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Abstract 
The availability of agricultural residues in India is large which is more than 600 million tonnes annually 

having immense potential for biomass derived carbon materials production. The application of this carbon 

enriched material in the soil is considered highly attractive as well as sustainable strategy that enhances 

carbon sequestration in soil and to mitigate climate change. It is one of ancient practice whose traces are 

found in tera-preta soils in Amazon. Our comprehensive literature analysis shows a historical perspective to 

modern initiative taken by Google and VARAHA to tackle the emissions of poisonous gases, stubble 

burning as well as soil degradation that engaged 15, 000+ farmers, yielding 10–25% crop boosts and 30–

50% N₂O cuts. Integrating into 2026 carbon markets could sequester 0.1 Gt CO₂ yearly, creating rural jobs 

via decentralized kilns in states like Rajasthan and Madhya Pradesh. 

 

Keywords: Biochar, pyrolysis, sustainable agriculture 

 

Introduction  

The agricultural waste, forest residues, or even household organic scraps are heated in a low-

oxygen environment instead of rot or burn. The resulting black color porous material buried 

deep into the soil. The material emerges is not just a charcoal but it is biochar. It is a modern 

twist on an ancient practice that could help turn the tide against climate change. For centuries, 

Indigenous peoples in the Amazon created fertile "terra preta" soils by intentionally 

incorporating charcoal into the ground, transforming nutrient-poor tropical earth into remarkably 

productive land that still holds rich carbon stores today. Now, scientists, farmers, and climate 

experts are rediscovering this technique on a global scale [1-14]. Biochar isn't just about enriching 

soil—it's one of the most promising, scalable tools we have for pulling carbon dioxide out of the 

atmosphere and locking it away for hundreds to thousands of years [15, 16]. 

Biochar stands out as a very feasible answer in current scenario when every gigaton of CO2 

reduced counts toward preventing calamitous warming. It is produced by the process by heats 

biomass without oxygen known as pyrolysis. It converts temporary, cycle-bound carbon into a 

stable, recalcitrant form that resists breakdown. Researchers reports a widespread adoption may 

sequester anywhere from 0.1-2 gigatons of CO₂ equivalent per year. This has wide range of 

benefits such as healthier soils that retain more water and nutrients, higher crop yields in 

degraded lands, reduced greenhouse gas emissions from fields, and even improved resilience 

against drought and flooding [8-14, 17-21]. Despite of its long history and innovative potential, 

biochar is quite neglected. The concept of burying carbon to save planet has evolved from fringe 

thought to real competitor in global climatic toolbox whereas one knows factors such as wildfire 

explode, soil deterioration and continuously elevation of CO2 levels.  

It is specially engineered form of charcoal which is designed not for burning of biomass but for 

burying in the soil to fight climate change and boost soil health. So biochar is a carbon-rich, 

stable, porous material synthesized by heating organic biomass such as crop residues (straw, 

husks), wood scraps, forest thinning, animal manure and food waste in the absence of oxygen 

through a process known by pyrolysis. During pyrolysis biomass is heated up to temperatures  
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300–700 °C in a low-oxygen or oxygen-free environment. The 

volatile compounds (gases and oils) escape, leaving behind a 

solid charcoal-like residue which is rich in carbon. The biochar 

is highly resistant to decay which locks the carbon which plants 

originally takeout from the atmosphere during the process of 

photosynthesis. The key difference in Biochar and regular 

charcoal are in table-1. 

 
Table 1: The key difference in biochar and regular charcoal 

 

Aspect Biochar Charcoal 

Primary Use Soil amendment, carbon sequestration, agriculture [3-6] Fuel for cooking, heating, manufacturing [3-6] 

Production Temperature Higher (450-650°C or 840-1200°F) for stability [3-6] Lower (~400 °C or 750°F) [3-6] 

Feedstock Diverse biomass (plants, waste, manure) [3-6] Mainly wood (e.g., hardwood like oak) [3-6] 

Porosity/Surface Area Higher porosity, larger surface area for nutrient/water retention[3-6] Lower porosity, less stable in soil [3-6, 22, 23] 

Stability/pH More stable (centuries in soil); pH 4.6-9.3[3-6] Less stable, breaks down faster; pH 8-11 [3-6] 

Environmental Impact Improves soil health, sequesters carbon[3-6] Can release pollutants if poorly produced [3-6] 

 

 
 

Fig 1: The Pyrolysis Process: A Quick Overview  

 

1. Feedstock preparation — Biomass (e.g., crop waste, wood 

chips) is dried and in some cases, it is grounded. 

2. Heating in pyrolysis reactor — In this process material 

enters into a sealed chamber/kiln heated to 300–700 °C with 

some amount of oxygen to no oxygen. 

3. Decomposition — Volatiles release as syngas (for energy) 

and bio-oil (potential fuel/chemicals); a solid carbon 

remains in the end as a residue. 

4. Cooling and collection — Biochar is quenched or cooled. 

Sometimes it is "activated" or charged with some nutrients 

for better soil health performance. 

5. Application — The final product obtained is well mixed 

into the soil. 

 

This whole process as shown in fig 1 turns the temporary plant 

carbon into a durable form along with some by-products that 

provides renewable energy. This is suitable way to both climate 

and waste management. 

 

Special properties of biochar: Biochar is special due to 

following properties such as: 

1. High surface area: Its surface area is usually 100–500 m²/g 

or more which is equivalent to several football fields in a 

single teaspoon. This also shows huge internal porosity that 

can be visualized under scanning electron microscopes 

(SEM). The structure seen look like a honeycomb as shown 

in fig. 2 which may be suitable habitat for beneficial 

microbes as well as it acts like a sponge for both water and 

nutrients. 

 

 
 

Fig 2: Honeycomb Structure of biochar (carbongold.com) 

2. Exceptional stability: In biochar carbon is highly volatile 

and hardly bounded and, resisting to microbial breakdown. 

Amazonian terra preta as an ancient example shows that it 

can persist in soil for centuries to millennia [24]. Which 

provide long-term carbon sequestration in environment. 

3. pH effects: The nature of biochar is mostly alkaline (pH 

7.5–11) in nature that acts as a natural amendment agent to 

improve soil pH in acidic conditions. This improves 

phosphorus and calcium availability and reduces aluminum 

toxicity in low-pH soils. However, pH varies by parent 

material and temperature regimes eg., lower-temperature 

biochar can be near-neutral or slightly acidic [25]. 

 

These multifaceted traits make biochar far more material for soil 

stability than charcoal. This make biochar as a carbon sink for 

carbon sequestration, soil conditioner, water retainer in capillary 

tubes, and nutrient mineralization from organic wastes that 

otherwise be lost by volatilization, leaching or burning. In the 

current scenario of land degradation and climate change the 

incorporation of biochar is the simplest and most powerful way 

to harvest atmospheric CO₂ and also plays an important role in 

improving flora and fauna in degraded lands. 

 

Path From Ancient Wisdom to Modern Science 

Deep in the Amazon rainforest, patches of extraordinarily dark, 

fertile soil have puzzled observers for generations. Known 

locally as terra preta—"black earth" in Portuguese—these soils 

stand in stark contrast to the typically nutrient-poor, highly 

weathered tropical earth surrounding them. While adjacent lands 

quickly lose fertility under heavy rains and intense sun, terra 

preta plots remain productive, often yielding double the crops 

even centuries after abandonment. Covering an estimated 6, 000 

to 18, 000 square kilometers (and possibly more) across the 

Amazon Basin, these enigmatic soils contain up to three times 

more phosphorus and nitrogen, and dramatically higher organic 

carbon which is usually 9% as compared to 1% in nearby soils 
[24] 

Archaeological evidence points to Indigenous Amazonian 

communities as the creators. Between roughly 450 BCE and 950 

CE (In some sites carbon dating back over 2, 500 years or 

more), pre-Columbian farmers practiced sophisticated land 

management. They deliberately incorporated charcoal which 

was produced from burning organic materials such as wood, 

crop residues and household waste under low-oxygen 

conditions. They also added broken pottery shards, animal 

bones, manure, fish remains and other debris into garden plots 

ranging from small household plots to larger areas in several 

hectares. This "slash-and-char" approach (as opposed to slash-

and-burn) transformed temporary biomass carbon into a stable, 

porous form that resisted rapid decomposition. As a result of 
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these soils enriched with nutrients, a better water retention, 

increase in microbial communities and extraordinary resilience 

against leaching and erosion. It was fully intentional or a 

byproduct of settlement waste but these practices supported 

dense, settled populations in what Europeans once dismissed as 

inhospitable wilderness. European settlers come upon terra preta 

in the 19th century, as per explorers like Charles Hartt in 1885 

who revealed the unusually dark, fertile patches of land. But 

irony is that a systematic scientific interest was not there until 

the mid of 20th century. Wim Sombroek who was a Dutch soil 

scientist documented these soils in detail in his influential 1966 

book Amazon Soils [19, 26, 27]. His work claimed the 

anthropogenic origins and sparked curiosity about the "black 

carbon" responsible for their long life. 

A bridge between ancient practice and modern climate science 

was appeared in the late 1990s and early 2000s. Johannes 

Lehmann at Cornell University who was soil biogeochemist 

known as known figure after his work on study of nutrient and 

carbon dynamics in the central Amazon. With inspiration from 

terra preta's stability, Lehmann and his collaborators like Bruno 

Glaser analyzed the pyrogenic carbon which can be said as 

charcoal-like material in these soils. Lehmann (2003) reported 

that charcoal reduce nutrient leaching in soil and boost crop 

growth and act as a major tool for carbon sequestration to 

mitigate climate change [19, 28]. In the mid-2000s the "biochar" 

(short for biomass-derived charcoal used as a soil amendment) 

gained attraction for scientific studies. The controlled 

experiments started by several scientists worldwide by 

replicating terra preta principles. Their studies confirmed that 

properly produced biochar sequesters carbon long-term and 80–

90% persists even after 100 years in models based on H/C ratios 

enhancing soil fertility in degraded lands as well as a efficient 

tool to combat climate change. They tailor biochar for specific 

soils and climates from different feedstocks. A blend of old 

practices with modern cutting-edge soil science biochar emerges 

as most powerful tools for our planet's future that may be buried 

in the past. Now it’s time to adapt the new and improved form of 

that old practice. 

 

The Production Puzzle: How It's Made Today 

Synthesis Methods of Biochar 

Biochar is synthesized by the method of pyrolysis that involves 

heating of the biomass in an anaerobic or oxygen-limited 

environment. It leads to thermal decomposition of material. This 

technique is good for production of high-quality biochar for soil 

applications as well as carbon sequestration. Pyrolysis depends 

upon the on temperature, heating rate and residence time which 

are shown in table-2 below. These techniques transform 

temporary biomass carbon into durable, buried forms that makes 

biochar a practical tool in the fight against climate change. 

 
Table-2: Comparison of different Pyrolysis temperature process [25, 29-37] 

 

Parameters Slow Pyrolysis Fast Pyrolysis Flash/Ultra-Fast Pyrolysis 

Temperature 300–700 °C 400–600 °C >800 °C 

Heating rate Very low (0.1–1 °C/s) High (10–200 °C/s) Extremely high (>1000 °C/s) 

Residence time Long (minutes to hours or days) Very short (seconds) Milliseconds 

Biochar yield High (25–50%, sometimes up to 80%) Lower (10–25%) Very low (<10–15%) 

Advantages 

Maximizes solid biochar production with good carbon 

stability; produces balanced amounts of syngas and bio-oil. 

Ideal for soil amendment and long-term carbon storage. 

Optimized for bio-oil production (up to 

60–75%); biochar is a by-product with 

finer particles and higher surface area. 

Focuses on rapid 

vaporization for maximum 

liquid yields. 

Common 

reactors 

Kilns, retorts, rotary kilns, or simple earth mounds (traditional 

methods) 
Fluidized beds, ablative reactors  

 

Now a days biochar production method is inspired from ancient 

kilns to cutting-edge engineering. This turns organic solid waste 

into environment-friendly product. This is a thermochemical 

process in which biomass is heated without (or with very 

limited) oxygen to take out volatile compounds and carbon-rich 

solids remains as residue. It is observed that slow pyrolysis 

produces high-quality biochar. It is very much suitable for 

durable carbon sequestration and soil applications. In the slow 

pyrolysis process the given biomass is heated gradually at 300–

700 °C with low heating rates (0.1–1 °C/s). The residence times 

is kept long which may be from minutes to hours. In the slow 

pyrolysis biochar yield is higher which is usually 25–50%. It 

creates a stable, porous structure that is ideal for locking carbon 

away for centuries. The method produces balanced by-products: 

syngas for energy and bio-oil for fuels or chemicals. This is very 

much suitable for dry to moist feedstocks. But for the wet 

biomass such as food waste, sewage sludge, algae or fresh 

manure hydrothermal carbonization (HTC) is most suitable. This 

method is also known as hydro-char production or wet pyrolysis. 

This method requires lower temperatures (180–250 °C) and no 

pre-drying is needed which makes it energy-efficient and cost-

effective method. HTC's product is more acidic and less 

aromatic than pyrolytic biochar but excels for nutrient-rich or 

contaminated wastes. 

For the farmers in Bharat on-site crop waste conversion to 

biochar a low-tech side, traditional and semi-traditional methods 

needed for small-scale operations. These must require minimal 

infrastructure, affordable and produce biochar from local 

agricultural residues. A decent quality biochar is produced with 

minimize emissions. These are low-tech kilns such as earth 

mounds, flame-curtain designs, Kon-Tiki cone kilns or brick 

retorts which rely on manual or semi-manual operation. They're 

ideal. For the fast scale production there are fluidized beds, 

continuous pyrolysis units and rotary kilns process tons per 

hour. The common sources for biochar include agricultural 

residues such as rice husks, wheat straw, maize stalks, mustard 

stalks, cotton stalks, forestry slash, pruned branches, municipal 

green waste, animal manures and even industrial by-products 

from paper mill sludge and spent coffee grounds [34]. Using these 

avoids land-use competition and turns disposal problems into 

resources that reduces methane from landfills or open burning 

while creating value. 

Scalability of biochar remains the perplex process. Low-tech 

approaches validate scattered community-level production, 

while industrial systems enable mass potential efficiency and 

volume. Innovation in microwave, solar pyrolysis, including 

better emissions technology helps in reducing barriers. As per 

projected market needs to expand scaling process upto 2030s 

and the production scenario is shifting from "how" to "how fast 

quality produce" with waste-to-biochar production pathways 

offering a versatile and practical route to cope up climate 

management. 

https://www.agronomyjournals.com/


International Journal of Research in Agronomy  https://www.agronomyjournals.com  

~ 508 ~ 

How Biochar Fights Climate Change 

The biochar mitigates climate change by reversing the carbon 

cycle. We know that plants naturally capture carbon dioxide 

(CO₂) from the atmosphere by photosynthesis process. This 

incorporates carbon into their tissues. When plants die, they 

decomposed or burned then they release most of that carbon 

back as CO₂ or methane (CH₄) into atmosphere. Here the role of 

biochar comes and it interrupts this short, rapid loop. During 

pyrolysis of biomass in low-oxygen conditions approximately 

50% or more of the original carbon is locked. This locked form 

is highly stable, aromatic structure which resists microbial 

breakdown for centuries to millennia when mixed in to the soil 

suggesting multi-century stability based on ancient terra preta 

examples and lab aging tests. It transforms short lived biomass 

carbon into a durable sink by removing CO₂ from the 

atmosphere for the long haul as a direct carbon sequestration. In 

recent independent assessments of carbon sequestration are 

around 2.6–2.7 gigatons (Gt) of CO₂-equivalent per year when 

using waste biomass and residues, avoiding competition with 

food production or deforestation [37]. Technically in broader 

prospects that includes saved emissions as well as bioenergy can 

reach up to 10.3 Gt CO2/yr but a realistic sustainable 

deployment may be near to 0.5–2.5 Gt CO2/yr range for focused 

carbon dioxide removal (CDR). Whereas the global fossil fuel 

emissions are around 35–40 Gt CO₂ annually. If scaled 

thoughtfully then even in the lower end could counterbalances a 

meaningful fraction which is 1–7%. 

Along with the carbon sequestration biochar also delivers 

powerful indirect mitigation to soil greenhouse gas emissions. 

As agricultural soils are major sources of nitrous oxide (N₂O) 

which is a potential factor in Green House Gases (GHG). It 

creates 265 times more warming than CO₂ over 100 years. 

Investigation reveals that biochar steadily cuts N₂O emissions 

ranges 18–54% on average, with reductions up to 33–39% in 

many field trials. Mechanisms for this reduction includes: 

• Adsorption of ammonium and nitrate that limits substrate 

for nitrification and denitrification. 

• An improved soil aeration as well as soil pH shifts that 

favor complete denitrification to harmless N₂ over N₂O. 

• Suppresses some of key microbial enzymes which are 

involved in GHG production. 

 

The reduction in CH₄ is variable but in CO₂ it is interesting to 

note that net effects are typically neutral to positive when 

combined with other amendments. During biochar production 

the generation of syngas and bio-oil which can displace use of 

fossil fuels for heat, power, or chemicals that counterbalances 

the emissions from these elsewhere. Although biochar by-

products added up to overall negative emissions. 

Biochar settles Co2 in gigaton-scale that offers CDR solution. It 

is currently sequestering 0.2–0.6 Mt CO₂/yr approximately. To 

meet out a 1.5°C goals by 2050 requires 5–16 Gt/yr for the 

scaling up the carbon pricing along with policy support [17, 38]. 

Along with the enhancement of agricultural resilience it serves 

as a pragmatic, multi-solving tool for reforestation efforts and 

reduction in emission. 

 

Comparison of Biochar Impact by Soil Type 

A comparative representation is shown in the table-3 for biochar 

impact on different type of soil. This will help to visualize how 

biochar performs across different environments and where 

biochar can it acts as a "hero" and where it might be a 

"hindrance." 

 
Table 3: Comparison of Biochar Impact by Soil Type 

 

Soil Type Primary Benefit Potential Risk/Roadblock Recommendation 

Acidic/Tropical 
Neutralizes pH; improves cation exchange 

capacity (CEC). 
High transport costs to remote regions. Use biochar with high liming potential. 

Sandy/Arid 
Increases water retention; prevents nutrient 

leaching. 

Can be blown away by wind if not 

incorporated quickly. 

Apply "charged" biochar (pre-soaked in 

liquid fertilizer). 

Heavy Clay Improves aeration and drainage (porosity). 
May have negligible yield impact in the 

short term. 

Use coarse-grained biochar to break up 

compaction. 

Fertile/Alkaline Long-term carbon sequestration. 
Can raise pH too high, causing "nutrient 

lockout." 

Use acidified biochar or lower application 

rates. 

 

Biochar and Agriculture Future 

Biochar has a wide range of benefits in agriculture such as soil 

amendment, contributes to sustainable, climate-smart, and 

resource-efficient farming systems. When biochar on 

incorporation in fields it interacts with physical, chemical, and 

biological processes, often leading to long-term improvements 

in productivity and environmental quality. 

 

Soil physical improvements 

Biochar improves the soil structure and tilth by increasing the 

pore space and stabilising the soil aggregates. The carbon rich 

and porous matrix of biochar reduces compaction in soil that 

improves aeration which is very important for heavy clay or 

degraded soils. A better physical environment encourages 

stronger root development as well as deeper root penetration in 

soil. This helps in efficient water uptake and nutrient absorption 

in plants. Micropores of biochar behaves like a sponge which 

increase the ability of soil to retain the moisture and release 

slowly to the roots. This slow release of water reduces the 

frequency of irrigation and water loss through evaporation as 

well as drainage. It becomes useful for rain-fed agriculture in 

arid region and in the periods of stress to erratic rainfall or 

drought [39-41].  

 

Chemical buffering and nutrient management 

Biochar is alkaline in nature most of time that can help buffer 

acidic soil and help to reduce aluminum toxicity in tropical and 

subtropical soils. After the consecutive use this can lower the 

need of large lime applications as well as improve the 

availability of pH-sensitive nutrients like phosphorus and 

molybdenum. Biochar has strong cation exchange capacity 

(CEC) due to its high porous structure, high surface area and the 

presence of oxygen-containing functional groups viz. carboxyl, 

hydroxyl, and phenolic groups which are developed during 

pyrolysis. High CEC makes it to adsorb and retain essential 

nutrients like magnesium, potassium, calcium and ammonium. It 

reduces leaching losses to groundwater that allows the nutrients 

to be released slowly as plants needed. As a result, this reduces 

the nutrient runoff and improves efficiency of fertilization when 

combined with compost [34, 41-43]. 

https://www.agronomyjournals.com/
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Microbial habitat and soil biology 

The porous structure of biochar creates a network of 

micro-habitats that shelter beneficial soil microorganisms, 

including bacteria, fungi, and beneficial microbes involved in 

nitrogen fixation and phosphorus solubilization. Enhanced 

microbial activity accelerates the decomposition of organic 

matter, improves nutrient cycling, and produces 

plant-growth-promoting compounds such as hormones and 

enzymes [15, 41, 44]. 

In some cases, biochar-rich environments can favor the growth 

of mycorrhizal fungi, which form symbiotic associations with 

plant roots and greatly extend the plant’s effective root surface 

area. This leads to improved uptake of water, phosphorus, and 

other poorly mobile nutrients, often resulting in stronger, more 

vigorous plants and better yields, especially in nutrient-poor or 

degraded soils. 

 

Contamination mitigation and stress resilience 

Biochar can adsorb and immobilize certain heavy metals (such 

as Cd, Cu, Pb and some forms of arsenic) and organic pollutants 

by reduction in their bioavailability to plants. This lowers the 

risk of food-chain contamination. This can be part of a 

remediation strategy in area where soil is heavily contaminated 

due to industrialisation. As biochar improves water retention, 

soil structure and nutrient availability so biochar also enhances 

plant resilience to abiotic stresses. These includes drought, 

salinity, and temperature extremes. In saline soils, for example, 

biochar can help condition the rhizosphere so that plants 

experience less osmotic stress and ion toxicity, supporting better 

growth under marginal conditions [25, 37]. 

 

Climate-change mitigation and carbon sequestration 

Because biochar is composed largely of stable aromatic carbon, 

it can persist in soils for decades to centuries, effectively locking 

away carbon that would otherwise return to the atmosphere 

through decomposition or burning of biomass. This long-term 

carbon storage contributes to climate-change mitigation by 

reducing net greenhouse-gas emissions from agricultural 

systems [17]. In addition to sequestering carbon, biochar can 

suppress emissions of nitrous oxide ( ) from soils high in 

nitrogen, likely by altering microbial activity and nitrogen 

cycling pathways. Reduced  emissions, combined with lower 

fossil-fuel inputs in some cases (due to improved fertilizer 

efficiency), make biochar an important tool for climate-smart 

agriculture [38]. 

 

Waste valorization and circular-agriculture opportunities 

Biochar can be produced from agricultural residues (rice husk, 

straw, sugarcane bagasse, crop pruning waste), forestry residues, 

municipal organic waste, and even certain manures. Instead of 

burning or dumping these materials, converting them to biochar 

turns low-value biomass into a high-value soil enhancer. 

This approach supports circular-agriculture models by closing 

nutrient loops, reducing open-field burning (and associated 

air-quality problems), and generating a useful co-product from 

biomass-energy processes. In many small-holder and rural 

settings, on-farm biochar systems can be low-cost, renewable, 

and compatible with traditional farming practices, especially 

when integrated with compost or manure [2, 3, 8]. 

 

Crop productivity and yield stability 

Numerous field trials and meta-analyses show that biochar 

application can increase crop yields, particularly in infertile, 

sandy, or highly weathered soils where nutrient retention and 

water-holding capacity are weak. Effects are often more 

pronounced in tropical and subtropical regions, but benefits are 

also observed in temperate cropping systems, especially when 

biochar is combined with good agronomic practices [32, 42]. 

Over time, biochar can contribute to more stable yields by 

buffering soil against extreme fluctuations in moisture and 

nutrient availability. This stability is valuable for food-security 

programs and for farmers who face increasing climate variability 

and input-cost pressures. In some systems, biochar-based 

amendments are being explored as part of 

conservation-agriculture or regenerative-agriculture packages 

that emphasize minimal soil disturbance, permanent soil cover, 

and diverse cropping [4]. 

 

Customization and integration with other technologies 

Biochar properties—such as surface area, pH, nutrient content, 

and porosity—depend on the feedstock (rice husk, wood, crop 

residues, etc.) and production conditions (temperature, heating 

rate, residence time). This allows for tailored biochar products 

suited to specific soil types, crops, and management goals [10]. 

Biochar can be combined with other sustainable inputs, such as 

compost, microbial inoculants, and slow-release fertilizers, to 

create “designer” soil amendments that optimize nutrient 

delivery and biological activity. In precision-agriculture 

frameworks, biochar-based formulations can be applied in 

targeted zones (e.g., planting rows, seed beds) to maximize 

plant-root interactions while minimizing material use and 

environmental trade-offs [31, 34]. 

Hence biochar in agriculture offers a multifaceted advantages 

like improvement in physical and chemical conditions of soil, 

enhances microbial life, mitigates contamination and 

climate-relevant emissions, valorizes waste biomass, and 

supports more resilient and productive farming systems. When 

properly matched to local soils, crops, and management 

practices, biochar can be a powerful, long-term tool for 

sustainable intensification of agriculture. 

 

Success Stories and the Indian Context 

India has generated 600 million metric tons annual agricultural 

residue, so it has full potential of emerging as a global venture 

for biochar at international scaling. By 2025, approximately 

15000 Indian farmers have already adopted biochar in 

production that reported 10-25% yield increment along with 30–

50% reduction in nitrous oxide greenhouse gas emissions, which 

has 273 times more potential than CO2. During the 2024–2025, 

Rajasthan and Maharashtra started a pilot project of applying 1.2 

mt of biochar per acre that have showed 15% improvement crop 

emergence and 40% reduction in chemical fertilizer 

requirement. In 2024, Madhya Pradesh and Odisha nearly 1, 000 

households used biochar application and improved 29.34% in 

their net farm profitability along with 1.5% reduction in crop 

production costs. In recent years, biochar has dominated the 

physical Carbon Dioxide Removal (CDR) market, often 

accounting for over 90% of all delivered carbon credits globally. 

In 2025, a landmark deal, Google signed industrial biochar 

agreement with Indian startup Varaha [45], is the largest land 

mark deal of purchasing 100, 000 tons of carbon removal. 

 

Moving Forward: Overcoming the Roadblocks 

To overcome these challenges, the industrial production must be 

shifting toward special needs of variable soil chemistry that may 

be called as “designer biochars”. So, the next generation biochar 

is engineered Biochar not just burned biomass. This specialized 

biochar is treated as accurate tool rather than a general 
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commodity to reduce economic and environmental risks 

significantly reduced. The biochar is transitioning strategy 

amendment to remove a global carbon.  

 

Future innovations areas 

Precision Design: Scientists, researchers and environmentalists 

are now working with AI tools and machine learning to tailoring 

biochars for specific purposes such as locking away heavy 

metals toxicity in soils or improve nutrient release as per crop 

needs. 

 

Nanocomposites: Innovations like biochar-nanoparticle hybrids 

(using silica or chitosan) are emerging to enhance plant growth 

and nickel uptake in degraded industrial lands. These nano-

biochar (NBC) are emerging as cost-efficient, highly effective, 

amendments for soil reclamation and remediation specifically 

for capturing pollutants and contaminants [2]. 

 

Industrial Integration: The next generation of biochar is not 

just "burned biomass"; it is Engineered Biochar. These materials 

are scaled as an industrial adsorbent that improve surface, soil 

porosity and capable of capturing CO2Incorporating just 2–5% 

biochar into concrete can improve its strength while turning 

buildings into permanent carbon sinks, sequestering roughly 115 

kg of CO2 per cubic meter. 

 

Regenerative Agriculture and Farmers Participation: 

Integration of biochar acts as a stable "biological battery" that 

improve the efficiency of deep nutrient placement [1]. Farmers 

must adopt in-situ waste management, which can increase nearly 

5 g/kg in one organic matter [2]. 

 

For Researcher and Policymakers: researcher must focus new 

biochar-based recommendation for improving the sustainability 

of agriculture in country. Government have to start village-level 

support programs from lab to field and subsidy provision for the 

farmers to enhance adoption of biochar [1]. 

 

Conclusion 

Biochar production from abundant agricultural waste via 

pyrolysis is ancient practice that represents a scalable, low-cost 

strategy to combat climate change by locking away gigatons of 

CO₂ while enhancing soil fertility and reducing emissions like 

N₂O by 30-50%. Initiatives like Google's partnership with 

Varaha, engaging thousands of farmers for yield boosts and 

carbon credits, demonstrate practical viability in India. 

Embracing ancient terra preta wisdom with modern innovations 

such as designer biochar and nano-hybrids can drive rural jobs, 

integrate into carbon markets by 2026 and foster resilient 

agriculture against degradation and extremes. 
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