo exothermal reactions, initiating subsequent reac-
tions.51 Notably, research has spotlighted xylose as the primary
species depolymerized from hemicellulose xylan. Qi et al.52

explored the non-catalyzed decomposition of D-xylose,
observing furfural and formic acid as major products. Similarly,
Paksung et al.53 identied furfural and retro-aldol condensation
products as prominent liquid intermediates under subcritical
water conditions. With escalating temperatures and reaction
durations, the resulting reaction residue darkened which is
attributed to furfural polymerization into insoluble
substances52,54,55 in the produced carbon materials, as depicted
in Fig. 5.
Fig. 5 Formation pathways of hemicellulose (D-xylose) into biochar.55

11948 | RSC Adv., 2025, 15, 11942–11974
2.1.3. Lignin. Lignin, a complex amorphous heteropolymer
comprising three methoxy-substituted phenyl propane units,
serves as a critical component in establishing the robust
framework of plant cell walls.56 Chemically cross-linked, lignin
forms sturdy bonds with hemicelluloses, rendering mechanical
disruption and microbial degradation challenging.56 While
lignin begins to dissolve around 200 °C, only minimal quanti-
ties dissolve in water due to its inherent properties. The
behavior of lignin under subcritical and supercritical water
conditions is contingent upon precursor characteristics and
process conditions. Given its random structure and high
molecular weight, lignin degradation mechanisms are intricate.
Studies investigating lignin reactions oen employ isolated
lignin monomers or phenolic model compounds to elucidate
© 2025 The Author(s). Published by the Royal Society of Chemistry
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reaction pathways, yielding diverse conclusions.57–61 Hydro-
thermal carbonization (HTC), typically conducted in the
subcritical water regime (>300 °C), induces lignin depolymer-
ization and yields soluble fractions, owing to the presence of
subcritical water.62 Notably, solvent temperature and reaction
duration play pivotal roles in lignin depolymerization since that
elevated temperatures and prolonged reaction times promote
repolymerization and phenolic char formation.63,64

Zhang et al.63 investigated the hydrothermal treatment of
Kra pine lignin, observing a two-phase mechanism charac-
terized by rapid lignin solubilization followed by a slower
repolymerization phase. Fang et al.64 consolidated prior
research and proposed distinct reaction pathways for dissolved
and non-dissolved lignin in homogeneous and heterogeneous
environments. Dissolved lignin undergoes hydrolysis and
dealkylation, yielding phenolic intermediates that subsequently
undergo cross-linking and repolymerization into phenolic
char.64 In contrast, non-dissolved lignin, primarily in hetero-
geneous environments, undergoes solid–solid formation akin
to pyrolysis, resulting in highly condensed char with poly-
aromatics.64 However, during the HTC process, solid–solid
formation may prevail with observation for low production of
soluble intermediates, leading to diminished phenolic char. As
hydrothermal severity escalates, solid–solid conversion may
augment polyaromatic char production. A simplied schematic
of lignin-derived hydrochar formation mechanisms is depicted
in Fig. 6.

2.1.4. Lignocellulosic biomass. Lignocellulosic biomass,
a sustainable resource derived from terrestrial plants,
comprises primarily cellulose, hemicellulose, and lignin,
interspersed with low molecular weight substances and
Fig. 6 Basic mechanism of lignin-derived biochar formation in hydroth

© 2025 The Author(s). Published by the Royal Society of Chemistry
inorganics.65 The intricate composition of lignocellulosic
biomass inuences its decomposition pathways during hydro-
char formation, necessitating a comprehensive understanding
of interactions among its constituents. Pretreatment tech-
niques, including chemical, biological, and thermal treatments
or combinations, have particularly garnered signicant atten-
tion in both research and industrial applications. These
methods aim to disrupt biomass structure by altering lignin
seal and cellulose crystalline structure, facilitating subsequent
transformations into various chemicals.66–69

Hydrothermal carbonization (HTC) mirrors this approach by
breaking down lignocellulosic biomass structures for enhanced
degradation. Hydrolysis step is a key in such process to attain
damage structure of lignocellulose component and reducing
biomass polymerization degree.69 The complexity of lignocel-
lulose necessitates higher activation energy for its disruption
which is explicitly reected in setting HTC conditions.70 As
shown in Fig. 7, presence of lignin markedly inuences degra-
dation of lignocellulosic biomass during hydrochar formation,
preserving the initial biomass' macrostructure.71
2.2. Using nitrogen-rich biomass for hydro-char production

2.2.1. Amino acids and proteins. Sewage sludge (SS)
contains a signicant solid waste stream originating from
municipal wastewater treatment plants, posing substantial
environmental and health concerns.72 Comprising a diverse
array of organic substances, nutrients (e.g., nitrogen and
phosphorus), microorganism constituents, undigested organic
material and inorganic components such as salts and heavy
metals, SS presents unique challenges in disposal and
management.73 Microorganisms, particularly bacteria, play
ermal carbonization55,64
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Fig. 7 Hydrothermal carbonization reaction pathways for lignocellulosic biomass, with emphasis on liquid biocrude formation.70
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pivotal roles in wastewater treatment by decomposing the
organic fraction within SS and storing nutrients. Consequently,
carbohydrates and proteins constitute the primary organic
components in SS, with lignin representing a minor fraction
capable of yielding valuable biopolymers. In the hydrothermal
treatment process, proteins undergo hydrolysis into amino
acids through cleavage of the peptide bond which is a stable
C–N linkage present in all amino acids.74 While this depoly-
merization process is relatively slower than carbohydrate
hydrolysis, it can be accelerated in alkaline or acidic reaction
media, particularly in the acidic milieu resulting from saccha-
ride degradation.75,76 Furthermore, certain amino acids, such as
leucine, isoleucine, phenylalanine, serine, threonine, and
histidine, exhibit instability under acidic media or near-neutral
pH conditions.76 The decomposition kinetics of amino acids
under hydrothermal conditions are inuenced by various
factors, including amino acid type, hydrothermal conditions,
and solution pH.76
11950 | RSC Adv., 2025, 15, 11942–11974
Researchers oen employ amino acids as model compounds
to investigate hydrothermal reactions, with decarboxylation and
deamination being prominent reactions observed in studies
utilizing glycine and alanine.77 Moreover, the decomposition of
mixed amino acids can be mutually inuenced, yielding
ammonia, amines, CO2, and organic acids as primary products
of decomposition stage.78

Saccharides play a dual role in the hydrothermal process by
not only serving as reactants but also via inuencing the pH,
thereby impacting the degradation of amino acids, as high-
lighted by E. Danso-Boateng et al.79 Moreover, He et al.73

observed that the hydrothermal carbonization (HTC) of SS
yielded uniform brown hydrochars emitting a nut-like aroma,
indicative to substantial Maillard reactions. Danso-Boateng
et al.79 further elucidated the Maillard reaction products,
including aldehydes, furans, pyrroles, pyrazines, and pyridines,
in liquid samples derived from primary sewage sludge that is
subjected to HTC at temperatures ranging from 180 °C to 200 °
© 2025 The Author(s). Published by the Royal Society of Chemistry
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C, with reaction times spanning from 30 to 240 minutes.
Intriguingly, their ndings revealed a stark contrast, with no
discernible Maillard reaction products observed when the
primary sewage sludge was carbonized at lower temperatures
(140 °C for 240 min and 160 °C for 60–120 min). However, the
prevalence of Maillard reactions became prominent when HTC
was conducted at temperatures exceeding 180 °C for reaction
times surpassing 15 minutes.

Hence, it can be inferred that the formation of hydrochar is
contingent upon various factors, including the composition of
sewage sludge (SS), the types of proteins present, the composi-
tion of amino acids, and the hydrothermal temperature.
Achieving hydrochars with reduced nitrogen (N) content is
imperative when considering their application as solid fuel.74

Seiichi Inoue et al.80 conducted a comprehensive investigation
into the nitrogen dynamics in SS, revealing that solubilization
and decomposition commence at temperatures exceeding 150 °
C, leading to the transformation of N into the aqueous
phase.79,81 Furthermore, He et al.82 observed substantial
conversions of initial proteins into ammonium in the liquid
phase with increasing hydrothermal temperatures, exerting
a signicant inuence on the distribution of N. Hydrothermal
carbonization (HTC) process of sewage sludge (SS) to produce
hydrochar can be delineated into two distinct approaches, as
given through Fig. 8 and 9.

In summary, the principal hydrochar structure from
nitrogen-rich biomass is attributed to the N-containing
aromatic network. Nevertheless, elucidating the chemical
mechanisms underlying the introduction of N from proteins,
amino acids, and carbohydrate-derived hydrochar matrices
remains a challenge. Advanced technologies are warranted to
delineate the specic framework of hydrochar, with future
research focusing on exploring complex compounds and the
utilization of N doping materials.83
2.3. Chemical properties of biochar

The pyrolysis process entails the conversion of biomass into
biochar, characterized by a spectrum of properties intricately
linked to both the type of feedstock and the temperature at
which pyrolysis occurs. Synthesizing data aids in predicting the
Fig. 8 Schematic representation of biochar formation mechanism from

© 2025 The Author(s). Published by the Royal Society of Chemistry
properties and functionalities of biochar.85 Generally, an expo-
nential decrease in biochar yield accompanies an increase in
pyrolysis temperature, while its alkalinity (pH) exhibits a linear
rise.86 This elevation in pH stems from the thermal degradation
of hydroxyl bonds and other weak linkages within the biochar
matrix under high-temperature conditions. Conversely, the
cation exchange capacity of biochar demonstrates an inverse
correlation with pyrolysis temperature due to the depletion of
acidic functional groups.86,87 Notably, biochars derived from
biosolids typically boast the highest cation exchange capacity,
owing to the mineral-rich composition of biosolids that fosters
the generation of oxygen-containing functional groups during
pyrolysis.88

In contrast to ash content, the volatile matter content of
biochar exhibits a linear decrease with increasing pyrolysis
temperature. The formation of ash can be attributed to residual
inorganic minerals resulting from the decomposition of
hydrogen, oxygen, and carbon within the biomass.86 Concomi-
tantly, reductions in these elements occur due to the breakdown
of hydroxyl, azanide, and other weakly bonded groups as
temperature escalates. However, the carbon content (excluding
some volatile carbon) undergoes a gradual decline, resulting in
higher carbon proportions in the resultant biochar at elevated
pyrolysis temperatures.87

The thermal breakdown of lignocellulosic biomass during
pyrolysis initiates a series of well-dened stages of trans-
formation, encompassing dehydration, pyrolysis, graphene
nucleation, and carbonization, each characterized by distinct
temperature ranges, typically occurring under near-
atmospheric pressure conditions.89 Initially, dehydration,
coupled with a mild depolymerization of cellulosic constitu-
ents, initiates below 250 °C, leading to minimal mass loss,
approximately 3 wt% at 150 °C.89 During this phase, there is
a gradual augmentation in carbon concentration as the biomass
temperature exceeds 150 °C. Notably, a detailed 13C-NMR
spectral analysis of biochar produced at 200 °C indicates
a reduction in signal intensity associated with hemicellulose
and cellulose structures (O-alkyl C and di-O-alkyl C), compared
with heightened signals attributed to lignin (aryl C and O-aryl
C).90 Further analysis discerns a transition from O-alkyl to aryl C
structures in biochar generated at 250 °C. The transition to the
sewage sludge.83

RSC Adv., 2025, 15, 11942–11974 | 11951

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00857c


Fig. 9 Biochar formation pathways from nitrogen-rich or nitrogen-free biomass.84
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second phase (250–350 °C) is marked by a decline in the
hydrogen-to-carbon (H-to-C) ratio, primarily due to the dispro-
portionate loss of oxygen and hydrogen relative to carbon
constituents, as noted by Baldock and Smernik.91 This decline
in H-to-C ratios signies the formation of structures rich in
unsaturated carbon, such as aromatic rings. Concurrently,
within this phase, cellulose experiences complete depolymer-
ization, triggering biomass pyrolysis, substantial mass reduc-
tion, and the formation of an amorphous carbon framework.
For instance, pyrolysis conducted at 300 °C can lead to
a substantial reduction of up to 81 wt% in the initial biomass
mass, as documented by Baldock and Smernik.91 The evolution
from amorphous carbon to aromatic carbon and polyaromatic
graphene sheets typically occurs at temperatures around 330 °C
and surpassing 350 °C, respectively, representing the third
phase of transformation. Following these stages, at tempera-
tures exceeding 600 °C, most non-carbon atoms are eliminated
through the process of carbonization, as discussed by Amonette
and Joseph.92 The process of pyrolysis transforms lignocellu-
losic biomass into biochar, with distinct phases of trans-
formation: dehydration, pyrolysis, graphene nucleation, and
carbonization, occurring at transition temperatures approxi-
mately at 250 °C, 350 °C, and 600 °C, respectively.92 During
pyrolysis, graphene sheets undergo lateral growth, absorbing
amorphous carbon and amalgamating with neighboring
packets to establish electrical connectivity within the biochar
11952 | RSC Adv., 2025, 15, 11942–11974
matrix.93 This transformation enhances microporosity by
generating voids within the biochar structure, as aligned gra-
phene packets have greater density compared to amorphous
carbon. At elevated pyrolysis temperatures, carbonized biochars
are predominantly composed of a solid amalgamation of gra-
phene packets and amorphous carbon, forming the structural
core.94

The reduction in biomass mass during volatilization,
induced by dehydration and pyrolysis, primarily involves the
loss of oxygen, hydrogen, and, to a lesser extent, carbon
constituents.95 These elements are expelled in various forms,
including water vapor, hydrocarbons, gases such as CO2, CO,
H2, and tarry vapors. Typically, the carbon content in biochar
undergoes a signicant enhancement, transitioning from
approximately 40 to 50 wt% in the initial biomass to 70–80 wt%
in the resultant biochar following pyrolysis within the temper-
ature range of 250–600 °C. It is noteworthy that, through
carbonization, biochar can attain carbon contents exceeding
90 wt%, excluding chars with high mineral ash content.96

The fate of inorganic constituents within biomass during
pyrolysis encompasses diverse trajectories, including volatili-
zation, incorporation into biochar, or retention as distinct
mineral phases.97 This intricate process is signicantly shaped
by both the elemental composition of the biomass feedstock
and the specic parameters governing the pyrolysis operation.
Biomass origins such as forest residues, scrap wood, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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sawmill byproducts typically boast minimal ash content, typi-
cally falling below 1 wt%. In contrast, agricultural remnants like
grain husks, straw, and grasses, which are rich in silica, may
yield biochars characterized by elevated ash content, potentially
reaching up to 24 wt%.98 It is noteworthy that the depletion of
hydrogen, oxygen, and carbon during biomass pyrolysis leads to
the concentration of mineral constituents within the biochar
matrix. This phenomenon underscores the intricate interplay
between biomass composition, pyrolysis conditions, and the
resultant mineral entrainment within the biochar structure.

Control over the mineral ash content in biochar involves
nuanced manipulation of several key parameters within the
pyrolysis process, foremost among them being reaction
temperature and the partial pressures of CO2, steam, and O2.99

At lower temperatures, the thermal breakdown of biomass
constituents triggers the vaporization of highly mobile ions like
chlorine (Cl) and potassium (K).100 Similarly, nitrogen (N),
frequently associated with diverse organic molecules, displays
volatility at lower temperatures.100 In contrast, sulfur (S) and
phosphorus (P) form stable bonds with intricate organic
compounds present within biomass cells, rendering them
resistant to thermal decomposition at lower temperatures.
Conversely, certain ions, such as calcium (Ca) and silicon (Si),
sequestered within biomass cell walls, including those bound to
organic acids or encapsulated within opal phytoliths and silica,
are liberated at considerably higher temperatures during
thermal decomposition.101

The presence of inherent minerals within biomass
profoundly impacts the properties of resultant biochar, as these
minerals engage in intricate interactions with organic constit-
uents during the pyrolysis process.102 Pre-pyrolysis removal of
theseminerals can elevate the optimal pyrolysis temperature for
biomass conversion into biochar, raising it from 330 to 370 °C
compared to unprocessed biomass containing inherent
minerals. Notably, the absence of biomass minerals can lead to
the sequestration of up to 30.1% more carbon content from
biomass into biochar while concurrently emitting lower levels
of low-molecular-weight organic compounds during pyrol-
ysis.103 Furthermore, the removal of biomass minerals prior to
pyrolysis augments the carbonaceous structure of biochar by
fostering aromatization, thereby promoting the formation of
C]C and/or C–C bonds at the expense of oxygen-containing
functional groups. Thus, the type and quantity of minerals
present in biomass demand careful optimization based on the
targeted environmental application of biochar.

2.3.1. Characterization techniques for biomass fuels
2.3.1.1. Structural and compositional analyses using SEM-EDS

and XRD. Understanding the microstructural and crystalline
properties of biomass fuels is crucial for optimizing their
conversion processes and enhancing energy efficiency. Scan-
ning Electron Microscopy (SEM), coupled with Energy Disper-
sive X-ray Spectroscopy (EDS), provides detailed insights into
the surface morphology and elemental composition of biomass
materials. For instance, SEM analysis of Sengon wood pellets
revealed a porous structure with varying densities across
different sections, which inuences combustion efficiency. EDS
analysis further identied the elemental composition,
© 2025 The Author(s). Published by the Royal Society of Chemistry
predominantly carbon (C) and oxygen (O), with trace elements
such as silicon (Si) and calcium (Ca), which can impact ash
formation and slagging behavior during combustion.104 X-ray
Diffraction (XRD) analysis complements these ndings by
identifying the crystalline phases present in biomass samples.
XRD patterns of various biomass residues, such as corn cobs,
have shown characteristic peaks corresponding to cellulose,
hemicellulose, and lignin. The degree of crystallinity, indicated
by these peaks, affects the biomass's thermal degradation
behavior and reactivity during conversion processes.105 For
example, a higher crystallinity index suggests a more ordered
cellulose structure, which can inuence the efficiency of enzy-
matic hydrolysis and subsequent biofuel production. Inte-
grating SEM-EDS and XRD analyses offers a comprehensive
understanding of biomass fuels' physical and chemical prop-
erties. This combined approach aids in tailoring pre-treatment
methods and optimizing conversion technologies, thereby
improving the efficiency and sustainability of biomass as
a renewable energy source.106
3. Techniques for biomass
conversion into energy

As previously noted, biomass represents a renewable energy
source that has potential to signicantly mitigate the associated
environmental impacts to usage of fossil fuel. Through various
treatment and conversion processes, biomass can be trans-
formed into diverse energy carriers. The selection of an appro-
priate production process hinges on several key factors,
including the desired end-product, biomass quality and quan-
tity, and process economics.107

Biomass conversion typically yields two primary types of
energy carriers, as outlined by McKendry:108 electrical/heat
energy and transportation fuels. The physicochemical proper-
ties of biomass play a pivotal role in determining the suitability
of the feedstock for each energy domain or both. The properties
of biomass, particularly moisture content, caloric value,
proportions of xed carbon and volatile substances, ash content
and alkali metal content signicantly inuence the conversion
processes, especially for dry biomass, with moisture content
and cellulose/lignin ratio being particularly crucial for wet
biomass conversion.108

To render lignocellulosic biomass suitable for conversion
into transportation fuels and value-added co-products,
pretreatment processes are indispensable.109 These pretreat-
ment steps aim to enhance cellulose hydrolysis efficiency by
reducing cellulose crystallinity and increasing its surface area
through the removal of lignin and hemicellulose layers.110

Biomass can be converted into useful forms of energy with
a wide range of technology and process options. The conversion
techniques of biomass are divided into ve classes as presented
in Fig. 10. Advantages and disadvantages for each of these
techniques are provided through Table 1.

The conversion technology option is determined by the type
of biomass feedstock, the nature of the anticipated energy (i.e.,
endues requirements), commercial settings and environmental
RSC Adv., 2025, 15, 11942–11974 | 11953
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Fig. 10 Different conversion techniques of biomass111

Table 1 Advantages and disadvantages of biomass conversion technologies.111

Technology Benet Limitation

Thermochemical The process occurs rapidly, typically within
seconds or minutes, but requires signicant
energy consumption and operates under
potentially dangerous conditions

Signicant energy demand and potentially
unsafe operating conditions

Biological Operates at standard pressure and temperature,
handles diverse waste materials, avoids CO2

buildup, and remains economically efficient

A gradual process that may require hours, days,
weeks, or even years to reach completion

Biochemical Needs minimal external energy supply The complex structural integrity of plant cell
wall materials presents a challenge for
microbial degradation

Physical Simple to handle with reduced chemical usage It involves signicant energy consumption and
lacks economic viability
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values. Biomass may be turned to three categories: chemical
feedstock, transportation fuels, and power/heat generation.
3.1. Physical conversion technique

Physical or mechanical conversion of biomass involves size
reduction/commination, drying, and densication of the
introduced solid biomass species. Briquetting, extraction, and
distillation are the most utilized physical conversion technolo-
gies,111 as shown in Table 2.

3.1.1. Briquetting. Briquetting is a process that turns agri-
cultural and forestry waste into biomass briquettes/bio-coal that
can be burned in conventional burners. Suchmethod could give
numerous socioeconomic and environmental benets,
11954 | RSC Adv., 2025, 15, 11942–11974
particularly in underdeveloped nations where conventional
biomass is the primary source of energy.112 Some of the
advantages of produced briquettes from biomass are that they
may be conveyed for prolonged distances with reliable energy
storage choices, ensure proper size and density, and are easily
affordable.113 These briquettes can be developed using different
organic waste constituents, however, the technology itself is
costly due to use of elevated briquetting pressure, excessive
energy consumption and the need for trained personnel.114

Briquette binders such as sewage sludge, cow dung, microalgae,
molasses, waste paper pulp and starch are key-point in this
technology since they affect burning efficiency of produced
briquettes.115
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of most common physical conversion technologies111

Tools Type of biomass Products Benets Limitations

Briquetting Agricultural and forestry
residues

Fuel briquettes Offering benets such as
extended transportation
distances, reliable energy
supply, and storage potential

The process involves costly
technology and high energy
requirements

Extraction Seeds Oil Eco-friendly, safe and
energy-efficient

Faces challenges in large-
scale implementation

Distillation Seeds Bio-oil Effectively separates
components with maximum
yield

Requires substantial energy
consumption
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3.1.2. Extraction. It is a process that mainly produces oil
from the seeds of various biomass crops such as cotton and
groundnuts. Nevertheless, solid cake that is suitable for live-
stock feed has been also produced alongside the released oil.116

Optimizing the parameters of extraction processes essentially
inuences the effectiveness of oil recovery step which is
dependent to oil accumulation in the vegetable fractions and
physical/chemical properties of oils.117

3.1.3. Distillation. This technique is based on crushing
seeds to extract their contents of oil followed by its steam
distillation to attain oil evaporation which is coupled with
successive condensation step to ultimately produce bio-oil.118

High energy demand to heat oil and to consequently condense
it via cooling is a major disadvantage of this methodology.119
3.2. Biological conversion

Biological conversion techniques are deemed as eco-friendly,
however, their prolonged operating time, usage of expensive
hydrolytic enzymes and susceptibility of microorganisms to
different factors may stand as major restrictions for such route.
These factors include growth conditions, contaminants, sugar
substrates, nutrients, and inhibitors.120

3.2.1. Fermentation. Fermentation is mainly based on
usage of microorganisms (bacteria, fungus, and yeast) to
produce bio-ethanol, hydrogen and biogas from biomass.121

Conversion of biomass via fermentation introduces the
following benets:

� All types of biomass, including lignin, can be included in
such process regardless of their grades

� Increased bio-catalytic selectivity is provided
� Bioreactor functioning is done at typical non-severe

conditions
� There is no involvement of metal toxicity.122

3.2.2. Anaerobic digestion. Anaerobic Digestion (AD) is
a series of connected biological activities that transform
biomass based organic structures into methane (CH4) and
carbon dioxide (CO2) in absence of oxygen.123 Anaerobic diges-
tion has three stages which are: 1-hydrolysis of complex organic
macromolecules, 2-hydrolyzed molecules transformation into
organic acids, hydrogen, and CO2. 2-Methane production
through acids disintegration.124,125 The efficiency of the AD
process is inuenced by a variety of factors, including the
population of employed microbes during the process, pH,
© 2025 The Author(s). Published by the Royal Society of Chemistry
temperature and redox potential.126 Nevertheless, AD has
several drawbacks such as storage challenges and poor quality
of the produced biogas since it contains hydrogen sulphide
which is environmentally hazardous.127

3.2.3. Aerobic degradation. Aerobic composting/
degradation involves converting biomass into heat, CO2, and
solid products using microorganisms in presence of oxygen.128

During the composting process, heat, CO2, H2O, NH3, organic
acids and fully developed compost are produced due to the
present carbon and nitrogen compounds in waste biomass.129

However, the excessive emission of greenhouse gases (GHGs)
such as N2O, CH4, and CO2 during composting methods adds
negative environmental impact130
3.3. Biochemical conversion technique

Biochemical conversion technologies include hydrolysis,
transesterication, and supercritical water gasication, which
combine biological and chemical mechanisms. This method
employs microbes and biological catalysts to convert biomass
into gas (CO2/CH4), trash (compost or manure), and H2O.119

3.3.1. Hydrolysis. Hydrolysis is the process of breaking
down 1,4 glycosidic cellulose into simple sugars that are
subsequently converted to ethanol.131 Enzymatic hydrolysis is
one of hydrolysis methods which is entirely dependent to
enzyme accessibility and potency to efficiently convert biomass
to sugars then into biofuels and chemicals.132 Several factors
may inuence enzymatic hydrolysis, including lignin dosage,
lignin dispersion and structure, polymerization rate, bre
diameters, accessible surface area, pore size and crystallinity.133

Thermochemical conversion (TCC) is divided into three main
categories namely; combustion, gasication and pyrolysis, as
illustrated in Fig. 11.134 The most common biomass thermo-
chemical conversion processes include pyrolysis, gasication
and combustion.135

3.3.2. Combustion. Combustion is a process that produces
heat from biomass residuals through some exothermic reac-
tions which are both homogeneous and heterogeneous reac-
tions. At the rst place, present moisture in biomass feedstock
evaporates at temperatures below 373 K which is known as
drying stage, followed by the completion of combustion process
in presence of excess oxygen. Biomass combustion is usually
associated with the generation of pollutants which are due to:
(1) incomplete combustion, releasing signicant levels of CO
RSC Adv., 2025, 15, 11942–11974 | 11955
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Fig. 11 Thermo-chemical biomass processes and products.134
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and soot (2) some elements in biomass feedstock such as N, K,
C, Na, Mg, P, and S contribute to the formation of pollutants
such as NOx. Therefore, it can be said that combustion has
a negative impact on the environment since it produces
signicant amounts of CO2, SOx, NOx, and NO2 in the
atmosphere.28

3.3.2.1. Feedstock. Combustion process can be performed for
biomass feedstock having water content up to 60%. Ingredients
other than C, H, and O in biomass feedstock are undesirable
because they contribute in formation of pollutants and ash.Wood
is usually the best feedstock for combustion process since it has
low ash and nitrogen contents. Herbaceous biomass such as
Fig. 12 Main reactions during two-stage combustion of biomass.137

11956 | RSC Adv., 2025, 15, 11942–11974
straw and grass include high levels of N, S, K, and Cl, resulting in
production of increased emissions of NOX and sulfur oxides.15,136

3.3.2.2. Staged combustion. Two-staged combustion is based
on primary air injection in a fuel bed followed by secondary air
injection in the combustion chamber, as displayed in Fig. 12.
This sequence allows efficient mixing of combustion air with the
produced combustible gases by de-volatilization and gasication
in the fuel bed. Effective mixing can reduce unburned pollutants
to near-zero concentrations (e.g., CO < 50 mg m−3).137,138

3.3.3. Gasication. Biomass gasication is an endothermic
thermochemical conversion of solid biomass, producing
synthesis gas as a direct fuel source or for power generation since
© 2025 The Author(s). Published by the Royal Society of Chemistry
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it has high heating content. The gasication process produces
a gas mixture containing nitrogen (N2), carbon dioxide (CO2),
methane (CH4), carbon monoxide (CO), and hydrogen (H2),139

commonly known as syngas. The operating conditions in such
process are more severe than in pyrolysis; the temperature
exceeds 1073 K and the reaction occurs in the presence of
oxidizing agent; namely, air, oxygen and steam which are
employed in an appropriate proportion.140 There are various types
of biomass feedstocks where each of them has its own set of
difficulties. Therefore, correlating biomass type with certain
designs of gasiers under specic operating parameters is
urgently needed. However, characteristics of biomass such as
shape and size should be considered since they signicantly affect
the performance of gasication unit. Additionally, moisture
content, heating value, carbon/ash contents and volatility are
essential for evaluation of gasication process.141 There are
several types of gasication units that are designed for conversion
of biomass feedstock into gases, as shown in Fig. 13.

During the gasication process, water content in a feedstock
plays key-role in the efficiency of biomass conversion since that
huge amount of energy is consumed to evaporate water mole-
cules. Furthermore, excessive moisture content in the biomass
feedstock affects composition of syngas and its quality due to
elevated content of CO2 which signicantly reduces the caloric
value of syngas during energy and power generation.143

On the other hand, produced syngas from gasication
process can be used for manufacture of liquid fuels through
three different routes as follows:
Fig. 13 Types of gasifiers (A) entrained bed, (B) fixed bed, and (C) fluidiz

© 2025 The Author(s). Published by the Royal Society of Chemistry
(1) Conversion of coal-derived syngas and natural gas into
liquid fuels through Fischer–Tropsch synthesis, (2) methanol
synthesis from syngas via catalytic steam reforming, (3) aerobic
fermentation of syngas in presence of bacteria to produce ethanol.

3.3.4. Pyrolysis. It is a process that involves heating
biomass in the absence of air to produce combination of
different products (Fig. 14) namely; solid char, liquid bio-oil and
combustible gases144,145 which include CO2, CH4, CO and
hydrogen. For pyrolysis oils, they substantially contain aromatic
compounds, oxygenated aliphatic, water content (15–30 wt%)
and nitrogen compounds. Therefore, these oil fractions receive
extra processing to produce efficient transportation fuels.146

Pyrolysis process is classied into three subcategories based
on the rate of heating: fast, ash, and slow/conventional
pyrolysis.147 However, the relative distribution of products is
determined by the pyrolysis type and operating parameters148

including solid residence time and biomass particle size.
3.3.4.1. Fast pyrolysis. In this process biomass is rapidly

heated to a high temperature in the absence of oxygen. Fast
pyrolysis yields 60–75% oily products, 15–25% solids (biochar)
and 10–20% gaseous phase liquids in such process are oen
produced from biomass at high heating rates, short residence
times at temperatures ranging from 400 to 800 °C. The
production of liquids fractions from biomass is typically
dependent on the rapid cooling of pyrolysis vapors, controlled
reaction temperatures, and extremely high heat transfer which
are the primary characteristics of a fast pyrolysis process.149
ed bed.142

RSC Adv., 2025, 15, 11942–11974 | 11957
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Fig. 14 Scheme of biomass pyrolysis reactions.144
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3.3.4.2. Flash pyrolysis. Flash pyrolysis of biomass is regar-
ded as a promising, improved, and modied method of fast
pyrolysis for the manufacture of solid, liquid, and gaseous fuel
from biomass. The ash pyrolysis process requires high reac-
tion temperatures (700–900 °C), a high heating rate (1000 °C
s−1), small biomass particle size and a comparatively short gas
residence time of roughly 0.5 s.150 The conversion efficiency of
biomass to oil in ash pyrolysis can approach 70%. However,
the creation of pyrolysis water poses a signicant barrier to the
quality and stability of the resulting oil.151 Generally speaking,
bio-oil produced by standard ash pyrolysis is of low quality and
requires costly improvement before it can be utilized as
a transportation fuel.

3.3.4.3. Slow pyrolysis. Slow pyrolysis is performed at
a heating rate of approximately 10 °C min−1 and at tempera-
tures ranging from 350 to 500 °C for an operational time
starting from few minutes and up to 30 min. This kind of
pyrolysis normally yields 25–30% bio-char, 35–45% bio-oil and
25–40% as gaseous products.152 The composition of the ob-
tained bio-products in this process varies depending on oper-
ating parameters including feedstock residence time, heating
rate and temperature.153 The main disadvantages of this tech-
nique are the limited up-scalability and high operating costs
due to elongated processing time.154

3.3.4.4. Pyrolysis reactors. There are several types of reactors
that can be employed in pyrolysis process; however, each of
them has unique properties. The most common types of reac-
tors are discussed as follows:

3.3.4.4.1. Fixed bed reactor. This type of pyrolysis reactor is
equipped with a gas cooling and cleaning system. In this sort of
reactor, solids ow vertically and come into contact with the
counter-current upward moving gas stream. A xed bed reactor
11958 | RSC Adv., 2025, 15, 11942–11974
is made of steel and includes a fuel feeding unit, an ash removal
unit and a gas exit, as presented in Fig. 15. Fixed bed reactors
typically operate with long residence time of solid feedstock,
low gas velocity and low ash carryover. These reactors are
designed for small-scale heat and electricity applications.

3.3.4.4.2. Fluidized-bed reactor. The uidized-bed reactor is
composed of a uid–solid combination with uid-like character-
istics. Such type of reactor appears to be popular for fast pyrolysis
because they provide rapid heat transfer, good control over the
pyrolysis reaction, extensive high surface contact between uid
and solid per unit bed volume, good thermal transport within the
system and a high relative velocity between the uid and solid
phases.156 There are two types of uidized-bed reactors which are:

3.3.4.4.3. Bubbling uidized-bed reactors. These reactors
offer improved temperature control, solid-to-gas contact, and
heat transmission. Heated sand is utilized as the solid phase to
rapidly heat the biomass in an oxygen-free environment to be
decomposed into char, gases and aerosols. Fluidizing gas
stream is then introduced to transport the decomposed
biomass, as displayed in Fig. 16.157 Bubbling uidized-bed
pyrolysis is widely used because it produces high-quality bio-
oil with a yield of around 70–75% of biomass.158

3.3.4.4.4. Circulating uidized-bed reactors. Circulating
uidized beds are identical to bubbling uidized bed reactors,
with the exception of shorter residence durations for chars and
gases. This leads to increased gas velocity and char content in
bio-oil than in bubbling uidized bed reactors. One advantage
for such sort of reactor that it can handle very large through-
puts,158 as illustrated in Fig. 17.

Recent advancements in biochar synthesis technologies have
led to more efficient, environmentally friendly, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Fixed bed reactor for biomass pyrolysis155

Fig. 16 Bubbling fluidized-bed reactor.157
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performance-enhanced biochar compared to traditional slow
pyrolysis and torrefaction methods. Conventional pyrolysis
typically operates at moderate to high temperatures (400–700 °
C) in an oxygen-limited environment, yielding biochar with
moderate porosity and limited functionalization. However,
emerging synthesis techniques such as plasma-assisted pyrol-
ysis, hydrothermal carbonization (HTC), and catalytic pyrolysis
have demonstrated superior efficiency, tailored physicochem-
ical properties, and lower environmental impact.159–161

Plasma-assisted pyrolysis, for instance, utilizes high-energy
plasma elds to rapidly decompose biomass under an inert
© 2025 The Author(s). Published by the Royal Society of Chemistry
gas atmosphere, leading to ultrahigh surface area biochar with
well-dened pore structures. This technique enhances biochar's
applicability in electrocatalysis, energy storage devices, and
pollutant adsorption due to its high graphitization degree and
tailored functional groups.162 Meanwhile, HTC operates at
subcritical water conditions (180–250 °C), converting wet
biomass feedstocks into hydrochar, which retains oxygen-
containing functional groups that improve biochar's cation
exchange capacity (CEC) and adsorption efficiency for heavy
metals.22 HTC also enables high carbon sequestration potential,
RSC Adv., 2025, 15, 11942–11974 | 11959
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Fig. 17 Schematic of circulating fluidized bed pyrolysis.155
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making it an attractive approach for climate mitigation 163 and
soil amendment applications.164

Furthermore, catalytic pyrolysis, which integrates metallic
and acid catalysts, has been developed to selectively tailor bio-
char properties for biofuel upgrading and syngas purication.
The inclusion of zeolites, metal oxides, and alkaline earth
metals in pyrolysis systems improves the deoxygenation of
biochar, leading to high-value carbonaceous materials with
applications in green hydrogen production and bio-renery
processes.165,166 Compared to traditional pyrolysis, catalytic
pyrolysis reduces the formation of toxic polycyclic aromatic
hydrocarbons (PAHs) while enhancing bio-oil quality and bio-
char stability.167,168

These emerging biochar synthesis techniques signicantly
contribute to industrial applications by offering customizable
carbon materials for batteries, fuel cells, and catalytic
converters, thereby promoting a more sustainable bio-economy.
As the demand for renewable carbon materials grows, these
innovations will play a crucial role in scaling up biochar
production with optimized energy efficiency and minimal
environmental impact.169,170

3.3.4.5. Char separation. Char, the intermediate solid
residue formed during pyrolysis processes, poses a challenge
due to its role as a vapor cracking and its contribution to the
formation of polycyclic aromatic hydrocarbons (PAHs), espe-
cially at lower temperatures.171 Traditionally, char separation
from reactors has relied on cyclone methods. However, this
approach has limitations, as ne particles may pass through the
cyclone and collect in the liquid product, causing aging and
11960 | RSC Adv., 2025, 15, 11942–11974
instability issues. Alternative methods, such as in-bed vapor
ltration and rotary particle separation, have been explored to
address this challenge.172 Nonetheless, these techniques
encounter difficulties due to the complex interaction between
char and the pyrolytic liquid, oen resulting in the formation of
a gel-like phase that rapidly blocks the lter. Efforts to mitigate
this problem have involved the use of solvents like methanol or
ethanol to modify the liquid microstructure.173 However, this
approach leads to solvent dilution of the liquid product and
increases process costs. Consequently, ongoing research aims
to identify suitable mechanisms for char separation in pyrolysis
processes, considering both effectiveness and cost-efficiency.174

3.3.4.6. Liquids collection. Pyrolysis gaseous products typi-
cally contain true vapor, aerosols, and non-condensable gases,
all of which necessitate swi cooling to minimize secondary
reactions and facilitate the condensation of true vapors, while
also requiring aerosol coalescence or agglomeration.175

However, the utilization of high-temperature heat recovery for
this purpose is not ideal due to the severe fouling observed in
recuperators. Commonly employed methods to address these
challenges include cooling with a simple heat exchanger,
quenching in product oil or an immiscible hydrocarbon solvent,
or the use of conventional aerosol capture devices such as
demisters and electrostatic precipitators. Nevertheless, these
approaches oen exhibit limited effectiveness, with electro-
static precipitation emerging as a preferable method for liquid
separation, particularly at smaller scales up to pilot plant
operations.175
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Contemporary research in fast or ash pyrolysis has illumi-
nated the potential for enhanced yields of primary, non-
equilibrium liquids, and gases from biomass feedstocks.
These yields encompass a diverse array of valuable products,
spanning from chemicals and petrochemicals to essential fuel
components and intermediates. Notably, the shi from tradi-
tional slow pyrolysis to fast pyrolysis heralds a transformation
in product composition and value. Slow pyrolysis typically yields
solid char of lower value, fast pyrolysis generates higher-value
products such as fuel gas, fuel oil, and assorted chemicals.
This transition underscores the versatility and economic
viability of fast pyrolysis as a pivotal technology in biomass
conversion processes.176

Exhibiting heating values typically ranging from 40 to 50% of
conventional hydrocarbon fuels, pyrolysis liquid fuels offer
several notable advantages. Firstly, they contribute positively to
the CO2 balance, aligning with the sustainable nature of
biomass-derived fuels. Secondly, their adaptability extends
from small-scale power generation systems to integration
within larger power stations.177 Commonly referred to as bio-oil
or bio-crude, pyrolysis oils manifest as intricate blends of
oxygenated compounds, encompassing various chemical
groups such as carbonyls and carboxyls.175 Table 3 provides
a comparative analysis of fuel properties between standard
diesel and pyrolysis bio-oil across different feedstocks, offering
insights into their respective characteristics and potential
applications in the energy landscape.

Table 3 presents a comparative analysis of bio-oil properties
derived from various biomass feedstocks, highlighting differ-
ences in moisture content, pH, viscosity, and heating value
(HHV/LHV). Wood-derived bio-oil exhibits a moderate moisture
content (15–30 wt%) and a higher HHV (∼16 MJ kg−1), making
it suitable for direct combustion. In contrast, straw-based bio-
oil has a signicantly higher moisture content (47.4 wt%),
which reduces energy efficiency and increases the need for
drying or upgrading processes before utilization.

Rice husk and cotton stalk bio-oils have exceptionally high
viscosities (128 mm2 s−1 and 156 mm2 s−1, respectively), indi-
cating a greater need for catalytic hydrodeoxygenation or
blending with lower-viscosity fuels to improve ow properties.
The pH of all bio-oils (2.5–3.45) reects their acidic nature,
which can contribute to corrosion in storage tanks and pipe-
lines, necessitating upgrading or neutralization treatments.

Notably, palm shell-derived bio-oil, with the lowest moisture
content (∼10 wt%), demonstrates higher energy efficiency and
Table 3 Properties of diesel fuel and pyrolysis bio-oil from different fee

Moisture content (wt%)

Diesel —
Wood 15–30
Straw 47.4
Lonium perenne 48
Rice husk 27.2
Cotton talk 26.7
Palm shells 10

© 2025 The Author(s). Published by the Royal Society of Chemistry
lower water-induced energy losses, making it a promising
candidate for power generation and co-ring applications.
These ndings underscore the importance of feedstock selec-
tion and rening strategies to enhance bio-oil quality and
optimize its feasibility for transportation fuels and energy sector
applications.179

3.3.4.7. Catalysts in pyrolysis. In general; catalysts are used
to enhance pyrolysis reaction kinetics by cracking high molec-
ular weight compounds into hydrocarbon products, however;
distributions of obtained products are strongly dependent to
catalyst type and differences in operating conditions. Catalysts
in pyrolysis can be classied into three different groups,
according to the way they are introduced during the process
itself. First group is meant for catalysts that are added to the
biomass feedstock before being fed into the thermal conversion
reactor. The second group belongs to the catalysts that are
added into the reactor to attain immediate contact with
generated vapors, solid and tar from biomass degradation. For
the third group, it contains the catalysts which can be placed in
a secondary reactor located downstream from the pyrolysis
reactor. Another classication for catalysts in pyrolysis,
according to their compositions, was done by Han and Kim.180

This classication includes: dolomite catalyst, Ni-based cata-
lysts, alkali metal catalysts and novel metal catalysts. Use of
catalysts in xed-bed reactor for pyrolysis of solid waste was
found to greatly inuence the yields of obtained products.180

Some types of catalysts have been studied in biomass pyrolysis
such as: Ni–Al2O3,181 sodium feldspar,182 CeO2/Rh- SiO2,183

carbonates of Li, Na or K,184 zeolite185 and ZrO2.186 Ni and alkali
metal-based catalysts were conrmed to be effective in heavy tar
elimination and achieving more than 99% tar destruction,
however, these catalysts were found to become inactive due to
carbon deposition.184 Catalytic processing of pyrolysis bio-oil or
liquid biomass (raw vegetable oils, waste cooking oils, animal
fats and algal oils) can offer great exibility in lling the
increasing demands of the bio-fuels market. In general, cata-
lytic process allows the conversion of triglycerides and lipids
(liquid biomass) into paraffins and iso-paraffins within the
range of naphtha, kerosene and diesel. Such products have
improved characteristics compared to fossil fuels in terms of
having high heating value, increased oxidation stability and
negligible acidity. Besides, this route is effective for upgrading
the released intermediate products (pyrolysis oil) during the
process of solid biomass conversion,187,188 as exhibited in
Fig. 18.
dstocks178

pH Viscosity mm2 s−1 HHV (MJ kg−1)

1 2.39 44.7
2.5 40–100 16
3.45 17.2 13.6
3.16 6.5 15.8
2.8 128 —
2.6 156 —
2.7 14.6 —

RSC Adv., 2025, 15, 11942–11974 | 11961
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Fig. 18 Catalytic processing for biomass conversion towards fuels production.19
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3.3.4.7.1. Catalytic cracking of bio-oil to produce light olens
and aromatics. Light olens, including ethylene, propylene, and
butenes, serve as fundamental precursors in the petrochemical
industry, essential for synthesizing a wide array of products
such as polyethylene, polypropylene, butadiene, acrylonitrile,
and epoxyethane, among others.189 Traditionally, these
compounds are predominantly derived from steam cracking of
naphtha or light-alkane feedstocks, a process characterized by
high energy consumption and signicant CO2 emissions.190

Complementing these olens are aromatics, comprising
benzene, toluene, and xylenes, constituting approximately one-
third of the market for commodity petrochemicals. The primary
sources of aromatics include petroleum naphtha (70%), pyrol-
ysis gasoline by-products from ethylene plants (23%), and coal
liquids from coke ovens (7%).191

Gayubo et al.192 explored the selective production of C2–C4

olens from bio-oil using a two-step (thermal-catalytic) reaction
system employing HZSM-5 zeolite (SiO2/Al2O3 = 80) as a hydro-
thermally stable catalyst. Their investigation focused on
analyzing the impact of various operating conditions, including
methanol content in the raw bio-oil, temperature, and space-
time, culminating in achieving a bio-oil conversion rate of
94% with a notable olens selectivity of 48 wt% by employing
a bio-oil/methanol feed ratio of 50/50 wt% at 500 °C and a space-
11962 | RSC Adv., 2025, 15, 11942–11974
time of 0.37 g catalyst h(gfeed)
−1. These ndings serve as

a pivotal starting point for further exploration into the co-
processing of raw bio-oil with methanol, particularly within
the methanol-to-olens (MTO) process paradigm.

Gong et al.193 reported another noteworthy study focusing on
the selective production of light olens through the catalytic
cracking of raw bio-oil utilizing La-modied HZSM-5 catalysts.
Incorporation of La into the zeolite structure led to a moderate
increase in medium acid sites, effectively enhancing selectivity
toward light olens while concurrently improving catalyst
stability. Their investigations yielded promising results, with
the highest light olens yield reaching 0.28 kgolens (kgbio-oil)

−1,
accompanied by nearly complete bio-oil conversion. Subse-
quent studies by the same researchers, employing Mg-modied
HZSM-5 catalysts to adjust acidity, further corroborated these
ndings, demonstrating enhanced olens selectivity and
improved catalyst stability, with an olens yield of 0.25 kgolens
(kgbio-oil)

−1 and near-complete bio-oil conversion. A burgeoning
area of interest lies in the integrated approach of catalytic
cracking–oligomerization, aiming to produce gasoline-range
hydrocarbons from light olens. This innovative strategy
entails catalytic cracking of bio-oil to generate light olens,
followed by the subsequent synthesis of higher C5+ olens
through oligomerization, typically achieved via two reactors in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Chemical components of lignocellulosic biomass for bio-oil
production via pyrolysis199

Feedstock Cellulose Hemicellulose Lignin

Rice straw 37.81 26.89 13.1
Empty fruit bruches 51.2 22.5 21.3
Mesocarp bre of a palm tree 23.7 30.5 27.3
Jatropha seed shell 36.64 4.82 39.61
Wheat shell 10–15 30 4–8
Mesquite sawdust 40–45 25–30 11–30
Sawdust 41.94 19.33 29.63
Beach wood 46.4 31.7 21.9
Corn cob 41.7 30.84 12.44
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series. This directional synthesis pathway facilitates the
production of C6–C12 olens, offering promising prospects for
advancing the utilization of bio-based feedstocks in the
production of valuable hydrocarbon products.

Puértolas et al.194 demonstrated that hierarchically struc-
tured HZSM-5 zeolites, with increased accessibility of Brønsted
acid sites on the mesoporous surface, facilitated a notable up to
50% increase in the production of aromatics compared to bulk
zeolites with moderate Si/Al ratios (25–40). These catalysts favor
decarboxylation/decarbonylation reactions, yielding selectively
cycloalkanes and alkyl monoaromatic hydrocarbons, whereas
microporous zeolites predominantly promote dehydration
reactions, resulting in the formation of cyclic olens and poly-
aromatic hydrocarbons.

Effective conversion of bio-oil into aromatics necessitates
deoxygenation over both metal and acid sites to form olens,
cyclization of olens over acid sites to produce cycloalkanes,
and dehydrogenation of cycloalkanes over metal sites to yield
nal aromatics. For bio-oils rich in phenolic compounds,
aromatics can also form through direct deoxygenation (hydro-
genolysis). Selection of appropriate metals has been shown to
efficiently control selectivity between aromatics/cycloalkanes
via hydrogenolysis/hydrogenation–dehydration routes. ZSM-5
modied with Ga, Zn, and Ni, as well as Ru, Cu, and Fe/
zeolite catalysts, exhibited promising behavior in converting
bio-oil into BTX aromatics through hydrogenolysis. Addition-
ally, metal-doped (Zn, Ce, Ni) mesoporous rod-like Al2O3 cata-
lysts have shown encouraging results in selectively producing
aromatics from raw bio-oil, with Ni/Al2O3 demonstrating the
highest hydrocarbon content, mainly comprising BTX
aromatics.195,196

Shafaghat et al.197 investigated the conversion of a simulated
phenolic bio-oil over Ni and Fe supported H-beta catalysts. The
Fe/H-beta catalyst enhanced hydrogenolysis of phenolic
compounds, yielding aromatic hydrocarbons as the main
products, while the Ni/H-beta catalyst exhibited a higher capa-
bility for hydrogenation–dehydration–hydrogenation of
benzene rings, resulting in cycloalkanes as the primary prod-
ucts. Other studies have shown that ZSM-5 modied with
metals such as Zn and Ga effectively promote aromatization via
dehydrogenation of cycloalkanes. For instance, Cheng et al.
reported a 40% increase in aromatics yield when Ga was added
to ZSM-5 in the catalytic upgrading of furan, with Ga/ZSM-5
facilitating decarbonylation and olen aromatization reac-
tions, while ZSM-5 catalyzed other reactions leading to
aromatics production, such as oligomerization and cracking.198

3.3.4.7.2. Production of bio-gasoline. Table 4 below delin-
eates the types of biomasses utilized for the production of bio-
oil through pyrolysis conversion, which holds promise for
subsequent conversion into bio-gasoline.199 Previous investiga-
tions into biomass-derived bio-oil have consistently highlighted
the signicance of low moisture content, high carbon content,
and low oxygen content in enhancing its heating value. The
heating value of bio-oil derived from biomass, reaching
a maximum of 20.28 MJ kg−1 (as observed in Jatropha seed
shell), underscores its potential for conversion into biofuels,
© 2025 The Author(s). Published by the Royal Society of Chemistry
given its comparability to ethanol (23 MJ L−1) and gasoline (43.1
MJ kg−1) in terms of heating value.200

The low moisture content, typically ranging from 1.1% to
18.8%, underscores the efficiency of biomass sources for
thermal conversion into liquid fuels, with values consistently
below 50%. Ash content measurement is essential to ascertain
the residual incombustible solids post-thermal processing,
which comprise mineral and inorganic components such as
calcium, potassium, magnesium, and phosphorus, serving as
potential nutrients for other processes.201

The xed carbon percentage, determined based on data ob-
tained from physical analysis including moisture, ash, and
volatile matter, provides insights into the remaining mass of
carbon. Volatile matter and xed carbon contents play pivotal
roles in determining the ease of ignition and subsequent gasi-
cation or oxidation of biomass as an energy source. Higher
volatile matter values indicate the potential for solid trans-
formation into other products, either in liquid or gas phases.
The elevated proportions of carbon and hydrogen contribute to
the high C : H ratio, underscoring the suitability of waste with
abundant amounts of these elements for biofuel
production.129,202

The commercialization of biomass-to-biofuel technologies,
for example the production of bioethanol from sugar substrates
and biodiesel from rapeseed or sunowers, marks signicant
progress in the eld. Biomass, harnessing approximately 0.1–
1.0% of solar energy, predominantly comprises sugar polymers
constituting 75–90 wt% of biomass, with lignin accounting for
10–25% of its weight. Cellulosic biomass, the primary type,
consists of cellulose (35–50%), hemicelluloses (15–25%), and
lignin (15–30%). By dry weight, biomass typically contains 30–
40% oxygen, 30–60% carbon, 5–6% hydrogen, and minimal
amounts of nitrogen, sulfur, and chlorine, with inorganic
components concentrated in the ash.203

Fructose, glucose, and xylose serve as precursors for liquid
alkanes, the constituents of gasoline, synthesized through
microbial fermentation or catalytic processes. In a wood chips
design case, fast pyrolysis, hydro-treatment, and hydrocracking
yield 23% bio-gasoline and 32% biodiesel. Molybdenum zeolite-
catalyzed gasication of woody biomass also contributes to bio-
gasoline production, facilitating its use in unmodied motor
vehicles. Direct conversion of cellulosic biomass into bio-
gasoline via hydrothermal processes, employing in situ
RSC Adv., 2025, 15, 11942–11974 | 11963
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hydrogen under various conditions, presents a promising
avenue.204,205 Table 4 provides a comprehensive overview of
biomass types suitable as feedstock for bio-gasoline production,
underpinned by exhaustive ultimate and proximate analyses.

Table 4 summarizes the physicochemical properties of bio-
char obtained from various biomass feedstocks, highlighting
differences in surface area, carbon content, and ash composi-
tion. Lignocellulosic biomass-derived biochar (e.g., wood,
sawdust) generally possesses higher xed carbon content
(>80%) and lower ash content (<5%), making it more suitable
for energy storage and catalytic applications. Conversely, agri-
cultural residues (e.g., rice straw, corn stover) produce biochar
with higher ash content (>20%), which can affect adsorption
efficiency in pollutant removal applications.206 Hydrochar
synthesized via hydrothermal carbonization retains higher
oxygen functional groups, enhancing cation exchange capacity
(CEC) for soil amendment purposes. These variations under-
score the importance of selecting appropriate biomass precur-
sors and conversion methods to tailor biochar properties for
specic industrial applications.106,207

3.3.4.7.3. Enhancement of bio-oil to biofuel. Mortensen
et al. 208 implemented a hydrodeoxygenation (HDO) technique,
employing a conventional hydrocracking catalyst, to enhance
the bio-oil, yielding approximately 0.33–0.64 g oil per g of bio-
oil, with hydrocracking facilitating the formation of a pure
hydrocarbon product. Conversely, ndings from Eboibi et al. 209

demonstrated that vacuum distillation, without catalyst utili-
zation, signicantly increased the biocrude yield, reaching 62–
67 wt% (from 36 to 42 wt%) for Spirulina sp. and 70–73 wt%
(from 34 to 58 wt%) for Tetraselmis sp. Furthermore, the higher
heating value (HHV) of the resultant biocrude escalated from 32
MJ kg−1 to 40 MJ kg−1 through this method. In a recent inves-
tigation by Tian et al.,210 the hydrodeoxygenation process was
explored as a means to rene biocrude oil under relatively
moderate conditions, resulting in a notable reduction of oxygen
content to 1% and nitrogen content to 0.3%. Subsequent pro-
cessing in the hydrotreater yielded distinct fractions, including
C4 minus, gasoline, diesel, and heavy oil. Conversely, Zhang
et al.211 highlighted the challenges posed by bio-oil, generated
via fast pyrolysis, characterized by oxygenated compounds
exhibiting unfavorable properties such as high viscosity, limited
thermal and chemical stability, as well as poor miscibility with
hydrocarbon fuels, leading to corrosion concerns. Conse-
quently, the focus shied towards rening bio-oil to diminish
its oxygen content through hydrodeoxygenation and hydro-
desulphurization processes. Notably, hydrotreatment of pyrol-
ysis oil derived from pine sawdust not only raised the pH value
from 2.27 to 4.07 but also augmented the hydrogen content
from 6.28 to 7.01 wt%. Tao et al.212 proposed an innovative
approach to integrate bio-oil into the transportation sector by
directly blending it with diesel fuel through an emulsication
process employing a surfactant. Optimal emulsier concentra-
tions ranging from 0.5% to 2.0% were identied, resulting in
bio-oil ratios of 25%, 50%, and 75% by weight, yielding
viscosities conducive to effective utilization. Meanwhile,
Samolada et al.213 investigated the utilization of biomass ash
11964 | RSC Adv., 2025, 15, 11942–11974
pyrolysis liquids (BFPLs) in the FCC process. Employing ReUSY
catalysts with a Re2O3 content of 0.6 and a pore size of 36 Å,
a nominal coke catalyst formation of 1 wt% and a notable
gasoline yield ranging from 23% to 25% were achieved.

4. Waste cooking oils conversion to
paraffinic biofuels

Waste Cooking Oils (WCO) is a type of residual biomass
resulting usually from frying (e.g. soybean-oil, corn-oil and
olive-oil, etc.) and they have specic problems. Catalytic
hydroprocessing of WCO was studied as an alternative route for
producing 2nd generation of biofuels. The catalytic hydro-
cracking was investigated over commercial hydrocracking
catalysts leading not only to production of biodiesel but also to
obtain lighter products such as biogasoline, employing
continuous-ow catalytic hydroprocessing plant with a xed-
bed reactor.214 During such technique several parameters
should be considered, including hydrocracking temperature
(350–390 °C) and liquid hourly space velocity (0.5–2.5 h−1) and
under high pressure (60–100 bar). The efficient conversion of
WCO to bio-gasoline was found to be favored at high reaction
temperature and low LHSV. On the other hand, implementation
of quite low temperatures is more preferred for biodiesel
production.215–217

4.1. WCO transesterication

Transesterication is a series of reversible reactions that can be
used for conversion of WCO into biofuels. In such process the
present lipids/triglycerides in oil specimen combine with
alcohol, typically methanol, to produce monoglycerides,
diglycerides glycerol and biodiesel. Factors that may affect the
efficiency of transesterication include alcohol-to-oil molar
ratio, temperature, stirring speed, moisture content, reaction
duration, and catalyst type. Various catalysts, including acidic
or alkaline (homogeneous or heterogeneous), enzymes, ionic
liquids and carbon-based catalysts can speed up this process.
However, homogeneous alkaline catalysts are the most widely
utilized in the process of biodiesel synthesis.218 The superiority
of such type of catalysts is due to their ability to accelerate the
reaction at low temperatures and ambient pressure, resulting in
high conversion yields. The most typically used alkaline cata-
lysts for this process are potassium hydroxide (KOH) and
sodium hydroxide (NaOH).219

5. Comparing biomass to alternative
renewable energy sources

The recent conclusion of COP28 stands as a pivotal moment in
the global ght against climate change. The agreement reached,
aimed at “transitioning away from fossil fuels,” coupled with
the rm commitment to “triple renewable energy capacities and
double energy efficiency by 2030,” heralds a promising era for
sustainable energy transitions. Despite coal and gas continuing
to dominate global electricity generation in 2020, collectively
constituting nearly 60% of the total, there have been notable
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Electricity from biomass sources in 2020.
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advancements in renewable energy sources such as solar and
wind power, which accounted for 29% of global electricity
production.220

The latest data in 2023 from world bioenergy association
(WBA) statistics report showed in 2020,221,222 global biomass-
based electricity generation amounted to 685 terawatt-hours
(TWh). A substantial majority of this biopower, comprising
69%, originated from solid biomass sources, with municipal
and industrial waste contributing 11% (Fig. 19).223
Fig. 20 Renewable energy use in transport in 2020.

Fig. 21 Biopower generation in continents in 2020.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Moreover, the transport sector witnessed the consumption
of 4.23 EJ of renewable energy in 2020, where liquid and gaseous
biofuels dominated, accounting for 90% of all renewable energy
utilized in this domain. Notably, the share of renewable elec-
tricity in the transport sector, calculated based on the overall
electricity sector, stood at 10% (Fig. 20). Regionally, Asia and
Europe continued to lead in biopower generation, with Asia
contributing 276 TW h and Europe closely following at 238
TW h in 2020. Europe notably excelled in biopower production
from municipal waste, constituting 64% of global production,
while Asia led in utilizing industrial waste for electricity,
commanding a global share of 79%. Furthermore, Europe
emerged as a frontrunner in biopower from biogas, claiming
a global share of 75% in this domain.

Regionally, Asia emerged as a signicant player, accounting
for 40% of global biopower production (Fig. 21), generating 276
TW h, followed closely by Europe at 35%. Notably, electricity-
only plants, designed exclusively for power generation,
utilized 5.3 joules (EJ) of biomass in 2020. Additionally,
renewable heat production, totaling 1.26 EJ in 2020, primarily
relied on biomass, contributing 96% of all renewable heat
generated (Fig. 22), with geothermal and solar thermal tech-
nologies making minor contributions.
Fig. 22 Renewable heat production in 2020.
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5.1. Policy environments inuencing biomass energy
development

The advancement of biomass energy is profoundly shaped by
regional policy frameworks, which vary signicantly across
different countries and regions. In the United States, the Ination
Reduction Act (IRA) of 2022 introduced substantial tax incentives
to bolster renewable energy production, including biomass.224 For
instance, biodiesel blenders registered with the Internal Revenue
Service (IRS) are eligible for a tax credit of $1.00 per gallon of pure
biodiesel or renewable diesel blended with petroleum diesel.
Additionally, the Biomass Crop Assistance Program (BCAP) offers
nancial assistance to producers establishing biomass feedstock
crops, reimbursing up to 50% of establishment costs and
providing annual payments for up to ve years for herbaceous
feedstocks and up to 15 years for woody feedstocks. In the
European Union, the Renewable Energy Directive II (RED II) sets
forth stringent sustainability criteria for biomass used in energy
production. These criteria encompass greenhouse gas emission
reductions and sustainable forest management practices,
ensuring that biomass contributes effectively to the EU's renew-
able energy targets. The directive also introduces sustainability
requirements for forestry feedstocks and greenhouse gas criteria
for solid and gaseous biomass fuels.225

China has demonstrated remarkable progress in expanding
its renewable energy capacity, with biomass energy playing
a vital role in its strategy to peak carbon emissions before 2030
and achieve carbon neutrality before 2060. The country's poli-
cies focus on integrating biomass energy into its broader
renewable energy expansion plans, contributing to a signicant
portion of global renewable capacity growth. Brazil has imple-
mented the RenovaBio program, a policy designed to promote
the decarbonization of the transport sector by encouraging the
use of biofuels with superior energy-environmental efficiency
compared to fossil fuels. This program has led to the produc-
tion of 77 billion liters of biodiesel, avoiding emissions of 240
million tons of CO2 and saving approximately USD 38 billion in
imports.226

These examples illustrate how diverse policy environments
inuence the development and application of biomass energy.
While the United States and Brazil emphasize nancial incen-
tives and market-based approaches,227 the European Union
focuses on stringent sustainability criteria, and China inte-
grates biomass energy into its centralized planning for carbon
neutrality. Understanding these regional policy differences is
crucial for comprehensively assessing the global landscape of
biomass energy development.
5.2. Challenges and solutions in scaling biomass energy and
overcoming technical and market barriers

The large-scale deployment of biomass energy faces signicant
challenges, notably high technical costs and volatile market
dynamics. Addressing these issues requires a multifaceted
approach encompassing technological innovation, strategic
industrial planning, and supportive policy frameworks.

Technological innovation: advancements in biomass pro-
cessing technologies can substantially reduce production costs.
11966 | RSC Adv., 2025, 15, 11942–11974
For instance, the implementation of biomass torrefaction—
a thermal pre-treatment process—enhances the energy density
of biomass, leading to more efficient transportation and
storage. A case study analyzing biomass transport from Indo-
nesia to Japan demonstrated that torreed biomass resulted in
6.7% energy savings and a 10.3% reduction in greenhouse gas
emissions compared to traditional methods. Such improve-
ments not only lower operational costs but also enhance the
environmental sustainability of biomass energy production.228

Strategic industrial planning: optimizing the industrial
layout of biomass facilities is crucial for cost efficiency. Locating
biomass plants near abundant feedstock sources minimizes
transportation expenses and supply chain disruptions. For
example, Sweden's Värmevärden heating plant achieved energy
self-sufficiency and reduced operating costs by approximately
30% by utilizing locally sourced forestry waste in its biomass
boilers. This strategic siting not only cuts costs but also
supports local economies and promotes sustainable resource
utilization.229

Policy support: government policies play a pivotal role in
shaping the biomass energy landscape. Incentive structures such
as feed-in tariffs, subsidies, and tax credits can make biomass
projectsmorenancially viable. In the United States, the Biomass
Crop Assistance Program (BCAP) provides nancial assistance to
producers establishing biomass feedstock crops, covering up to
50% of establishment costs and offering annual payments for up
to ve years for herbaceous feedstocks.230 Such policies lower the
economic barriers to entry and encourage investment in biomass
energy.231 However, reliance on policy incentives necessitates
stability and clarity to prevent market volatility. The case of Braya
Renewable Fuels in Canada illustrates this point; the renery was
idled due to low prot margins and market disruptions linked to
uncertainties in U.S. tax-credit policies for biofuels.232 This
example underscores the importance of consistent and trans-
parent policy frameworks to foster investor condence and
industry growth. In summary, overcoming the challenges of
scaling biomass energy requires an integrated approach that
combines technological advancements, strategic industrial
positioning, and robust, stable policy support. Learning from
practical cases worldwide can provide valuable insights into
effective strategies for reducing costs and navigating market
dynamics in the biomass energy sector.
6. Assessing the economic and
environmental impacts of energy
production from biomass

Biomass stands out among diverse renewable resources and
technologies as a potentially paramount economic driver for
developing nations, concurrently fostering employment oppor-
tunities and environmental preservation. This assertion neces-
sitates a thorough economic evaluation of various biomass
production technologies, focusing on the generation of primary
biomass products such as electricity and biofuels. Key factors
under scrutiny include production costs, conversion efficien-
cies, and the scale of processing. It's noteworthy that the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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manufacturing costs and conversion efficiencies vary signi-
cantly depending on the raw materials utilized and the specic
conversion methodologies employed. Typically, electricity
production costs range from 0.03 to 0.24 USD per kW per h,
whereas biofuel production costs span from 0.13 to 0.99 USD
per L.233,234 Despite these costs, conventional electricity and
fossil fuels currently maintain competitive pricing compared to
their bio-based counterparts. However, biomass holds
a substantial environmental advantage over fossil fuels for
several reasons. Firstly, biomass serves as a renewable energy
source, ensuring its perpetual availability. Secondly, biomass
energy predominantly originates from continually accumu-
lating waste streams from various sectors, mitigating environ-
mental pollution that would otherwise occur. Thirdly, biomass
utilization has the potential to signicantly curtail greenhouse
gas (GHG) emissions, thereby addressing pressing environ-
mental challenges like climate change and global warming.
Notably, empirical studies have demonstrated substantial
reductions in GHG emissions, exceeding 90% in certain
instances, through the substitution of fossil fuels with biomass-
derived energy.207 Fig. 23 provides a comparative analysis of CO2

emissions from conventional energy sources compared with
biomass-derived energy sources, showcasing their respective
GHG emission savings.
7. Final reflections and prospects
ahead

The substitution of fossil energy sources with biomass-derived
alternatives offers multifaceted benets spanning economic,
environmental, and public health domains. Additionally, the
Fig. 23 Comparison of CO2 emissions from conventional energy sour
emission.235

© 2025 The Author(s). Published by the Royal Society of Chemistry
ubiquity of biomass resources worldwide renders biomass-
derived energy production viable across diverse geographical
landscapes, concurrently facilitating the effective management
of various waste streams. However, to realize the full potential
of biomass energy, signicant technological advancements are
imperative to enhance productivity and mitigate production
costs. This necessitates a concerted focus on developing user-
friendly and cost-effective technologies across different scales
to stimulate greater investment in the sector. Furthermore,
there is a pressing need to foster greater awareness regarding
the advantages of biomass utilization for renewable energy
generation. Importantly, the production of biomass-derived
energy carriers, including bioelectricity and biofuels, aligns
with several Sustainable Development Goals (SDGs) outlined by
the United Nations General Assembly in 2015, notably
contributing to the goal of Affordable and Clean Energy by 2030.

8. Future research directions in
biomass energy and engineered
biochar

The potential of biomass energy and engineered biochar is vast,
but several key areas require further research to maximize their
efficiency, environmental benets, and economic feasibility.
The following aspects should be considered in future studies:

8.1. Optimization of biochar production processes

One of the primary challenges in biochar research is improving
the efficiency and sustainability of production techniques.
While pyrolysis remains the most common method, low-
temperature slow pyrolysis yields biochar with higher
ces biomass-derived energy sources along with their saving in GHGs

RSC Adv., 2025, 15, 11942–11974 | 11967
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stability, whereas fast pyrolysis favors bio-oil production. Future
studies should focus on:

� Catalytic pyrolysis and gasication: the use of heteroge-
neous catalysts such as metal oxides (ZnO, Fe2O3) and zeolites
can enhance biochar's surface area and adsorption capabilities
while reducing unwanted byproducts.

� Microwave-assisted pyrolysis: this emerging technology
offers energy-efficient heating, leading to higher carbon reten-
tion and improved pore structure.

� Hydrothermal carbonization (HTC): an alternative to
pyrolysis that operates under subcritical water conditions,
allowing wet biomass to be converted into hydrochar with
oxygen-rich functional groups, improving its cation exchange
capacity for soil applications.

� Advanced process optimization through machine learning
and AI-based modeling can further rene reaction conditions,
maximizing biochar yield and physicochemical properties while
reducing energy consumption.
8.2. Functionalization for environmental remediation

Biochar's ability to adsorb heavy metals, organic pollutants, and
greenhouse gases can be signicantly enhanced through
chemical and structural modications. Future research should
focus on:

� Surface activation techniques: acid (H3PO4, H2SO4) and
alkaline (KOH, NaOH) treatments increase porosity and intro-
duce oxygen-containing functional groups, improving adsorp-
tion of pollutants.236

� Metal-doped biochar: incorporating transition metals (Fe,
Co, Ni) and carbon-based nanostructures (graphene, carbon
nanotubes) enhances biochar's catalytic efficiency in waste-
water treatment and CO2 capture.

� Photoactive biochar composites: ZnO and TiO2-modied
biochar can function as efficient photocatalysts for degrading
organic pollutants under visible light.

Further investigation into synergistic effects between bio-
char and nanomaterials is essential for developing high-
performance adsorbents and catalysts with broad environ-
mental applications.
8.3. Integration into agricultural systems

Biochar has demonstrated signicant potential in improving
soil fertility, carbon sequestration, and plant growth. However,
long-term eld studies are needed to understand its impact on:

� Microbial communities: biochar's effect on soil micro-
biota, enzyme activity, and nutrient cycling must be evaluated
across different climatic and soil conditions.

� Crop-specic applications: different plant species respond
differently to biochar amendments. Research should optimize
application rates based on biochar composition, soil pH, and
crop type.

� Carbon sequestration modeling: more research is needed
to quantify long-term carbon stability and net carbon seques-
tration rates in biochar-amended soils under various land-use
scenarios.
11968 | RSC Adv., 2025, 15, 11942–11974
Future research should also assess biochar's role in climate
resilience strategies, particularly in mitigating drought stress in
agricultural systems.

8.4. Life cycle and techno-economic analyses

While biochar and biomass energy present environmental
benets, their large-scale deployment requires economic and
sustainability assessments. Future research should address:

� Life cycle assessment (LCA): studies should evaluate the
energy balance, carbon footprint, and environmental trade-offs
of biochar production from various feedstocks.

� Techno-economic feasibility: assessing the costs of
biomass preprocessing, transportation, and biochar activation
will determine the commercial viability of different biochar
applications.

� Integration with carbon credit markets: investigating how
biochar projects can generate carbon credits and contribute to
decarbonization policies will enhance investment attractiveness
in the sector.

Developing standardized cost–benet analysis models will
further aid policymakers and investors in decision-making
processes.

8.5. Policy and market development

Policy frameworks play a crucial role in shaping biomass and
biochar commercialization. Future research should examine:

� Regulatory standards for biochar quality and safety:
harmonized international guidelines are needed to dene bio-
char grading, certication, and application limits.

� Economic incentives: policies such as carbon tax credits,
feed-in tariffs, and subsidies could signicantly drive biomass
and biochar market expansion.

� Supply chain optimization: investigating regional feed-
stock availability and logistics can improve market scalability
and reduce production costs.

A better understanding of policy interventions and market
mechanisms will facilitate the widespread adoption of biochar
as a sustainable energy solution.

9. Conclusion

Biomass combustion represents a promising avenue for opti-
mizing heater design in future applications, with a critical focus
on enhancing conversion efficiencies from biomass combus-
tion to heat. One key parameter crucial for achieving optimal
combustion performance is the excess air ratio. However, it's
imperative to acknowledge the inherent challenges associated
with mitigating emissions such as nitrogen oxides (NOx) and
particulate matter. These challenges stem from the funda-
mental physical constraints imposed by the high temperatures
and oxygen presence characteristic of combustion processes. In
the quest for sustainable energy solutions, the utilization of
both wood and non-wood biomass in gasication processes has
garnered signicant attention. Employing thermochemical
models, researchers have evaluated various biomass feedstocks
to assess their suitability for gasication. This evaluation
© 2025 The Author(s). Published by the Royal Society of Chemistry
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encompasses the examination of produced syngas and the
gasication process itself, serving as pivotal metrics for
comparing different biomass types. Simulation studies have
been conducted using a diverse array of biomass sources,
including oats, wheat straw, rapeseed by-products from bio-fuel
production, and various wood biomass varieties. Furthermore,
biomass pyrolysis has emerged as a focal point in energy
research due to its potential for converting agricultural resi-
dues, wood wastes, and solid waste into valuable energy prod-
ucts. Particularly noteworthy is the catalytic hydrotreatment of
liquid biomass, a proven technology capable of transforming
feedstocks characterized by low hydrogen-to-carbon (H/C) ratios
and high oxygen and water content into a range of alternative
fuels. These fuels, including bio-naphtha, bio-jet, and biodiesel,
exhibit a paraffinic nature and boast high heating values,
underscoring the versatility and potential of catalytic hydro-
treatment in advancing sustainable fuel production methodol-
ogies. This review distinguishes itself from prior studies by
bridging biomass conversion technologies with advanced bio-
char engineering, offering a multi-faceted perspective on bio-
char's transformation into high-value energy and industrial
products. Unlike previous studies that primarily assess
biomass-derived biochar for soil enhancement and carbon
sequestration,237 this review underscores biochar's potential in
fuel cell electrodes, energy storage devices, and catalytic
upgrading of bio-fuels. Additionally, the review explores recent
advancements in biochar-supported metal catalysts for
hydrogen production, syngas purication, and biodiesel
renement. By critically analyzing biochar's evolving role in
super-capacitors, batteries, and green hydrogen production,
this study provides a framework for future innovations that
enhance biomass valorization and decarbonization efforts in
the global energy sector.
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49 A. M. Borrero-López, E. Masson, A. Celzard and V. Fierro,
Ind. Crops Prod., 2018, 124, 919–930.

50 C. Wang, S. Huang, Y. Zhu and S. Zhang, J. Anal. Appl.
Pyrolysis, 2022, 161, 105408.

51 M. He, Y. Sun and B. Han, Angew. Chem., 2022, 134,
e202112835.
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