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ABSTRACT 

Biochar, a carbon-rich material derived from the pyrolysis of biomass under limited oxygen, 

has emerged as a powerful tool in addressing the twin challenges of declining soil health and 

stagnating crop productivity. This paper explores biochar’s multifaceted role in improving 

soil physical, chemical, and biological properties, its capacity to enhance nutrient retention 

and water use efficiency, and its potential to sequester carbon while promoting agricultural 

sustainability. Drawing on data from over 30 peer-reviewed journals and global reports, the 

paper highlights key mechanisms through which biochar acts as a soil amendment, from 

altering pH and reducing bulk density to stimulating microbial activity and suppressing plant 

pathogens. Case studies from India, Brazil, China, and Sub-Saharan Africa show that biochar 

application can lead to yield increases ranging from 10% to 45% depending on soil type, 

crop, and climate conditions. However, the article also discusses risks and limitations such as 

feedstock selection, application rates, and socio-economic constraints. By integrating 

biochar into climate-smart agricultural frameworks, this study calls for a policy shift toward 

sustainable biochar production, localized application strategies, and more participatory 

research with farmers. The conclusion underscores the urgent need to scale biochar use 

responsibly as a nature-based solution for soil regeneration and food security. This work 

contributes to the growing evidence base that biochar is not just a byproduct, but a strategic 
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input for resilient and productive agroecosystems. 

 

INTRODUCTION 
 

gricultural systems worldwide are 

facing a confluence of crises, 

including soil degradation, declining 

yields, erratic rainfall patterns, and increasing 

greenhouse gas emissions (Lal, 2020). As per 

the United Nations Convention to Combat 

Desertification (UNCCD, 2022), nearly 52% 

of agricultural land is moderately or severely 

degraded. In India alone, the National Bureau 

of Soil Survey and Land Use Planning 

(NBSS&LUP, 2021) reported that over 147 

million hectares are affected by various forms 

of degradation, including nutrient depletion 

and erosion. These issues threaten the long-

term viability of farming and directly impact 

the livelihoods of more than 2 billion people 

globally. Soil fertility losses due to erosion, 

nutrient mining, salinization, and organic 

matter depletion have been observed across 

continents (FAO, 2021). Conventional 

agricultural practices, such as intensive tillage, 

monocropping, and indiscriminate use of 

synthetic fertilizers, have further accelerated 

soil degradation (Lehmann & Joseph, 2015). 

Modern fertilizer regimes often ignore the role 

of organic carbon in maintaining soil structure 

and microbial activity. As a result, soils 

become compacted, less permeable, and 

biologically inactive. In this context, biochar 

has gained traction as a potentially 

transformative amendment for soil restoration. 

Biochar is a porous, carbon-rich substance 

produced by thermochemical conversion of 

organic biomass in low-oxygen environments, 

commonly through pyrolysis (Woolf et al., 

2010). Biochar’s surface area ranges from 10 

to over 400 m2/g depending on feedstock and 

pyrolysis temperature, providing a vast matrix 

for nutrient and microbial interactions 

(Mukome et al., 2013). Its unique properties, 

such as high stability and adsorption capacity, 

make it suitable for diverse applications in 

agriculture and environmental management 

(Lehmann et al., 2011). Recent meta-analyses 

by Biederman and Harpole (2013) and Jeffery 

et al. (2017) show that biochar application 

improves crop yields by an average of 10.6% 

across 84 field studies, with even greater gains 

in acidic and nutrient-poor soils. Its 

multifunctionality also makes it a candidate for 

mitigating climate change, sequestering 

carbon, reducing nitrous oxide and methane 

emissions, and enhancing nutrient use 

efficiency (Smith, 2016). The renewed interest 

in biochar stems from its alignment with 

sustainable and climate-resilient agriculture. It 

not only enhances soil fertility and crop 

productivity but also contributes to carbon 

sequestration, climate change mitigation, and 

waste valorization (Jeffery et al., 2017). Its 

effectiveness, however, is context-dependent, 

varying according to feedstock type, pyrolysis 

temperature, soil type, crop species, and 

climatic conditions (Schmidt et al., 2021). 

Comprehensive Analysis of Biochar 

Applications 

1. Enhancing Soil Physical Properties 

Biochar significantly improves soil physical 

properties by altering soil structure, porosity, 

bulk density, and water dynamics, all of which 

are critical to root development and overall 

plant health. Its highly porous nature 

contributes to increased soil aeration and water 

retention. These physical improvements are 

particularly beneficial in degraded, compacted, 

or drought-prone soils, where water infiltration 

and root penetration are typically constrained. 

The incorporation of biochar reduces soil bulk 

density, making the soil lighter and easier for 

roots to penetrate. For example, Mukherjee 

and Lal (2013) observed a reduction in bulk 

density by up to 20% in biochar-amended 

A 
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soils, which led to increased plant available 

water and better root distribution. The 

increased pore space also enhances soil 

aggregation and stability, reducing erosion and 

improving water infiltration. Water holding 

capacity is another critical area where biochar 

has demonstrated substantial benefits. Studies 

in semi-arid environments show that biochar 

can improve water retention by 10–35%, 

depending on soil type and biochar 

characteristics (Zhang et al., 2016). This water 

conservation effect is vital for crops under 

rainfed conditions or in regions experiencing 

erratic rainfall patterns. By slowing water 

evaporation and reducing runoff, biochar 

supports longer soil moisture availability, 

improving crop resilience during dry spells. 

Furthermore, biochar aids in moderating soil 

temperature fluctuations. The dark color and 

thermal properties of biochar can absorb and 

slowly release heat, creating a more stable root 

zone environment. This buffering effect helps 

reduce plant stress and promotes healthier 

growth in variable climates. Overall, the 

application of biochar can lead to enhanced 

soil tilth, better root development, reduced 

crusting, and minimized compaction, making 

it an effective tool for restoring the physical 

functioning of degraded agricultural soils. 

2. Improving Soil Chemical Properties 

and Nutrient Dynamics 

Biochar enhances soil chemical properties 

through mechanisms that improve nutrient 

retention, availability, and cycling. One of the 

key characteristics of biochar is its high cation 

exchange capacity (CEC), which helps retain 

essential nutrients such as potassium (K⁺), 

calcium (Ca²⁺), magnesium (Mg²⁺), and 

ammonium (NH₄⁺), making them more 

available to plant roots over time. This is 

especially valuable in sandy or highly 

weathered soils where nutrient leaching is a 

concern. Additionally, the alkaline nature of 

most biochars can neutralize soil acidity, 

making them particularly effective in acidic 

tropical soils. For instance, a long-term study 

by Liu et al. (2018) found that applying 

biochar increased soil pH by 1.3 units, 

significantly reducing the solubility of toxic 

aluminum ions and improving phosphorus 

uptake by plants. Biochar also contributes to 

the slow-release of nutrients, as it adsorbs and 

holds both organic and inorganic forms of 

nitrogen and phosphorus. This minimizes 

nutrient losses due to volatilization or 

leaching, enhancing fertilizer efficiency. 

Moreover, biochar influences soil redox 

potential and can adsorb pesticides, heavy 

metals, and other contaminants, thereby 

contributing to soil detoxification. These 

combined effects create a more balanced and 

nutrient-rich soil environment that supports 

plant growth sustainably. 

3. Supporting Soil Microbial and 

Biological Activity 

Biochar serves as a favorable habitat for soil 

microorganisms due to its high porosity, 

surface area, and ability to adsorb organic 

compounds. These microhabitats protect 

microbes from environmental stresses and 

promote colonization by beneficial bacterial 

and fungal communities. One of biochar's 

most critical contributions is enhancing 

microbial biomass, enzyme activity, and 

microbial diversity, all of which play pivotal 

roles in nutrient cycling and organic matter 

decomposition. Several studies have 

demonstrated that biochar amendments lead to 

increased populations of nitrogen-fixing 

bacteria such as Azotobacter and Rhizobium, 

and greater colonization by arbuscular 

mycorrhizal fungi (AMF). These organisms 

enhance nitrogen and phosphorus availability 

through biological fixation and improved 

nutrient uptake pathways. For example, Xu et 

al. (2021) found that microbial biomass carbon 

increased by 22.5%, while microbial 

respiration rose by 17.3% in biochar-treated 

plots. Biochar also stimulates enzymatic 

activities in the rhizosphere, including 
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dehydrogenase, phosphatase, and urease 

enzymes, which are crucial for soil 

biochemical transformations. These enzymes 

help break down organic matter, mobilize 

phosphorus, and regulate nitrogen cycling. 

Increased microbial activity also accelerates 

the formation of humus, enhancing soil 

organic matter content and fertility. In addition 

to beneficial microbes, biochar can suppress 

soil pathogens by altering soil pH and 

releasing allelochemicals that inhibit the 

growth of harmful organisms. This leads to a 

natural form of disease suppression, reducing 

the need for chemical pesticides and 

supporting more resilient cropping systems. 

Biochar's interaction with soil microbial 

networks ultimately contributes to a more 

dynamic and balanced soil food web, 

promoting plant health, stress resistance, and 

yield stability. As such, it forms a critical 

component of soil ecological restoration, 

especially in degraded or intensively farmed 

landscapes. 

4. Carbon Sequestration and Climate 

Change Mitigation 

One of biochar’s most promising global 

benefits is its ability to sequester carbon in a 

highly stable form. Unlike raw organic matter, 

which decomposes rapidly and releases CO₂, 

biochar contains aromatic carbon rings that 

resist microbial degradation. This stability 

means that biochar can remain in soils for 

hundreds to thousands of years, effectively 

locking carbon away from the atmosphere 

(Woolf et al., 2010). In addition to 

sequestering carbon, biochar application 

reduces greenhouse gas emissions from soils. 

It has been shown to decrease nitrous oxide 

(N₂O) emissions by altering nitrogen 

transformation pathways and reducing 

denitrification. Methane (CH₄) emissions from 

flooded rice fields can also be significantly 

reduced by biochar, as it improves soil 

aeration and shifts microbial populations 

toward less methane-producing species (Singh 

et al., 2020). According to the IPCC (2019), 

biochar could contribute to offsetting 1.1–2.6 

gigatonnes of CO₂-equivalent annually if 

adopted on a global scale. This positions 

biochar as a scalable, nature-based solution in 

climate mitigation portfolios alongside 

afforestation and renewable energy transitions. 

Moreover, its use in carbon farming could 

provide farmers with additional income 

through carbon credit markets. 

5. Boosting Crop Productivity and Yield 

Stability 

Biochar enhances crop performance through a 

combination of improved soil conditions, 

nutrient efficiency, and biological support. 

Yield improvements are most pronounced in 

degraded, acidic, or nutrient-poor soils. In 

such environments, biochar application has led 

to yield gains ranging from 10% to 40%, 

depending on crop type and growing 

conditions (Jeffery et al., 2011). The 

mechanism of yield enhancement includes 

better root development due to reduced soil 

compaction, improved moisture retention that 

buffers crops against drought stress, and 

increased nutrient availability. For instance, in 

field trials in Ethiopia, maize yields increased 

by up to 38% when biochar was co-applied 

with compost, compared to control plots 

(Agegnehu et al., 2015). In Indian rice-wheat 

systems, Bera et al. (2022) reported a 24% 

increase in wheat yields with biochar and 

reduced irrigation needs by nearly 20%. 

Moreover, biochar enhances crop resilience by 

supporting plant-microbe interactions, 

suppressing soil pathogens, and improving soil 

organic matter dynamics. These benefits 

contribute to more consistent yields across 

seasons, especially under climate-induced 

stress. The co-application of biochar with 

compost, manure, or microbial inoculants can 

further magnify these effects, making biochar 

a key input in integrated soil fertility 

management strategies. 
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Estimated Benefits of Biochar Application 

on Key Agricultural Metrics 

Sources: Mukherjee & Lal, 2013; Zhang et al., 

2016; Xu et al., 2021 

6. Addressing Variability and Constraints 

in Application 

Despite its numerous advantages, the 

performance of biochar is not universally 

consistent across all agroecosystems. The 

variability in biochar efficacy is influenced by 

factors such as feedstock type, pyrolysis 

temperature, soil texture and chemistry, 

climate, cropping system, and application rate. 

For instance, biochar derived from woody 

biomass at high temperatures tends to have 

higher stability and lower nutrient content, 

whereas low-temperature biochar from manure 

or crop residues may offer better nutrient 

availability but lower structural integrity and 

longevity. Soil type is a critical determinant. In 

sandy soils, biochar may show limited benefits 

due to rapid drainage and poor nutrient 

retention, while in clay-rich soils, its impact on 

aeration and aggregation can be more 

significant. Similarly, in alkaline soils, biochar 

may not significantly alter pH or nutrient 

solubility, limiting its effects. A study by 

Biederman and Harpole (2013) revealed that 

yield responses to biochar varied from 

negative to highly positive, depending on local 

conditions. Another challenge is the risk of 

introducing contaminants if biochar is 

produced from feedstocks containing heavy 

metals, treated wood, or industrial residues. 

Poor-quality biochar can be phytotoxic or 

disrupt soil microbial balance. Therefore, 

stringent quality control and feedstock 

selection are essential for safe and effective 

biochar use. From a socioeconomic 

perspective, adoption of biochar faces several 

barriers. Production technologies, such as 

pyrolysis kilns, often require upfront 

investment and technical expertise that may be 

lacking in rural communities. Operating costs, 

including labor, feedstock collection, and 

application logistics, can also be prohibitive. A 

survey by the International Biochar Initiative 

(IBI, 2020) found that smallholder farmers 

cited lack of awareness, limited access to 

equipment, and unclear economic benefits as 

major hurdles. Furthermore, policy and 

institutional frameworks for biochar adoption 

remain underdeveloped. Unlike chemical 

fertilizers or compost, biochar is rarely 

included in national subsidy programs or 

extension services. This limits its visibility and 

integration into mainstream agricultural 

practices. To overcome these challenges, 

localized research and demonstration projects 

are essential. On-farm trials, participatory 

learning models, and public-private 

partnerships can build trust and capacity 

among farmers. Standardizing biochar quality 

through certification schemes, coupled with 

financial incentives and training programs, can 

further facilitate widespread adoption. 

Integrating biochar into broader climate-smart 

agriculture and soil health missions may offer 

the most effective pathway for its upscaling. 

 
Sources: Bera et al. 2022, Kimetu et al. 2008, 

Glaser et al. 2012 
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7. Biochar and the Circular Economy: 

From Waste to Resource 

The integration of biochar into a circular 

economy model transforms agricultural and 

agro-industrial waste into a high-value soil 

amendment, contributing to waste reduction, 

energy recovery, and sustainable agricultural 

intensification. In India, a country producing 

over 500 million tonnes of crop residues 

annually—much of which is traditionally 

burned—biochar offers a sustainable pathway 

to repurpose biomass and reduce 

environmental harm. Rice husk, sugarcane 

bagasse, coconut shells, mustard stalks, and 

cotton residues are among the most abundant 

biomass resources in India. These are often 

wasted or burned in open fields, especially in 

northern states like Punjab and Haryana, 

contributing to severe air pollution and GHG 

emissions. Conversion of these residues into 

biochar via controlled pyrolysis not only 

diverts waste from polluting pathways but also 

locks in carbon, mitigates emissions, and 

returns valuable nutrients to the soil. Emerging 

decentralized pyrolysis technologies—such as 

low-cost flame curtain kilns or mobile biochar 

units—are enabling smallholder farmers and 

FPOs (Farmer Producer Organizations) to 

locally convert biomass into biochar. For 

example, in Maharashtra and Madhya Pradesh, 

farmer cooperatives supported by NGOs and 

research institutes like TERI and ICRISAT are 

producing biochar from cotton stalks and using 

it on degraded lands with marked 

improvements in soil health and crop output. 

Additionally, biochar production from urban 

organic waste—like food scraps or municipal 

green waste—can support urban farming and 

peri-urban agriculture, closing nutrient loops. 

Several startup enterprises in India (e.g., 

Takachar, Carbon Craft Design) are innovating 

pyrolysis solutions for clean energy, rural 

employment, and soil improvement. Biochar 

systems also support job creation, carbon 

trading opportunities, and circular bioeconomy 

strategies aligned with India’s National Bio-

Energy Mission and Sustainable Development 

Goals (SDGs). With supportive policy, 

investment in training, and scaled 

demonstration, biochar can be a linchpin in 

India's transition to regenerative agriculture 

and low-emission rural development. 

8. Policy Frameworks and Research 

Priorities for Scaling Up 

Scaling up biochar adoption requires 

coordinated policy support, strategic 

investment, and robust research to address 

knowledge gaps and enable its integration into 

agricultural and environmental management. 

Globally, countries like Australia, the United 

States, and China have made progress in 

supporting biochar through climate-smart 

agriculture policies, carbon offset schemes, 

and national soil health initiatives. In India, 

biochar still lacks formal policy recognition 

despite its clear alignment with key goals in 

climate mitigation, waste management, and 

soil health restoration. There is no specific 

scheme under central agricultural or rural 

development programs that promotes biochar, 

although it could contribute significantly to 

India's targets under the National Mission on 

Sustainable Agriculture (NMSA), the National 

Bio-Energy Mission, and the Indian Soil 

Health Card Scheme. Incorporating biochar 

into the Paramparagat Krishi Vikas Yojana 

(PKVY) and the Rashtriya Krishi Vikas 

Yojana (RKVY) could support farmer-led 

initiatives. Additionally, linking biochar to 

India’s carbon market mechanisms, including 

potential voluntary carbon credit trading, 

would incentivize farmers and startups alike. 

Globally, the development of biochar carbon 

standards under initiatives like the Verified 

Carbon Standard (VCS) and the European 

Biochar Certificate (EBC) offer models for 

India to adopt or localize. Supportive 

regulatory frameworks, such as subsidies on 

pyrolysis units, tax breaks on biochar 

production, and extension training for farmers, 

are critical. 
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Research priorities should include: 

● Long-term field trials in diverse agro-

climatic zones to validate biochar's effects 

● Standardization of feedstock-specific 

pyrolysis protocols 

● Life-cycle assessments to evaluate 

climate and economic impacts 

● Development of locally adaptable, low-

emission biochar production systems 

● Strengthening public-private partnerships 

for technology transfer 

Finally, building public awareness, integrating 

biochar into academic curricula, and involving 

farmers in participatory research are vital 

steps. Collaboration between institutions like 

ICAR, IARI, IISc, and global partners such as 

CGIAR, FAO, and UNEP will help scale the 

impact. With strategic vision, India can 

become a global leader in biochar-based 

regenerative agriculture. 

CONCLUSION 

Biochar holds transformative potential for 

improving soil health, enhancing crop 

productivity, and mitigating climate change 

through sustainable carbon management. Its 

multifaceted benefits, including increased soil 

organic carbon, improved water and nutrient 

dynamics, enhanced microbial activity, and 

long-term carbon sequestration, make it an 

indispensable tool in the global shift toward 

climate-smart agriculture. In India, where 

agricultural intensification, residue burning, 

and land degradation pose serious challenges, 

biochar provides a circular economy 

solution—converting biomass waste into a 

valuable soil enhancer. However, to fully 

realize its promise, comprehensive and 

inclusive strategies must be put in place. These 

include supportive policy frameworks, region-

specific research, quality control standards, 

farmer-centric training, and public-private 

partnerships. Globally, lessons from leading 

biochar-adopting countries can inform India’s 

roadmap, while India’s massive biomass 

potential and innovation ecosystem can 

contribute back to global solutions. Scaling 

biochar is not just a technical fix—it’s a long-

term commitment to regenerative agriculture, 

carbon-smart economies, and resilient rural 

communities. With coordinated efforts, 

biochar can serve as a cornerstone for building 

healthy soils and sustainable food systems in 

the 21st century. 
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