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he global community faces a formidable challenge in the 21
st
 century: producing nearly 

double the current food supply by 2050 while simultaneously addressing energy 

insecurity and reducing greenhouse gas emissions that drive climate change. Achieving these 

goals requires innovative and sustainable solutions that integrate agriculture, waste 

management, and renewable energy systems. Among the emerging technologies receiving 

increasing scientific attention is biochar, a carbon-rich material produced from biomass 

through thermochemical processes. Biochar has gained prominence because it simultaneously 

addresses several global sustainability concerns, including soil degradation, waste 

management, climate change mitigation, and renewable energy production. The integration of 

biochar into agricultural and environmental management systems aligns strongly with several 

United Nations Sustainable Development Goals (SDGs), particularly those related to climate 

action, sustainable agriculture, clean energy, and responsible consumption of resources 

(Lehmann & Joseph, 2015). 

What is Biochar? 
Biochar is a stable, carbon-rich and highly porous substance produced when organic biomass 

is thermochemically decomposed under limited oxygen conditions, a process known as 

pyrolysis (Lehmann & Joseph, 2015). During pyrolysis, a significant portion of the carbon 

originally present in biomass becomes stabilized in aromatic structures that are resistant to 

microbial decomposition. As a result, biochar can retain up to 50–70% of the original carbon 

in a recalcitrant form, enabling long-term carbon sequestration when incorporated into soils 

(Lehmann, 2007). 

Biochar can be produced from several organic materials such as: 

 Crop residues (rice straw, maize stalks, cotton stalks)  

 Animal manure  

 Forestry residues  

 Agro-industrial wastes  

 Municipal organic waste  

During the pyrolysis process, biomass is heated at temperatures ranging from 300–700°C, 

producing three major products: 

 Biochar (solid carbon material)  

 Bio-oil  

 Syngas  

A significant portion of the carbon in biomass becomes stabilized in biochar, making it 

resistant to decomposition and allowing it to remain in soil for long periods. 
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Global Production of Biochar 
Biochar production is increasing worldwide as governments and industries recognize its 

environmental benefits. Some countries have already begun incorporating biochar into 

agricultural and climate-mitigation strategies. 

Table: Estimated Biochar Production in Selected Countries 

Country Production (Million tonnes) 

Brazil 9.89 

Thailand 3.92 

Ethiopia 3.22 

Tanzania 2.51 

India 1.73 

Although production in India is currently modest, the country has enormous potential due to 

the abundance of agricultural residues such as rice straw, cotton stalks, and sugarcane trash. 

Multifunctional Applications of Biochar 
One of the most attractive features of biochar is its multifunctionality. Because of its unique 

physicochemical properties viz., high surface area, porosity, and abundance of functional 

groups where it can be used across diverse sectors. 

1. Environmental Remediation 

Biochar is an effective adsorbent for pollutants due to its large surface area and functional 

groups capable of binding contaminants. Studies have shown that biochar can remove: 

 Heavy metals such as lead, cadmium, and arsenic  

 Organic pollutants such as pesticides and dyes  

 Nutrient pollutants from wastewater  

This makes biochar a promising material for water purification and soil remediation 

(Ahmad et al., 2014). 

2. Renewable Energy Source 

Biochar has a high calorific value and significant carbon content, allowing it to be used as 

a renewable energy source for heat generation and electricity production. When compared 

with fossil fuels, biochar-based energy systems offer lower greenhouse gas emissions and 

contribute to a carbon-negative energy cycle. According to the Ministry of New and 

Renewable Energy, India’s agricultural residues have the potential to generate over 18,000 

MW of power annually.  

3. Compost Additive 

Adding biochar during composting improves the aeration, water retention capacity, and 

microbial activity of compost piles. Biochar can also reduce emissions of methane (CH₄) 

and ammonia (NH₃) during the composting process, resulting in higher-quality compost  

4. Biochar-Coated Fertilizers 

Recent innovations include biochar-coated urea (BCU), which improves nutrient use 

efficiency in crops. Biochar’s high cation exchange capacity (CEC) and surface area allow 

it to retain nutrients, reducing leaching losses and enhancing nutrient availability to plants. 

5. Construction Materials 

Biochar is increasingly being explored as a sustainable building material. Its low thermal 

conductivity and moisture absorbing capacity make it suitable for insulation materials, 

helping regulate indoor temperature and humidity in buildings. 

6. Waste Management Tool 

Converting organic waste into biochar offers a circular economy approach to waste 

management. Instead of releasing greenhouse gases during decomposition or open burning, 

biomass residues can be transformed into stable carbon and returned to the soil. This process 

helps mitigate emissions of carbon dioxide (CO₂) and methane (CH₄) from traditional 

waste disposal systems. 
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7. Food and Industrial Applications 

Biochar-derived activated carbon has long been used in the food processing industry, 

particularly in: 

 Sugar refining  

 Alcohol purification  

 Removal of impurities in food processing  

Biochar Production Technologies 
Biochar can be produced through several thermochemical conversion technologies. Each 

method varies in operating conditions and product yields. 

Traditional method- Combustion: 

• Combustion is a process in which the chemical energy stored in the biomass is obtained 

in the form of heat and char by its direct burning in the presence of oxygen/air. 

• Although combustion can be employed to any type of biomass, it is feasible only if the 

moisture content in the biomass is less than 50%. 

• A pre treatment of the biomass before combustion increases the efficiency of the 

combustion process. 

Drawbacks: Low yield of biochar, low efficiency and its environmental impact. 

A zero waste and carbon negative fuel cycle is possible with modern technologies like 

• Pyrolysis  

• Gasification 

• Hydrothermal Carbonization 

• Torrefication  

 

1. Pyrolysis 

Pyrolysis is the most widely used method for producing biochar. It involves heating biomass 

at temperatures between 400–700°C in the absence or near-absence of oxygen. 

Advantages of pyrolysis include: 

 High biochar yield  

 Flexibility in feedstock utilization  

 Production of multiple valuable products such as bio-oil and syngas  

 Lower emissions of sulphur and nitrogen oxides  

2. Gasification 

Gasification involves heating carbonaceous materials at temperatures above 700°C under 

limited oxygen conditions, producing a mixture of gases known as syngas, composed 
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mainly of carbon monoxide, hydrogen, methane, and carbon dioxide. Although gasification 

produces clean energy, it generally results in lower biochar yield. 

3. Hydrothermal Carbonization (HTC) 

Hydrothermal carbonization is particularly suitable for wet biomass materials, such as 

sewage sludge and animal manure. The process operates at 220–240°C under high pressure 

(2–10 MPa). 

Advantages include: 

 No need to dry feedstock  

 Retention of nutrients such as nitrogen and phosphorus  

 Improved calorific value of the resulting hydrochar  

However, the process requires high-pressure reactors, increasing operational complexity. 

4. Torrefaction 

Torrefaction is a mild thermochemical process conducted at 230–300°C in the absence of 

oxygen. It improves the energy density, grindability, and hydrophobic properties of 

biomass. 

Different torrefaction approaches include: 

 Steam torrefaction  

 Wet torrefaction  

 Oxidative torrefaction  

Each technique modifies the biomass structure to enhance fuel properties. 

 
Carbon negative fuel cycle 

Biochar and Climate Change Mitigation 
Biochar is often described as a carbon-negative technology because it captures atmospheric 

carbon through plant photosynthesis and stabilizes it in soils for hundreds to thousands of 

years. According to climate mitigation assessments, large-scale biochar application could 

sequester billions of tonnes of carbon globally, while simultaneously improving soil 

fertility and agricultural productivity (Woolf et al., 2010). It is estimated that biochar systems 

could deliver emission reductions of approximately 3.4–6.3 Pg CO₂ equivalent (CO₂e), of 

which nearly half represents direct carbon dioxide removal from the atmosphere. This dual 
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benefit arises from both the stabilization of carbon in biochar and the avoidance of emissions 

through improved soil management and reduced reliance on synthetic inputs. However, 

important trade-offs exist in the utilization of biomass resources (Lehmann et al., 2018) 

 

Future Prospects in India 
India generates an estimated 350 to 500 million tonnes of agricultural waste annually, with 

crop residues. Significant portions are used for feed or fuel, about 92–140 million tonnes of 

surplus residue are burnt on-field annually. Instead of burning these residues, converting 

them into biochar can provide multiple benefits such as improved soil fertility, reduced 

pollution, and enhanced carbon sequestration. With increasing interest in climate-smart 

agriculture and sustainable farming practices, biochar technology has significant potential to 

contribute to resilient agricultural systems in India. 

Conclusion 
Biochar represents a promising interdisciplinary solution that bridges agriculture, 

environmental science, waste management, and renewable energy. By converting agricultural 

residues and organic wastes into a stable carbon-rich material, biochar contributes to soil 

health improvement, pollution remediation, energy production, and climate change 

mitigation. Given India's vast agricultural biomass resources, the adoption of biochar 

technologies offers a unique opportunity to promote sustainable agriculture, circular waste 

management, and carbon sequestration. Continued research, policy support, and farmer 

awareness will be crucial to unlocking the full potential of this remarkable material. 
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