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Abstract: Biomass pyrolysis has attracted increasing attention as a sustainable technology for simultaneous
biochar production, renewable energy recovery, and carbon sequestration. This mini review discusses the carbon-
negative characteristics of biochar, gas emissions during biomass pyrolysis, and the influence of pyrolysis
conditions on syngas composition and carbon structural evolution. During pyrolysis, biomass undergoes
devolatilization, deoxygenation, aromatization, and graphitization, producing gaseous products such as H,, CO,
CO,, CHy, and light hydrocarbons together with stable carbonaceous residues. Elevated pyrolysis temperatures
generally enhance the formation of combustible gases, particularly H, and CO, while reducing oxygenated gases
such as CO; due to intensified secondary cracking and deoxygenation reactions. Simultaneously, carbon structures
progressively transform from disordered precursor molecules into aromatic and graphitic domains with improved
physicochemical stability. Biomass species, reactor configuration, carrier gas atmosphere, and thermal conditions
significantly affect gas evolution behavior and carbon conversion efficiency. Overall, biomass pyrolysis
demonstrates strong potential for carbon-neutral energy production, greenhouse gas mitigation, and development
of sustainable carbon materials within circular bioeconomy systems.
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1. Introduction

The increasing global demand for sustainable energy and carbon mitigation technologies has intensified
interest in biomass pyrolysis and biochar production. Biomass residues generated from agriculture, forestry, and
municipal activities represent abundant renewable resources that can be converted into valuable carbonaceous
materials and energy products through thermochemical processes. Among these technologies, pyrolysis has
attracted considerable attention because it simultaneously produces biochar, bio-oil, and combustible gaseous
products under oxygen-limited conditions [1]. Biochar, a carbon-rich solid residue obtained from biomass
carbonization, has been widely recognized for its potential applications in carbon sequestration [2], soil
improvement [3], environmental remediation [4], and renewable energy systems [5]. Gui et al. (2025) reported
that the input of biochar into soil adsorbs atmospheric carbon dioxide (CO,) for carbon sequestration. Their
prediction indicated that the biochar-cultivated top soils in China could reach 7.38-12.5 billion tons of carbon
sequestration with an additional 0.34-2.66 billion tons of CO, capture [2]. Gaurav et al. (2025) reported that
biochar provides abundant mineral nutrients and enhances their availability in soil [6]. By increasing soil electrical
conductivity, it can facilitate the movement and delivery of essential elements, including Ca, Mg, and N, toward
plant roots, thereby improving nutrient acquisition and supporting plant growth. Hsu et al. (2023) applied
sulfurized magnetic biochar for active capping to remediate heavy metal contaminated sediment [4]. Their
experimental result confirmed the effectiveness of sulfurized magnetic biochar in lowering aquatic Cu, Ni, Zn,
Hg, and MeHg mobilities. Yang et al. (2024) mentioned that the addition Fe-containing biochar to food waste
enhances thermophilic dark fermentation of hydrogen production [7]. Hydrogen production increased by
approximately 31.19% by Fe-containing biochar addition.

Biochar has gained particular scientific and industrial interest because of its carbon-negative characteristics.
During photosynthesis, plants capture atmospheric CO, and store carbon within biomass. Through pyrolysis, a
significant fraction of this carbon is transformed into highly aromatic and recalcitrant structures that are resistant
to biological degradation, thereby enabling long-term carbon storage in soils and environmental matrices [8].
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Furthermore, biochar production can reduce greenhouse gas emissions by displacing fossil fuel consumption
through recovery of syngas and thermal energy generated during pyrolysis. Consequently, biomass pyrolysis has
been regarded as a promising strategy for climate change mitigation and circular bioeconomy development.

In addition to biochar formation, gaseous emissions generated during pyrolysis play critical roles in
determining process efficiency, energy recovery, and environmental impacts. Pyrolysis gases commonly contain
hydrogen (H;), carbon monoxide (CO), CO,, methane (CHy), and various light hydrocarbons (HCs), with their
composition strongly influenced by biomass type, reactor configuration, heating rate, residence time, and pyrolysis
temperature [9]. Numerous studies have demonstrated that elevated pyrolysis temperatures promote secondary
cracking and deoxygenation reactions, thereby enhancing production of combustible gases such as H, and CO
while reducing oxygenated species such as CO; [10]. Simultaneously, thermal treatment progressively transforms
disordered biomass structures into increasingly aromatic and graphitic carbon materials through dehydration,
aromatization, and graphitization reactions.

Therefore, understanding gas evolution behavior and carbon structural transformation during biomass
pyrolysis is essential for optimizing biochar production, improving syngas quality, and maximizing carbon
sequestration efficiency. This mini review discusses the carbon-negative characteristics of biochar, gas emissions
during pyrolysis, carbon conversion mechanisms, and the influence of biomass species and pyrolysis parameters
on syngas composition and carbon structure evolution.

2. Literature Search Strategy of This Mini Review

A literature search was conducted using Web of Science, Scopus, and Google Scholar to identify relevant
peer-reviewed studies. The search employed combinations of the keywords “biochar”, “biomass pyrolysis”,
“carbon sequestration”, “carbon negative”, “syngas”, “gas emissions”, “pyrolysis temperature”, “hydrogen
production”, “carbon structure”, “graphitization”, “life-cycle assessment”, and “techno-economic analysis”. Studies
published primarily between 2015 and 2026 were considered to capture recent developments, while earlier seminal
studies were included where necessary to establish fundamental concepts and mechanisms. Studies were selected
based on their relevance to biochar carbon negativity, pyrolysis-induced gas evolution, syngas composition, carbon

structural transformation, and the environmental and economic feasibility of biochar production.

3. Biochar and Its Carbon Negativity

Figure 1 compares the natural carbon cycle in vegetation and soil with the biochar carbon cycle, illustrating
why biochar is widely regarded as a carbon-negative material and a promising negative-emission technology. In
the conventional terrestrial carbon cycle, atmospheric carbon dioxide (CO») is assimilated by plants through
photosynthesis and incorporated into living biomass. After plant senescence, the biomass undergoes microbial
decomposition and mineralization in soil, eventually releasing most of the captured carbon back into the
atmosphere as CO, through respiration. Consequently, although vegetation temporarily stores atmospheric carbon,
the majority of this carbon is recycled within relatively short ecological timescales.

The right side of Figure 1 demonstrates how pyrolysis fundamentally alters this carbon cycle. During
pyrolysis, biomass is thermochemically converted under oxygen-limited conditions, producing biochar, syngas, bio-
oil, and thermal energy. Approximately half of the biomass carbon may be released as gases or utilized for energy
generation, while a substantial fraction is transformed into highly aromatic and recalcitrant carbon structures that
constitute biochar. Because this carbon is chemically stable and resistant to microbial degradation, it can persist in
soils for centuries to millennia, thereby functioning as a long-term carbon sink. This process effectively removes
atmospheric CO, from the active carbon cycle and stores it in a semi-permanent form [11,12].

The carbon-negative characteristic of biochar arises from several complementary mechanisms. First, plants
initially capture atmospheric CO, through photosynthesis, converting inorganic carbon into biomass carbon.
Rather than allowing this biomass to naturally decompose and rapidly return CO, to the atmosphere, pyrolysis
stabilizes a large portion of the carbon into condensed aromatic structures. These structures contain polyaromatic
and graphitic domains that are highly resistant to biological and chemical oxidation. Lehmann and Joseph’s
foundational biochar research demonstrated that pyrolysis significantly slows carbon mineralization rates
compared with uncharred organic matter, enabling long-term carbon sequestration [13]. Studies have shown that
biochar decomposition rates may be one or two orders of magnitude slower than those of fresh biomass [14-16].
Table 1 highlights substantial differences in the global warming potential (GWP) associated with the production
of representative porous adsorbent materials. Biochar exhibits the lowest environmental burden, with GWP values
ranging from —1.1 to 13.70 kg CO,-eq/kg. Negative values indicate that carbon sequestration can offset greenhouse
gas emissions generated during biomass conversion. Activated carbon shows a positive but highly variable GWP
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(0.8752-47.15 kg CO»-eq/kg), reflecting differences in feedstocks, activation processes, and energy requirements.
In contrast, zeolites and graphene oxide exhibit substantially higher GWP values, reaching 1733.3 and 4841 kg
CO»-eq/kg, respectively, primarily indicating energy- and resource-intensive synthesis. MOFs display the widest
range (0.0613-1136.2 kg CO,-eq/kg), demonstrating strong dependence on synthesis routes and precursors. COFs
show moderate positive GWP values of 48.9-61.5 kg CO»-eq/kg. Overall, biochar offers considerable potential as
a comparatively low-carbon porous material for sustainable environmental applications.

Table 1. Comparison of GWP and associated environmental impact classifications for developed materials.

Material GWP (kg COz-eq/kg) Classification Reference
Biochar -1.1-13.70 Negative/positive [17-19]
Activated carbon 0.875247.15 Positive [20-24]
Zeolite 833.3-1733.3 Positive [25]
Graphene oxide 1186-4841 Positive [26]
MOF 0.0613-1136.2 Positive [27-29]
COF 48.9-61.5 Positive [30]

Second, the pyrolysis process itself can offset fossil fuel consumption. As illustrated in the Figure 1,
approximately 50% of the biomass energy content can be recovered as heat, electricity, transportation fuels, or co-
products. When bioenergy generated during pyrolysis replaces fossil-based energy sources, additional greenhouse
gas emissions are avoided. Therefore, biochar systems provide dual climate benefits: stable carbon sequestration
and displacement of fossil fuel emissions. Woolf et al. estimated that sustainable global biochar implementation
could mitigate up to 1.8 billion tonnes of CO,-equivalent emissions annually through combined sequestration and
emission-offset effects [8].

Third, biochar amendments can indirectly enhance soil carbon storage and reduce greenhouse gas emissions
from soils. Biochar possesses high surface area, microporosity, and aromaticity, which influence microbial activity
and soil organic matter dynamics. Numerous studies have reported that biochar can induce “negative priming effects”,
wherein microbial decomposition of native soil organic carbon decreases following biochar addition [11,31]. This
suppression of soil carbon mineralization reduces CO, emissions from soil respiration and enhances long-term soil
carbon accumulation. Furthermore, biochar improves soil aggregation, water retention, cation exchange capacity,
and microbial habitat quality, thereby promoting biomass productivity and additional atmospheric carbon fixation
through enhanced plant growth [32,33].

Figure 1 also highlights the importance of pyrolysis conditions in determining carbon sequestration
efficiency. Higher pyrolysis temperatures generally increase aromatic condensation and carbon stability,
producing biochars with greater resistance to degradation. Biochars generated above approximately 500 °C often
exhibit higher fixed carbon content and lower volatile fractions, making them particularly suitable for long-term
sequestration [34]. However, the long-term carbon sequestration potential of biochar remains uncertain because
its persistence depends on feedstock properties, pyrolysis conditions, and post-application environmental
conditions. Although aromatic carbon may persist for centuries, it can undergo gradual oxidation and microbial
decomposition. Moreover, higher pyrolysis temperatures improve carbon stability but reduce biochar yield,
creating a trade-off between carbon persistence and total carbon retained. Therefore, the optimization of feedstock
type and pyrolysis conditions, and the selection of the application field are essential for maximizing carbon-
negative performance.

The carbon cycle in vegetation and soil The biochar carbon cycle
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Figure 1. The carbon cycle versus the biochar carbon cycle (concepts described by Woolf et al. [8] and Steiner [35]).
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Figure 2 illustrates the progressive physicochemical transformation of biomass-derived carbon during
pyrolysis and high-temperature carbonization, emphasizing the relationship between gas emissions, carbon
structure evolution, and graphitization. Biomass pyrolysis is a thermochemical conversion process conducted in
oxygen-limited or oxygen-free conditions, during which complex organic macromolecules decompose into
gaseous products, condensable vapors, and solid carbonaceous residues. Figure 2 also illustrates how increasing
temperature promotes volatilization, aromatization, dehydrogenation, and structural ordering of carbon materials
from precursor molecules to graphitic carbon.

At room temperature, biomass consists primarily of cellulose, hemicellulose, lignin, proteins, lipids, and
extractives containing abundant oxygenated and hydrogenated functional groups [9]. These precursor molecules
possess highly disordered structures with mixed aliphatic and aromatic components. Upon heating, thermal
decomposition begins through cleavage of weak chemical bonds such as C—O, C-H, and C—C linkages. Pyrolysis
generally occurs between approximately 300 and 700 °C, although decomposition behavior depends strongly on
biomass composition and heating conditions. The figure indicates that gaseous emissions peak around 300-350 °C,
which corresponds closely with the major devolatilization stage reported in thermogravimetric and pyrolysis
studies. Hemicellulose typically decomposes between 200-300 °C, cellulose between 300—400 °C, and lignin over
a broader range extending beyond 500 °C [10].

During this active pyrolysis stage, large quantities of gaseous species, including CO,, H,, CO, CHg, and other
hydrocarbons are released, as illustrated in the Figure 2 [36,37]. CO, and CO are primarily generated through
decarboxylation and decarbonylation reactions involving oxygen-containing functional groups. Hydrogen
evolution mainly originates from dehydrogenation and cracking reactions, while hydrocarbon gases result from
fragmentation of aliphatic chains and tar compounds. Studies have shown that increasing pyrolysis temperature
generally enhances secondary cracking reactions, thereby increasing H, and CO yields while decreasing
condensable tar fractions. The release of volatile matter simultaneously creates pores and defects within the
residual char structure. As temperature approaches approximately 700 °C, the carbonaceous residue evolves into
amorphous carbon containing both sp? and sp* hybridized carbon domains, as shown in the figure [38]. At this stage,
dehydration and condensation reactions promote the formation of small aromatic clusters [38,39]. However, the
structure remains highly disordered, containing randomly oriented graphene-like fragments interconnected with
residual aliphatic structures. Considerable heteroatom content and structural defects are still present. According to
carbonization theory, this stage represents incomplete aromatization and limited crystallographic ordering.

Further heating to approximately 1200 °C promotes the formation of predominantly sp*hybridized
amorphous carbon by facilitating the rearrangement and fusion of aromatic clusters into larger conjugated
structures [38,39]. The continued elimination of hydrogen and oxygen through secondary devolatilization
significantly increases the fixed carbon content and aromaticity of the material. Raman spectroscopy and X-ray
diffraction studies consistently demonstrate increasing graphitic ordering and decreasing structural disorder with
elevated pyrolysis temperature [38]. Simultaneously, hydrogen generation often increases because
dehydrogenation reactions become thermodynamically favorable at higher temperatures.

The figure subsequently depicts the transition from non-graphitic carbon to graphitic carbon between
approximately 1400 and 1700 °C [38]. Non-graphitic carbon, often referred to as turbostratic carbon, consists of
misaligned graphene-like layers with limited crystallite growth. Structural defects, cross-linking, and non-
hexagonal carbon rings hinder perfect graphitic ordering. As temperature further increases, carbon atoms gain
sufficient mobility to reorganize into more ordered hexagonal graphene layers. This graphitization process reduces
defects, enlarges aromatic lamellae, and improves crystallinity. Franklin’s classical theory distinguished
graphitizing and non-graphitizing carbons based on their ability to develop ordered graphite structures upon high-
temperature treatment.

Recent studies have further demonstrated that catalytic pyrolysis can significantly accelerate graphitization
while simultaneously enhancing hydrogen production [40,41]. Metal catalysts such as Fe, Co, and Ni facilitate
carbon atom diffusion and aromatic layer rearrangement, lowering the graphitization temperature and promoting
the formation of porous graphitic carbon. Fe—Co catalysts, for example, have been shown to improve both
hydrogen yield and graphitic ordering during biomass pyrolysis.

216



Green Energy Fuel Res. 2026, 3(3), 213221 https://doi.org/10.53941/gefr.2026.100014

e

Peak emissions at
i around 300~350°C

CO,, H,, HCs, CO, etc. te - i L
. Vi

.
1, ~726.85C

. Room temperature ~1226.85C

Precursor Amorphous Amorphous Non-graphitic Graphitic
molecules carbons carbon carbon carbon
sp? +sp? sp?

Figure 2. Gas emissions and carbon conversion during biomass pyrolysis.

4. Plant Types, Species, and Pyrolysis Parameters

Table 2 compares the composition of gaseous products generated during biomass pyrolysis under different
temperatures, feedstocks, and reactor conditions. The data demonstrate that pyrolysis temperature and biomass
composition strongly influence the distribution of syngas components, particularly HCs, CO, CO,, and H,. Overall,
increasing pyrolysis temperature generally enhances the formation of combustible gases such as H, and CO, while
reducing oxygenated gases such as CO,, indicating progressive carbonization and secondary cracking reactions at
elevated temperatures.

Among the investigated feedstocks, pine sawdust exhibited significant variation in gas composition with
increasing temperature from 600 to 900 °C. At 600 °C, the gaseous products contained approximately 14.82%
HCs, 46.68% CO, 24.87% CO», and 10.45% H, [42]. As the temperature increased to 800 °C, HC content slightly
decreased while CO concentration increased substantially to 40.13%, accompanied by elevated H, production. This
trend suggests that secondary thermal cracking and deoxygenation reactions became dominant at higher temperatures,
promoting conversion of condensable volatiles into permanent gases [43,44]. Simultaneously, the decline in CO,
concentration indicates progressive removal of oxygen-containing functional groups during carbonization.

Eastern redcedar (Juniperus virginiana) displayed similar thermal behavior [45]. At 350 °C, the gas stream
was dominated by CO, (47.44%), indicating that decarboxylation reactions were the primary decomposition
pathway during low-temperature pyrolysis [46—48]. However, increasing the temperature to 500 °C resulted in
markedly higher CO production (49.06%) and increased H: generation. The elevated CO yield is associated with
enhanced decarbonylation and cleavage of lignocellulosic structures [49,50]. These results further demonstrate
that intermediate pyrolysis temperatures favor the production of combustible syngas components.

The grape-derived biomass showed a particularly strong temperature dependence [51]. At 400 °C, CO,
represented approximately 80.53% of the gaseous products, whereas H, content remained very low. As the
temperature increased to 700 °C, H, concentration rose dramatically to 28.80%, while CO; decreased to 20.62%.
The substantial increase in hydrogen generation at elevated temperatures is attributable to intensified
dehydrogenation, aromatization, and reforming reactions. The simultaneous increase in CO concentration also
reflects enhanced cracking of tar intermediates and oxygenated compounds.

Rice husk pyrolysis exhibited comparable trends [51]. At 400 °C, CO, remained the dominant gaseous
product, accounting for more than 80% of total gases. However, increasing temperature progressively enhanced
CO and H; production while suppressing CO, formation. At 700 °C, H- concentration reached 19.20%, indicating
significant thermal conversion of biomass-derived volatiles into syngas. The high silica content of rice husk may
also influence catalytic cracking reactions and gas evolution behavior during pyrolysis [52,53].

Coconut shell and bamboo demonstrated similar thermal decomposition characteristics [54,55]. For coconut
shell, increasing temperature from 400 to 700 °C elevated H, concentration from 2.10% to 5.70% and increased
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CO generation, while CO, declined substantially. Bamboo pyrolysis also showed enhanced syngas quality at
higher temperatures, with H, concentration increasing from 8.10% at 400 °C to 19.80% at 700 °C. The increase in
H, and CO across both feedstocks suggests intensified secondary devolatilization and aromatic condensation
reactions during high-temperature pyrolysis [56].

Overall, the table clearly demonstrates that pyrolysis temperature is one of the most influential parameters
governing syngas composition. Lower temperatures favor COs-rich gas streams dominated by primary
devolatilization reactions, whereas higher temperatures promote formation of H- and CO-rich syngas through
cracking, reforming, and deoxygenation mechanisms. Biomass composition, reactor configuration, heating rate,
and carrier gas conditions further contribute to variations in gas yield and composition. These findings highlight
the importance of optimizing pyrolysis parameters to maximize syngas quality and improve the efficiency of
biomass-to-energy conversion systems.

Table 2. Comparison of syngas composition and pyrolysis parameters.

Types of Gaseous Substances Percentage (%)

Biomass Temperature (°C) HCs co CO» Ha Furnace or Reactor Reference
600 14.82 46.68 24.87 10.45
Pine sawdust ;88 igg? jz}g ?ggg 353 Tubular furnace 0.05 L/min N, [42]
900 14.65 45.74 10.06 25.59
Eastern redcedar wood 2(5)8 }24511 431(7)421; jg(s)g ;?j‘ Parr reactor at 6 °C/min under N». [45]
400 4.00 29.00 66.20 0.80
500 12.00 23.20 58.00 6.80
Grape 600 16.60 20.00 43.00 20.60 Tubular furnace 0.25 L/min N, [51]
700 18.60 20.40 31.60 29.20
800 19.20 29.60 22.40 28.80
400 3.00 40.80 53.60 1.20
500 7.40 40.80 35.40 4.20
Rice husk 600 7.60 48.60 24.60 10.80 Tubular furnace 0.25 L/min N, [51]
700 6.20 50.40 18.80 18.60
800 11.80 43.80 18.00 19.20
400 7.10 31.70 33.28 2.10
500 7.25 32.63 34.48 2.90 . . o .
Coconut shell 600 735 33.43 26.60 370  Fixed-bed py“’;ysiat 10°C/min 55,
700 7.42 34.26 35.05 450 under At
800 7.40 35.76 34.05 5.70
300 1.60 27.30 66.70 2.90
400 6.40 36.30 47.90 8.10 . o .
Bamboo 500 11.80 36.40 41.30 9.20 Pyrolysis furnace at 10 °C/min 5,
600 1230 3350  37.90 14.20 under No.
700 13.70 31.80 33.40 19.80

5. Commercial Viability of Biochar Production

For the techno-economic analysis (TEA), annualized capital expenditure (CAPEX), operating expenditure
(OPEX), and the costs of feedstock handling and energy consumption are generally used to evaluate the
commercial viability of biochar production and application [57,58]. Tang et al. (2026) reported that annualized
CAPEX was the primary economic burden of the biochar production system. Of this expenditure, the pyrolysis
unit represented 63%, followed by dewatering facilities (32%) and drying equipment (5%). OPEX was another
substantial component, with labour costs comprising more than 90% of this category [58]. Biomass pyrolysis also
incurred substantial material and energy expenses, with electricity responsible for approximately 99% of these
costs. Expenditures associated with other processing stages were comparatively insignificant. Across the entire
biochar production system, electricity accounted for nearly 30% of total expenditure, emphasizing energy
consumption as an important factor influencing overall production economics.

6. Conclusions, Challenges, and Future Perspectives

Biomass pyrolysis represents a promising thermochemical pathway for simultaneous biochar production,
renewable energy recovery, and greenhouse gas mitigation. This mini review highlights the carbon-negative
characteristics of biochar and the critical relationship between pyrolysis conditions, gas emissions, and carbon
structural evolution. During pyrolysis, biomass undergoes progressive devolatilization, deoxygenation,
aromatization, and graphitization, resulting in the formation of syngas and increasingly stable carbonaceous
materials. Elevated pyrolysis temperatures generally enhance the production of combustible gases such as H, and
CO while reducing CO, emissions, indicating intensified secondary cracking and carbonization reactions. In
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parallel, carbon structures gradually evolve from disordered precursor molecules into aromatic and graphitic
domains with improved physicochemical stability.

The reviewed studies further demonstrate that biomass type, reactor configuration, carrier gas atmosphere,
and heating conditions significantly influence syngas composition and carbon conversion efficiency. Feedstocks
such as pine sawdust, grape residues, rice husk, coconut shell, and bamboo exhibit distinct gas evolution behaviors
due to differences in lignocellulosic composition and mineral content. Optimization of pyrolysis parameters is
therefore essential to maximize hydrogen-rich syngas generation, improve biochar quality, and enhance long-term
carbon sequestration potential.

Present knowledge of biomass pyrolysis remains limited by the complex interactions among feedstock
composition, reactor configuration, carrier gas atmosphere, and thermal conditions, which hinder consistent
prediction of syngas composition and carbon conversion efficiency. The trade-off between biochar yield, carbon
stability, and energy recovery also remains insufficiently resolved.

Future research should focus on developing catalytic and energy-efficient pyrolysis systems capable of
simultaneously enhancing syngas quality and graphitic carbon formation. Advanced catalysts, particularly
transition metal-based systems, may further reduce graphitization temperature and improve hydrogen production
efficiency. In addition, more comprehensive life-cycle assessments and techno-economic analyses are still required
to evaluate the large-scale feasibility and environmental sustainability of biomass pyrolysis technologies. Further
investigation into the long-term environmental behavior, stability, environmental impacts, and functional
applications of biochar will also be essential for advancing its implementation in carbon neutrality strategies,
sustainable agriculture, and circular bioeconomy systems.
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