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Abstract
Biochar,	a	carbon-rich	and	highly	stable	material	produced	through	the	thermal	decomposition	of	organic	biomass	under	limited	oxygen	
conditions	(pyrolysis),	has	emerged	as	a	promising	tool	for	climate	change	mitigation	and	sustainable	soil	management.	Its	unique	
physicochemical	properties	make	it	effective	for	long-term	carbon	sequestration,	thereby	contributing	to	the	reduction	of	atmospheric	
greenhouse	gases.	This	review	provides	a	comprehensive	analysis	of	how	biomass-derived	biochar	facilitates	carbon	stabilization	in	soils	
and	acts	as	a	resilient	carbon	sink	for	decades	to	centuries.	Additionally,	we	examine	the	multifunctional	role	of	biochar	in	enhancing	key	
soil	parameters,	including	physical	structure,	nutrient	availability,	microbial	activity,	and	moisture	retention,	which	are	critical	for	
improving	 soil	 fertility	 and	 agricultural	 productivity.	 Various	 biomass	 feedstocks—ranging	 from	agricultural	 residues	 to	 forestry	
waste—and	pyrolysis	conditions	signi�icantly	in�luence	the	surface	area,	porosity,	nutrient	content,	and	pH	of	the	resulting	biochar,	
thereby	affecting	its	functionality	and	environmental	performance.	Moreover,	the	integration	of	biochar	into	agroecosystems	supports	
circular	 economy	principles	by	 converting	organic	waste	 into	a	 valuable	 soil	 amendment.	Widespread	application	of	biochar	can	
contribute	to	sustainable	agriculture	by	improving	soil	health,	increasing	crop	yields,	and	reducing	reliance	on	chemical	fertilizers.	This	
review	also	highlights	current	challenges	and	research	gaps	in	biochar	application	and	offers	future	directions	for	optimizing	its	use	in	
different	agro-climatic	zones.	Ultimately,	biomass-derived	biochar	represents	a	scalable	and	ecologically	sound	strategy	for	enhancing	
soil	resilience,	boosting	agricultural	sustainability,	and	addressing	global	environmental	challenges.
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1. Introduction

Climate change remains one of the most critical global 

challenges of the 21st century, largely driven by the rapid 

increase  in  a tmospher ic  greenhouse  gas  (GHG) 

concentrations due to anthropogenic activities. Among these 

gases, carbon dioxide (CO₂) is the most prevalent and is 

primarily released through fossil fuel combustion, 

deforestation, and unsustainable land-use practices. In 

response, global efforts are increasingly focused on 

developing effective carbon sequestration strategies that can 

remove or store carbon from the atmosphere in a stable and 

long-term manner. One such strategy that has gained 

considerable attention in recent years is the application of 

biochar—a carbon-rich, porous material produced from the 

pyrolysis of organic biomass under limited or no oxygen 

conditions. Unlike other forms of organic matter that 

decompose relatively quickly and release CO₂ back into the 

atmosphere, biochar is chemically stable and can persist in 

the soil for hundreds to thousands of years. This 

characteristic makes it an attractive tool for long-term 

carbon sequestration and climate change mitigation [1].
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The concept of using biochar is not new; its origins can be 

traced back to ancient Amazonian civilizations that created 

fertile soils known as Terra Preta by incorporating charcoal 

and organic waste into nutrient-poor tropical soils [2]. These 

soils remain highly fertile to this day, providing historical 

evidence of biochar's effectiveness in improving soil 

properties and sustaining agricultural productivity. In 

modern times, scientific interest in biochar has surged due to 

its dual benefits in environmental protection and agricultural 

enhancement.

Biochar production is typically carried out through pyrolysis, 

where various feedstocks such as agricultural residues (e.g., 

rice husks, corn stalks), forestry waste, and even organic 

municipal waste are thermally decomposed at temperatures 

ranging from 300°C to 700°C in the absence of oxygen. The 

yield and characteristics of the biochar depend on both the 

nature of the biomass feedstock and the pyrolysis conditions, 

including temperature, residence time, and heating rate. 

These parameters directly influence the surface area, 

porosity, cation exchange capacity (CEC), pH, and nutrient 

content of the final product, which in turn determine its 

effectiveness for soil application and carbon storage, biochar
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Table 1: Effect of Biochar on Soil Physical Properties
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plays a significant role in enhancing soil health—a term 

encompassing the physical, chemical, and biological 

properties that support plant growth and ecosystem function. 

When applied to soil, biochar improves its structure by 

increasing porosity and aggregate stability, leading to better 

aeration and root penetration. Its high surface area and 

charge density facilitate the retention of nutrients such as 

nitrogen, phosphorus, and potassium, reducing their 

leaching and improving their availability to plants [3-4].   

Moreover, biochar acts as a habitat and substrate for soil 

microbial communities, thereby enhancing microbial 

diversity and activity, which are crucial for nutrient cycling 

and organic matter decomposition. Another important 

aspect of biochar's soil-amending potential lies in its ability 

to enhance soil water retention, particularly in sandy or 

degraded soils. This property is especially beneficial in arid 

and semi-arid regions where water scarcity is a major 

constraint to crop production. Biochar's porous structure 

allows it to hold water and release it slowly, contributing to 

improved drought resilience and water use efficiency in 

crops.

The integration of biochar into sustainable agricultural 

practices aligns with several of the United Nations 

Sustainable Development Goals (SDGs), including climate 

action (SDG 13), zero hunger (SDG 2), and responsible

consumption and production (SDG 12). As a product derived 

from biomass waste, biochar also supports circular economy 

principles by turning agricultural and forestry residues into a 

valuable resource, thus minimizing waste and enhancing 

resource efficiency, its many advantages, widespread 

adoption of biochar technology still faces several challenges 

[5-6]. These include variability in biochar quality due to 

inconsistent feedstock and production methods, economic 

feasibility at large scales, and limited awareness or technical 

knowledge among farmers and stakeholders. Further 

research is required to standardize production protocols, 

evaluate long-term field effects  across different 

agroecological zones, and develop policy frameworks that 

support biochar adoption through incentives and 

certification, biochar represents a promising multifunctional 

tool that addresses both environmental and agricultural 

concerns . I t s  ab i l i ty  to  sequester  carbon whi le 

simultaneously improving soil quality and productivity 

positions it as a strategic component of sustainable land 

management [7]. This article explores the dual role of 

biomass-derived biochar in carbon sequestration and soil 

health improvement, evaluating its mechanisms of action, 

practical applications, and potential to support global 

climate and food security goals.

Table 2: Impact of Biochar on Soil Chemical Properties

https://psr.crcjournals.org/ 
https://psr.crcjournals.org/ 


03.https://psr.crcjournals.org/ 

Table 3: Biochar's Role in Reducing Greenhouse Gas Emissions from Soil

Bireshwar Bera (2024) Plant Science Review

2. Production and Characteristics of Biochar

The properties and effectiveness of biochar are closely linked 

to the materials and processes used in its production [8]. A 

comprehensive understanding of the feedstocks and 

pyrolysis techniques is essential to optimize biochar for 

specific agricultural and environmental applications. The 

variability in raw biomass and pyrolysis conditions results in 

biochars with distinct physicochemical characteristics that 

influence their behavior in soil, their capacity for carbon 

sequestration, and their suitability for various agronomic 

uses.

2.1 Biomass Feedstocks

Biochar can be derived from a wide range of biomass 

feedstocks, broadly categorized into agricultural residues, 

forestry by-products, animal manure, and municipal organic 

wastes. The selection of biomass is a critical determinant of 

the chemical composition, elemental ratios (C:N, C:O), ash 

content, porosity, and specific surface area of the final biochar 

product [9].

· Agricultural residues such as rice husks, corn stover, wheat 

straw, coconut shells, and sugarcane bagasse are among the 

most commonly utilized feedstocks due to their abundance, 

renewable nature, and high lignocellulosic content. These 

residues tend to produce biochars with relatively low ash and 

high carbon contents, which favor long-term carbon stability 

in soils.

· Forestry wastes including sawdust, bark, wood chips, and 

tree trimmings offer a lignin-rich biomass source. Biochars 

produced from woody materials generally exhibit higher 

aromaticity, structural rigidity, and surface stability, making 

them particularly suitable for carbon sequestration.

· Animal manures such as poultry litter, cow dung, and 

swine manure, though less carbon-rich, are valuable for 

producing nutrient-enriched biochars. These feedstocks 

typically yield biochars with elevated levels of phosphorus, 

potassium, and other micronutrients, making them effective 

as soil amendments but less ideal for long-term carbon 

storage due to higher ash content and lower carbon stability.

· Municipal green waste, including yard trimmings, kitchen 

scraps, and compostable urban biomass, is another viable 

feedstock. While offering a means of organic waste 

management, these materials often exhibit heterogeneous 

composition, necessitating pre-treatment and feedstock 

homogenization for consistent biochar quality.

The chemical makeup of the biomass, particularly its lignin, 

cellulose, hemicellulose, and mineral content, determines 

the pyrolysis behavior and, subsequently, the structural and 

functional attributes of the resulting biochar [9-10]. Hence, a 

strategic selection of feedstock, based on the desired end-use 

of the biochar—whether for soil fertility, remediation, or 

carbon sequestration—is imperative for maximizing efficacy.

2.2 Pyrolysis Process

Pyrolysis is the thermochemical decomposition of organic 

matter in an oxygen-limited environment, leading to the 

production of three major products: solid biochar, 

condensable bio-oil, and non-condensable syngas. The 

distribution and properties of these products are significantly 

influenced by the type of pyrolysis employed, which is largely 

defined by temperature, heating rate, and residence time.

· Slow pyrolysis is the most commonly used method for 

maximizing biochar yield. Conducted at moderate 

temperatures typically ranging from 300°C to 500°C with 

prolonged residence times (minutes to hours), slow pyrolysis 

favors the formation of stable, carbon-rich biochar. The 

extended exposure to heat allows for the progressive 

volatilization of organic compounds, producing biochar with 

enhanced aromaticity, porosity, and a higher degree of 

carbonization.

· Fast pyrolysis, on the other hand, operates at similar 

temperature ranges (350°C–600°C) but involves rapid 

heating rates and short vapor residence times (seconds). This 

process is designed primarily for the production of bio-oil, 

with biochar being a secondary product. The biochar obtained 

through fast pyrolysis often exhibits lower stability and 

greater heterogeneity in structure and composition.

· Gasification involves higher temperatures, often exceeding 

700°C, and a controlled, limited supply of oxygen or steam to 

partially oxidize the biomass. While gasification is aimed at 

generating syngas (a mixture of CO, H₂, CH₄), the resultant 

biochar is typically produced in lower quantities and may 

have distinct physicochemical characteristics, such as high 

ash content and reduced surface functionality [11-12].

Each pyrolysis regime affects critical characteristics of 

biochar, such as:

· Carbon content and stability: Higher pyrolysis 

temperatures tend to increase biochar's aromaticity and 

thermal stability, which are key indicators of its potential for 

long-term carbon sequestration.

https://psr.crcjournals.org/ 
https://psr.crcjournals.org/ 


04.https://psr.crcjournals.org/ 

Bireshwar Bera (2024) Plant Science Review

· Surface area and porosity: Optimal porosity and high 

surface area are essential for soil-water retention, microbial 

colonization, and nutrient adsorption. These traits are 

typically enhanced under moderate pyrolysis temperatures 

(400–500°C).

· pH and nutrient content: Biochar derived from manure 

and high-mineral feedstocks or produced at higher 

temperatures tends to be more alkaline and nutrient-rich, 

influencing its agronomic value and suitability for acid soil 

amelioration, both feedstock selection and pyrolysis 

parameters must be carefully controlled to tailor biochar for 

specific soil and environmental objectives. Continued 

research is essential to optimize production processes that 

balance carbon stability, agronomic benefits, and economic 

feasibility.

3. Carbon Sequestration Potential
The potential of biochar to sequester carbon has positioned it 

as a promising tool in mitigating climate change [13]. Derived 

from the pyrolysis of organic biomass, biochar possesses a 

highly aromatic and condensed carbon structure, rendering it 

exceptionally resistant to microbial degradation. Unlike fresh 

organic matter, which decomposes rapidly and releases 

carbon dioxide (CO₂) back into the atmosphere, biochar can 

persist in soils for hundreds to thousands of years, effectively 

stabilizing carbon in terrestrial ecosystems.

3.1 Stabilization of Organic Carbon
Biochar acts as a long-term carbon sink due to its chemical 

recalcitrance. The thermal transformation of biomass during 

pyrolysis alters labile organic compounds into polyaromatic 

structures that are difficult for soil microbes to break down. 

This stabilization reduces the rate at which carbon is returned 

to the atmosphere and thus increases soil organic carbon 

(SOC) stocks [14]. The carbon stability of biochar is highly 

i n fl u e n c e d  b y  f e e d s t o c k  t y p e  a n d  p y r o l y s i s 

temperature—biochars produced at higher temperatures 

(>500°C) exhibit greater aromaticity and carbon persistence.

3.2 Reduction of Greenhouse Gas Emissions
In addition to stabilizing carbon, biochar application can 

mitigate emissions of other potent greenhouse gases such as 

methane (CH₄) and nitrous oxide (N₂O). When added to 

agricultural soils, biochar influences microbial processes 

such as methanogenesis and nitrification-denitrification, 

often suppressing CH₄ and N₂O production. For instance, in 

anaerobic soils such as rice paddies, biochar can reduce CH₄ 

emissions by altering microbial community dynamics and 

improving soil aeration. Similarly, its porous structure 

adsorbs ammonium and nitrate ions, reducing the 

availability of substrates for denitrifying bacteria, thereby 

lowering N₂O emissions [15].

3.3 Enhancement of Soil Carbon Pools
Biochar also enhances the formation and stabilization of 

native soil organic matter (SOM). 

It can act as a nucleus for the formation of organo-mineral 

complexes, promoting aggregation and protecting organic 

carbon within soil microaggregates [16]. Furthermore, 

biochar's high surface area and porosity facilitate the 

adsorption of dissolved organic carbon (DOC), reducing 

leaching losses and increasing the residence time of carbon in 

the soil matrix.

3.4 Waste-to-Carbon Conversion
The production and application of biochar represent a 

circular approach to waste management by converting 

agricultural and urban biomass residues into a value-added 

product. This transformation not only diverts waste from 

landfills and open burning but also turns it into a stable form 

of carbon that contributes to long-term sequestration efforts, 

biochar presents a scalable, low-tech solution for 

atmospheric carbon removal while simultaneously delivering 

co-benefits for soil health and agricultural productivity [17].

4. Role in Soil Health Improvement
The integration of biochar into soil systems has shown 

significant potential to enhance soil health through 

improvements in physical, chemical, and biological 

properties. These enhancements not only increase crop 

productivity but also promote sustainable land use practices 

by improving the resilience of soils against environmental 

stressors [18].

4.1 Soil Physical Properties
Biochar's porous and lightweight structure contributes to 

improved soil physical characteristics, particularly in coarse-

textured and degraded soils. When applied to sandy soils, 

biochar increases total porosity and decreases bulk density, 

which facilitates better root penetration and reduces 

compaction. Additionally, the increased porosity enhances 

soil aeration and improves the soil's ability to retain water, 

thus supporting plant growth during dry periods. In clayey 

soils, biochar reduces plasticity and helps improve 

workability. These changes collectively promote improved 

root development, seedling emergence, and overall plant 

performance [19].
Water retention is one of the most significant physical 

benefits associated with biochar. The micro- and mesopores 

within biochar act as reservoirs that absorb and hold water, 

making moisture more available to plants [20]. This is 

particularly beneficial in arid and semi-arid regions, where 

water scarcity limits agricultural productivity. Moreover, by 

improving aggregate stability, biochar enhances soil 

structure and reduces erosion risks.

4.2 Soil Chemical Properties
The chemical properties of soils also benefit substantially 

from biochar amendment. One of the most important 

contributions is the increase in cation exchange capacity 

(CEC), which refers to the soil's ability to retain and exchange 
+essential nutrient cations such as potassium (K ), calcium 

+ +(Ca² ), and magnesium (Mg² ). 

https://psr.crcjournals.org/ 
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The functional groups present on the surface of biochar (e.g., 

carboxyl, hydroxyl) provide exchange sites that enhance 

nutrient retention and reduce leaching losses [21].

Biochar also contributes to the improvement of soil nutrient 

availability. It can act as a slow-release source of nutrients 

such as nitrogen (N), phosphorus (P), and potassium (K), 

especially when it is co-applied with organic or inorganic 

fertilizers. The high surface area and adsorptive properties 

allow biochar to trap nutrients in the root zone, making them 

more available to plants over time [22].

In acidic soils, biochar acts as a buffering agent by 

neutralizing soil acidity. The ash content of biochar often 

contains basic cations that raise soil pH, thereby creating a 

more favorable environment for plant roots and microbial 

communities. This pH buffering capacity can reduce 

aluminum and manganese toxicity, common in acidic soils, 

and increase the availability of essential nutrients like 

phosphorus [23].

4.3 Soil Biological Properties

Biochar's impact on soil biology is equally profound. Due to 

its porous structure and high surface area, biochar provides a 

physical habitat that shelters a diverse range of soil 

microorganisms. These microhabitats support the 

proliferation of beneficial microbes, such as decomposers, 

nitrogen-fixing bacteria, and mycorrhizal fungi, which are 

crucial for nutrient cycling and plant health [24].

Studies have shown that biochar enhances microbial biomass 

and enzymatic activity, both of which are indicators of soil 

biological health. Furthermore, the improved physical and 

chemical conditions created by biochar (e.g., better aeration, 

nutrient retention, and pH balance) further encourage 

microbial colonization and activity, biochar can suppress 

soil-borne pathogens through several mechanisms [25]. It 

may directly adsorb toxins and allelochemicals or alter 

microbial community composition in favor of beneficial and 

competitive species that inhibit pathogen establishment. 

This pathogen suppression has been observed in crops such 

as tomatoes, peppers, and lettuce when biochar is 

incorporated into the growing media.

5. Application Strategies and Considerations

To maximize benefits, biochar should be:

· Pre-conditioned with compost or manure to avoid nutrient 

immobilization

· Blended with soil types as per specific crop and climate 

conditions

· Monitored for heavy metal content, especially when 

derived from contaminated biomass

Application rates vary widely (5–50 t/ha), depending on soil 

type and intended outcome.

6. Environmental and Agricultural Implications

The integration of biomass-derived biochar into agricultural 

systems carries profound implications for environmental 

sustainability and agricultural productivity. 

As a multifunctional amendment, biochar bridges the gap 

between climate change mitigation and enhanced soil 

functionality, offering a nature-based solution that aligns 

with global sustainable development goals [26].

Climate Change Mitigation

One of the most notable environmental benefits of biochar 

lies in its potential to mitigate climate change. Due to its high 

aromatic carbon content and resistance to microbial 

degradation, biochar can remain stable in soils for hundreds 

to thousands of years. This stability makes biochar a valuable 

carbon sink, effectively sequestering atmospheric carbon 

dioxide (CO₂) when applied to land. Additionally, biochar 

application can significantly reduce greenhouse gas 

emissions, such as nitrous oxide (N₂O) and methane (CH₄), 

particularly in flooded or nitrogen-rich soils [27]. These 

emissions are potent contributors to global warming, and 

their reduction through biochar application highlights its 

relevance in climate-smart agriculture.

Enhanced Agricultural Productivity

From an agronomic perspective, biochar has been widely 

reported to improve crop yields, particularly in low-fertility, 

acidic, and degraded soils. By enhancing soil structure, 

nutrient retention, and microbial activity, biochar creates 

more favorable conditions for root growth and nutrient 

uptake. While the degree of yield improvement varies 

depending on biochar type, soil characteristics, and crop 

species, the overall trend supports its inclusion in 

regenerative farming systems.

Waste Valorization and Circular Economy

Biochar production supports waste valorization by 

converting agricultural residues, forestry by-products, and 

organic wastes into a valuable soil amendment. This 

transformation promotes a circular economy, reduces the 

burden on landfills, and helps close nutrient loops in farming 

systems [28]. Moreover, by reducing the need for external 

inputs such as synthetic fertilizers and soil conditioners, 

biochar contributes to more resource-efficient and 

sustainable agricultural practices.

Considerations for Responsible Use

The widespread adoption of biochar requires cautious and 

standardized implementation. Factors such as feedstock 

variability, pyrolysis conditions, and application rates must 

be considered to ensure consistency in performance. Long-

term field trials and multi-seasonal studies are necessary to 

assess the cumulative effects of biochar under real-world 

agricultural conditions, regulatory frameworks and quality 

standards should be developed to guide biochar production, 

certification, and application to prevent potential 

environmental harm from improperly prepared materials, 

biochar represents a promising tool in sustainable 

agriculture and environmental management. 

https://psr.crcjournals.org/ 
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However, realizing its full potential will require collaborative 

efforts in research, policy, and on-farm validation.

7. Conclusion

Biomass-derived biochar is increasingly recognized for its 

multifaceted benefits in both agricultural and environmental 

contexts. As a stable form of carbon, biochar offers a long-

term solution to carbon sequestration, effectively locking 

away atmospheric carbon dioxide in soils. Its role in 

mitigating greenhouse gas emissions, including methane and 

nitrous oxide, further solidifies its potential as a tool for 

climate change mitigation, biochar plays a critical role in 

enhancing soil health. By improving soil physical properties 

such as porosity and water retention, biochar fosters better 

plant growth, particularly in degraded and nutrient-poor 

soils. The amendment also improves soil chemical properties, 

enhancing nutrient availability and increasing cation 

exchange capacity. Most notably, biochar has been shown to 

support soil microbial communities, contributing to 

increased biodiversity and improved soil health. These 

features not only promote agricultural productivity but also 

advance sustainable farming practices by reducing the need 

for chemical fertilizers and supporting regenerative 

agricultural techniques, there is still a need for further 

research to optimize biochar production processes, feedstock 

selection, and application methods. Standardization of 

production protocols, coupled with comprehensive long-

term field trials, will provide the scientific foundation for the 

responsible use of biochar in agriculture. Policy frameworks 

supporting biochar adoption, research funding, and 

regulatory measures are essential to ensure its safe and 

effective deployment on a global scale. Ultimately, biochar 

stands as a promising and innovative solution for addressing 

both climate change and global food security challenges. 

However, its large-scale adoption will depend on continued 

research, technological advancements, and policy support to 

unlock its full potential.
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