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very harvest season, millions of tonnes of crop residue go up in smoke across the world's 

grain belts. Stubble burning clears fields quickly and cheaply, but it also releases carbon 

dioxide, black carbon and particulate matter into an atmosphere already carrying more CO₂ 

than at any point in human history. At the same time, decades of intensive cultivation have 

thinned the organic carbon reserves of many agricultural soils, weakening their structure and 

fertility. Biochar sits at the intersection of these two problems. Rather than burning residues 

in the open or leaving them to decompose quickly, biochar production converts them into a 

stable, carbon-rich material that can be returned to the soil — turning a disposal problem into 

a potential climate and soil-health asset. 

What Is Biochar? 
Biochar is the solid, carbon-rich product formed when biomass — crop residues, wood waste, 

manure, or other organic feedstocks — is heated under low-oxygen conditions in a process 

called pyrolysis. Because oxygen is limited, the biomass does not combust fully; instead it 

breaks down into three co-products: biochar (solid), bio-oil (liquid) and syngas (gas). 

Pyrolysis reorganises the biomass carbon into fused aromatic ring structures that are far more 

resistant to microbial decomposition than the original plant tissue, which is the key property 

that distinguishes biochar from ordinary organic matter or ash. 

Biochar and the Carbon Cycle 
In an unmanaged system, carbon fixed by photosynthesis returns to the atmosphere within 

years to decades as residues decompose or burn. Pyrolysis interrupts this cycle: converting 

residues to biochar and applying it to soil can retain a large share of the original carbon in a 

form with residence times of decades to centuries or more, rather than the much shorter 

turnover of raw biomass (Lehmann et al., 2021). 

Biochar and Carbon Neutrality 
It is tempting to treat biochar as automatically “carbon-neutral” or “carbon-negative,” but this 

is not guaranteed. Whether a given biochar system removes net carbon from the atmosphere 

depends on the balance between the carbon it stores and the emissions generated in 

producing, transporting and applying it — not on the existence of biochar alone. 

Life-Cycle Carbon Balance 
A credible carbon accounting exercise must trace the full chain: feedstock growth and 

collection, transport, drying, pyrolysis energy demand, biochar transport and field 

application, the fraction of carbon retained in the biochar, any offsets from bio-oil or syngas 

used as energy, and the long-term persistence of the stored carbon. Only once these are netted 

against each other can a system be described as carbon-negative, and the outcome varies 

considerably by feedstock and technology pathway. 
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Biochar and Soil Carbon Sequestration 
Once in soil, biochar's persistence depends on its chemical structure and its interactions with 

the surrounding environment. Highly condensed, low-hydrogen biochars tend to resist 

decomposition better than lightly charred material, and biochar carbon that becomes 

associated with soil minerals or protected within aggregates can persist even longer. 

Feedstock type, pyrolysis temperature, soil type, climate and application rate all influence 

how much carbon is retained and for how long (Lehmann et al., 2021). Recent work also 

suggests biochar-amended soils can additionally sorb atmospheric CO₂ through mineral-

driven carbonation reactions, adding a secondary sequestration pathway alongside the stored 

biochar carbon itself (Gui et al., 2025). 

Agronomic Benefits 
Biochar can influence soil organic carbon, aggregation, bulk density, porosity, water-holding 

capacity, cation exchange capacity, nutrient retention, pH and microbial habitat. In principle 

these changes can improve nutrient-use efficiency and crop productivity, but the responses 

reported in the literature are highly context-dependent: outcomes shift with soil type, climate, 

crop and biochar properties, and biochar should not be treated as a universal substitute for 

fertilizer. 

Biochar and Greenhouse Gases 
Beyond CO₂ storage, biochar can influence soil emissions of methane and nitrous oxide. A 

meta-analysis of biochar's effect on soil N₂O emissions found an average reduction of 

roughly half, with biochars of low molar H:Corg ratio — indicating a high degree of aromatic 

condensation — proving more effective than lightly charred material, and with substantially 

smaller reductions typically observed under field conditions than in controlled laboratory 

incubations (Cayuela et al., 2015). Methane responses are less consistent, varying with soil 

redox conditions, moisture and land use. These effects are not universal and depend strongly 

on soil type, nitrogen management and cropping system. 

Biochar and Circular Agriculture 
Converting residues that would otherwise be burned or left to decompose into biochar, then 

returning that biochar to the soil, fits within a circular bioeconomy model: it recycles a farm-

generated resource, reduces the need for open burning, and supports climate-smart 

agricultural systems without requiring new land. 

Challenges and Limitations 
Significant obstacles remain. Feedstock supply must be sustainable and not compete with 

other residue uses such as fodder or mulch. Production and transport carry their own 

emissions. Biochar quality varies widely with feedstock and pyrolysis conditions, and some 

feedstocks can introduce contaminants such as heavy metals or polycyclic aromatic 

hydrocarbons. Economic feasibility, uncertainty in carbon accounting methods, and 

inconsistent field responses across environments all complicate large-scale deployment, 

underscoring the need for standardized measurement and reporting methodologies. 

Future Prospects 
Advances in pyrolysis technology, clearer carbon-market accounting frameworks, more 

rigorous life-cycle assessments, and region- and soil-specific biochar recommendations could 

all improve the reliability of biochar's climate contribution. Independent global assessments 

now converge on a gigaton-scale sustainable mitigation potential for biochar systems, though 

estimates still vary depending on assumptions about feedstock availability and technology 

pathways (Weng & Cowie, 2025; Ayaz et al., 2025; Deng et al., 2024). Combining biochar 

with compost, integrating it into climate-smart cropping systems, and sustaining long-term 

field monitoring will be central to realising this potential responsibly. 
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Conclusion 
Biochar offers a genuine opportunity to convert agricultural residues from a waste-

management burden into a resource for soil improvement and long-term carbon storage. 

Realising that potential, however, is not automatic: it depends on the complete life cycle of 

the biochar system — from feedstock sourcing through pyrolysis to field application — being 

managed and measured with scientific rigour. Used carefully, biochar can be one credible 

piece of the broader climate-smart agriculture toolkit; used carelessly, it risks becoming 

another overstated climate fix. 
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