


Review Article
Biochar for Ameliorating Soil pH, Soil Health, Crop Yield and Greenhouse Gas Emission: A Review.
ABSTRACT
The potential of biochar as a multipurpose soil amendment to enhance soil pH, soil health, crop productivity, and lower greenhouse gas emissions in agricultural systems is examined in this review. It assesses how the characteristics of biochar, which are primarily influenced by the type of feedstock and the conditions of pyrolysis, affect its performance in various soil environments using data from field investigations, pot experiments, and meta-analyses. The results show that biochar greatly improves the structure, porosity, and water-holding capacity of soil while also supporting microbial activity by creating conducive environments. Chemically, its high cation exchange capacity enhances fertilizer use efficiency and nutrient retention, resulting in a 10-14% increase in nitrogen use efficiency. Because it can increase soil pH by up to 1.9 units and lower exchangeable aluminium by 66-88%, biochar is especially useful in acidic soils, improving nutrient availability and plant growth. Environmental factors affect crop production responses; increases of up to 38% have been documented in tropical and degraded soils, while gains of about 10% have been reported in temperate systems. Apart from its agronomic advantages, biochar also contributes significantly to the mitigation of climate change by stabilizing 60-90% of soil carbon over extended periods of time and lowering emissions of methane by around 23% and nitrous oxide by 30-54%. However, the climate, management techniques, and soil properties all have a significant impact on how effective it is. Despite these benefits, high production and application costs, uneven product quality, and farmers' lack of technical expertise prevent widespread use. All things considered, biochar is an important approach to sustainable agriculture; nonetheless, its effective application necessitates site-specific optimization, favourable legislative frameworks, and ongoing long-term study. 
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1. INTRODUCTION
Global food security and climate stability are threatened by soil degradation, decreasing fertility, and increasing greenhouse gas (GHG) emissions from agricultural systems (Kopittke et al., 2019a). Conventional intensification, which relies on mineral fertilizers, irrigation, and tillage, has enhanced yields, but frequently at the expense of long-term soil health, biodiversity loss, and higher emissions of methane (CH₄) and nitrous oxide (N₂O) (Khan et al., 2024). Biochar is a carbon-rich material made by thermochemically converting biomass under oxygen-limited conditions, has become a versatile soil amendment that can simultaneously restore degraded soils, improve nutrient use efficiency, adjust soil pH, and mitigate climate change through long-term carbon sequestration (Shyman et al., 2025). Because of its distinct physicochemical characteristics, high surface area, porosity, cation exchange capacity (CEC), alkalinity, and stable aromatic carbon structure biochar, which is derived from agricultural leftovers, forestry waste, or manure, has agronomic and environmental effects (Nepal et al., 2024) Biochar can also increase soil fertility and crop resilience by buffering acidic conditions, reducing nutrient leaching, improving water retention, and changing the dynamics of microbial communities (Joseph et al., 2021). Additionally, biochar has been demonstrated in several field trials to reduce N2O emissions by up to 50%. This is probably due to improved aeration, changed nitrifier or denitrifier activity, and increased nitrogen retention (Borchard et al 2019).
The effects of biochar vary greatly depending on the type of feedstock, pyrolysis settings, soil characteristics, climate, and crop management, despite encouraging data, while outcomes in temperate or already fruitful systems are sometimes marginal or inconsistent, meta-analyses reveal consistent improvements in tropical and acidic soils (Joseph et al., 2021). Additionally, trade-offs between agronomic functionality and carbon permanence, possible pollutants (such polycyclic aromatic hydrocarbons), and socioeconomic hurdles to adoption, especially among smallholder farmers, continue to raise concerns (Xiang et al., 2021). The present scientific understanding of biochar's function in soil health and structure, fertility and nutrient cycling, pH regulation in acidic soils, and reduction of agricultural greenhouse gas emissions is summarized in this critical assessment. It assesses mechanisms, measures effect sizes from international field and pot trials, pinpoints knowledge gaps, and talks about implications for certification, policy, and integrated nutrient management, especially in rice-based systems where biochar-fertilizer synergies are being investigated more and more. This study attempts to educate researchers, policymakers, and farmers about the practical possibilities and constraints of biochar as a tool for sustainable development and climate-smart agriculture by integrating biophysical data with institutional and economic realities.
1.1. GLOBAL AGRICULTURE AND CLIMATE CHANGE CHALLENGES
Maintaining food production for an expanding world population while reducing its environmental impact is a twofold challenge facing modern agriculture. Intensive farming techniques have exacerbated soil deterioration, leading to extensive reductions in soil organic carbon, decreased fertility, and decreased water-holding capacity (Kopittke et al., 2019a). At the same time, agricultural activities are a major contributor to global greenhouse gas (GHG) emissions, accounting for roughly 15% of anthropogenic emissions from sources like carbon dioxide (CO₂) from land-use change, methane (CH₄) from rice paddies and livestock, and nitrous oxide (N₂O) from synthetic fertilizers (Kopittke et al., 2024). Innovative, sustainable soil management techniques that increase productivity while lowering emissions are required because these interrelated issues threaten both food security and climate stability. 
1.2. EMERGENCE OF BIOCHAR AS A MULTIPURPOSE SOIL AMENDMENT.
For sustainable agriculture, biochar is a carbon-rich, porous substance made by pyrolysing biomass in an oxygen-limited environment. Its historical precedent is found in the pre-Columbian Amazon's fertile Terra Preta (Amazonian Dark Earths) soils, where native communities added charred organic residues to infertile tropical soils to improve soil fertility and sequester carbon over time (Deem, 2022). Because of its many uses, including improving soil structure, increasing nutrient retention, adjusting soil pH, boosting microbial activity, and sequestering carbon in a stable form, biochar has attracted renewed attention in recent years (Kabir et al., 2023). Biochar is at the point of climate-smart agriculture and the circular bioeconomy because of its resistant character, which provides long-lasting advantages in contrast to traditional organic amendments that mineralize quickly.
2. PRODUCTION OF BIOCHAR AND PHYSICOCHEMICAL PROPERTIES
2.1. VARIABILITY OF FEEDSTOCK
The chemical composition, structural morphology, and functional efficiency of biochar in soil systems are largely determined by the choice of biomass feedstock. From lignocellulosic materials (such as hardwood, softwood, bamboo, and crop residues like rice straw, wheat chaff, and sugarcane bagasse) to nutrient-rich organic wastes (such as poultry litter, cattle manure, and sewage sludge) and novel sources (such as macroalgae, microalgae, and food-processing byproducts), feedstocks cover a broad range. Each group gives the final biochar unique physicochemical characteristics. Because of their complex polymeric structure, lignin-rich woody feedstocks usually produce biochar with high carbon stability, enhanced surface area (>300 m²/g), and noticeable aromaticity (Pariyar et al., 2020). On the other hand, higher amounts of cellulose and hemicellulose found in herbaceous residues (such as rice husk and maize stover) break down at lower pyrolysis temperatures, frequently producing biochar with a moderate surface area but more oxygen-containing functional groups that improve short-term reactivity (He et al., 2024). Biochar made from manure and sludge is effective for improving fertility because of its high ash content (20%), high pH, and significant concentrations of plant-available nutrients like phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg). However, its lower carbon stability can limit its potential for long-term carbon sequestration (Kuryntseva et al., 2023).
2.2. PYROLYSIS CONDITIONS
The temperature, heating rate, and residence time of pyrolysis have a significant impact on the chemical and structural development of biochar. The most important factor that controls the degree of pore formation, aromatization, and deoxygenation is temperature. A substantial amount of labile organic compounds, aliphatic structures, and surface functional groups (such as carboxyl, phenolic, and hydroxyl groups) are retained by biochar at low temperatures (300-400°C), which improve hydrophilicity and short-term nutrient exchange capacity (He et al., 2024). Biochar shows decreased volatile matter and cation exchange capacity (CEC) but increased carbon content, aromaticity, specific surface area, porosity, pH, and ash content at temperatures above 500 °C (Pariyar et al., 2020). High-temperature pyrolysis (>700°C) typically increases the surface area of biochar, sometimes surpassing 500 m²/g in wood-derived biochar’s, and improves its carbon content and aromaticity, which enhances its ability to sequester carbon over time and sorb pollutants (Rambhatla et al., 2024). Slow pyrolysis is perfect for soil amendment because it produces biochar with a higher solid yield and carbon retention due to its long residence times (30 minutes to several hours) and low heating rates (<10°C/min). Fast pyrolysis, on the other hand, produces biochar with lower structural order and less agronomic value but favours the production of bio-oil due to its rapid heating rates (>100°C/s) and short vapour residence times (<2 s) (Zhao et al., 2018).

Figure 1: Biochar production and its effect
2.3. BIOCHAR PROPERTIES BY PYROLYSIS TEMPERATURE
Particularly for lignocellulosic feedstocks, biochar properties change dramatically with pyrolysis temperature, which has an impact on their agronomic uses. Higher cation exchange capacity (CEC), more functional groups, and shows higher H/C ratios (>0.7) reflecting less dense aromatic structures and more labile carbon content are characteristics of low-temperature biochar’s (about 400-450°C) typically have lower surface area (50-200 m²/g), and improve soil microbial activity and nutrient retention. On the other hand, high-temperature biochar’s (above 600°C) are more effective at retaining water, sequestering carbon, and liming acidic soils due to their higher surface area (300-500 m²/g), high porosity, greater aromaticity (H/C ratios (<0.4), and high pH Pariyar et al.,2020; Tomczyk et al., 2020; McBeath et al., 2015) 
Table 1: Analysis of Biochar Properties by Pyrolysis Temperature (for Lignocellulosic Feedstock)
	Property
	Low-Temperature Biochar (400°C)
	High-Temperature Biochar (650°C)
	Primary Agronomic Implication

	Surface Area
	Low to Moderate (50-200 m²/g)
	High (300-500 m²/g)
	Water retention & habitat: High-T excels.

	Porosity
	Mesopores dominant
	Micropores dominant
	Microbial habitat: Mesopores (Low-T) better for larger microbes.

	Aromaticity (H/C)
	Low (e.g., >0.7)
	High (e.g., <0.4)
	C Sequestration: High-T is vastly superior for long-term storage.

	Cation Exchange Capacity
	High
	Low
	Nutrient Retention: Low-T is superior for holding NH₄⁺, K⁺.

	pH
	Neutral to Slightly Acidic
	Highly Alkaline
	Soil Amendment: High-T can substitute for lime in acidic soils.

	Functional Groups
	Abundant carboxyl, hydroxyl
	Predominantly phenolic
	Reactivity: Low-T is more reactive in chemical and biological terms.

	Labile Carbon Content
	High
	Very Low
	Microbial Stimulation: Low-T provides immediate energy source.



Sources: Synthesized (Pariyar et al., 2020; Tomczyk et al., 2020; McBeath et al., 2015) 
3. BIOCHAR AND SOIL HEALTH
3.1. PHYSICAL PROPERTIES
The capacity of biochar to improve soil structure is among its most consistently documented physical effects, particularly in low fertility or sandy soils. Its microporous and macroporous architecture enhances aggregate stability, water-holding capacity, and gas diffusion (Lehmann & Joseph, 2015). For example, Lei & Zang et al. (2013) reported that biochar applied around 20 t ha⁻¹ increased water retention in loamy sand. However, because small biochar particles can clog soil pores and restrict water movement, high biochar application rates (>30 t ha⁻¹) can lower saturated hydraulic conductivity in fine-textured soils like clay loams (Ouyang et al., 2013). The size of the biochar particles, the kind of feedstock, and the texture of the soil all affect how biochar affects hydraulic conductivity. Larger biochar particles can improve water flow and increase permeability, whereas smaller particles tend to fill existing pores and can reduce pore connection (Bruun et al., 2023).
3.2. CHEMICAL PROPERTIES
The chemical capacity of biochar to adsorb contaminants and retain nutrients is well-established yet very varied. CEC frequently rises with temperature up to around 500°C, but at higher temperatures it cancan decline because the oxygen-containing functional groups that facilitate cation exchange are lost, while high-temperature biochar’s (>600°C) form more aromatic structures with lower CEC but improved stability and surface area, biochar’s produced at lower temperatures (<500°C) usually retain more acidic functional groups like carboxylates and phenolates, improving CEC and cation sorption (Ippolito et al 2022). Biochar’s made from manure often have high concentrations of calcium and magnesium, which can precipitate phosphorus (P) into less soluble forms during pyrolysis and create solid phases like whitlockite (Ca, Mg, phosphates) (Leite et al., 2023).
Biochar can immobilize P when applied with high-P fertilizers, decreasing short-term availability (Phoung et al., 2020), but it can also act as a buffer against N losses through NH₃ volatilization or NO₃⁻ leaching (Sun et al., 2016). In contrast, research in tropical soils found that biochar and NPK enhanced maize yields in a synergistic way (Yan et al., 2023), indicating that the best co-application techniques vary depending on the ecosystem.
3.3. BIOLOGICAL PROPERTIES
Because of its high surface area and porous structure, which offer stable microenvironments and shelter for microbial adoption and growth, biochar functions as an efficient microbial habitat (Bolan et al., 2023). It provides a source of carbon and nutrients, modifies the physical and chemical characteristics of soil, such as pH and water retention, and promotes the growth of roots and microbial activity (Joseph et al., 2021). Additionally, biochar amendments lower the metabolic quotient (qCO2), indicating more effective microbial carbon use and possibly greater carbon sequestration in soils, the effects on microbial communities vary depending on soil conditions and biochar characteristics (e.g., feedstock, pyrolysis temperature), but they generally encourage positive changes in microbial composition, such as increased fungal dominance and enhanced enzyme activities (Zhou et al., 2017). But not every microbial group reacts in the same way. Oligotrophic species and some fungal lineages can decrease while copiotroph bacteria frequently multiply, especially when high pH biochar raises the pH of the soil over their ability (Dai et al., 2021).
4. BIOCHAR AND SOIL FERTILITY
4.1. DYANMIC OF NUTRIENTS
By releasing nutrients from its ash portion and improving nutrient retention and plant absorption efficiency, biochar both directly and indirectly increases soil fertility. Phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg) can be abundant in the ash content of biochar, especially when it is made from manure, crop leftovers, or bone (Yuan et al., 2025). It’s extremely porous structure increases aeration, water retention, and nutrient adsorption, which lowers leaching losses and increases the efficiency of nutrient usage, for example, biochar made from poultry litter can include 20-60 g kg⁻¹ of P and 10-40 g kg⁻¹ of K, providing a slow-release source of nutrients (Alkharabsheh., 2021). More importantly, by lowering losses through leaching, volatilization, and denitrification, biochar improves nutrient usage efficiency (NUE), especially for nitrogen (N). While its alkaline nature can reduce NH₃ emissions in acidic soils, its porous structure and surface functional groups absorb nitrate (NO₃⁻) and ammonium (NH₄⁺) (Khan et al., 2024)). The cation exchange capacity (CEC) of biochar is crucial for holding onto NH₄⁺ in tropical soils where N leaching is common because of heavy rainfall, extending N availability to crops (Alkharabsheh., 2021). However, the extent of these effects varies with the age of the biochar: aged biochar tends to stabilize nutrient cycling, whereas freshly applied biochar can initially immobilize N due to microbial desire for labile carbon (Mia et al., 2017). According to meta-analyses, using biochar boosts NUE by 10-14% in a variety of cropping systems, which is linked with total nitrogen, cation exchange capacity and soil organic carbon (Han et al., 2023).
4.2. BIOCHAR INTERACTION WITH FERTILIZERS
Rarely does biochar work alone; instead, it works best when combined with both organic and inorganic fertilizers. Biochar synchronizes nutrient release with crop need by stabilizing organic matter, lowering gaseous N losses, and improving microbial mineralization when co-applied with compost or manure (Wang et al., 2022). Similarly, biochar can minimize K leaching on sandy substrates, lessen P fixation in acidic soils, and buffer pH changes when combined with synthetic NPK fertilizers (Elbana et al., 2025). Crucially, these synergies can reduce the ideal rates of fertilizer application without sacrificing yield, which is an important factor for both environmental and economic sustainability. In sub-Saharan Africa, field experiments showed that maize yields under 50% of prescribed NPK fertilizer plus 10 t ha⁻¹ biochar were equal to those under 100% NPK alone, hence reducing input expenditures by half and enhancing soil resilience (Zhang et al., 2025). High-pH biochar’s can worsen P precipitation as calcium phosphates in alkaline soils, decreasing plant availability, similarly, excessive biochar (>20 t ha⁻¹) can cause shortages in sensitive crops by absorbing elements as Zn and Cu (Akanji et al., 2022). These hazards underscore the need to adjust the kind and rate of biochar to local soil chemistry and crop requirements a concept that is frequently overlooked in broad policy recommendations.
4.3. CROP YIELD RESPONSES TO BIOCHAR
Global meta-analyses show that soil and climate have a significant mediating role in the effect of biochar on crop yields. Biochar boosted yields by an average of 10% in temperate regions but by 38% in tropical and subtropical systems, especially in extremely weathered, acidic, or poor fertility soils, according to Jeffery et al.'s (2017) analysis of 1,193 yield observations, the discrepancy results from the fact that tropical soils frequently have low CEC, high Al³⁺ toxicity, and rapid nutrient leaching all of which are mitigated by biochar. However, because biochar can interfere with existing nutrient cycles or immobilize N during early decomposition, productive temperate soils with high levels of organic matter exhibit negligible or even negative yield responses. Furthermore, biochar enhanced wheat and maize grain yields by 13% and 28%, respectively, with best results observed at treatment rates of 1 to 10 t/ha on coarsely textured soils with pH ≤ 7.5 (Farhangi-Abriz et al., 2021). According to research, applying biochar made from livestock manure at temperatures between 500 and 600°C at rates greater than 20 t/ha can boost rice yield by roughly 10.7%, particularly in alkaline and fine-textured soils because of the increased nutritional content (Liu et al., 2022).
Rice grain yield is increased by about 10-30% when biochar and N are applied together; other studies have reported yield increases of up to 64% at 60 t/ha biochar + 360 kg N/ha as compared to no-biochar control (Ali et al., 2020).
According to a recent global meta-analysis, cash crops responded to biochar the most, with average yield gains of 37% for oil crops and 28% for vegetables, particularly in acidic (pH <4.5-5.5) and nutrient-poor soils (Xu et al. 2025. Also in field trials, inorganic fertilizer alone increased yield by 26% compared to the unfertilized control, whereas biochar plus inorganic fertilizer increased yield by 48%, indicating an additional 15% yield gain from adding biochar and demonstrating a truly synergistic rather than merely additive effect, according to the key meta-analysis by (Ye et al., 2019).
Table 2: Various Crop Yield Response to Biochar Application
	Crop Type
	Biochar Combination
	Yield effect on Crops
	Factors Influencing Yield
	source

	Maize (Corn)
	Biochar alone
	+28%
	Higher response under low N input; pyrolysis <500°C; acidic/ coarse soils
	Farhangi-Abriz et al. (2021)

	Wheat
	Biochar alone/ with inorganic fertilizer
	+13 to +16%
	Better response in acidic soils and low fertility
	Farhangi-Abriz et al., (2021); Zhang et al., (2024)

	Rice 
	Biochar alone (20t/ha)
	+10.73%
	Pyrolysis (500-600°C) from livestock manure, fine-textured paddy soil
	Liu et al. (2022)

	Rice 
	Biochar + Nitrogen fertilizer (20-60t/ha biochar+ 270-360 kg N/ha
	+64% grain yield
	Enhanced microbial activity and N metabolism enzymes
	Ali et al. (2020)

	Vegetables and Oil Plants
	Biochar alone
	+28% to +37%
	Acidic soils
	Xu et al. (2025)

	General Crops
	Biochar + inorganic fertilizer
	+15% compared to fertilizer alone
	Synergistic effect
	Ye et al. (2019)



5. BIOCHAR AND PH MODULATION
5.1. PH BUFFERING MECHANISMS
The alkalinity of most biochar’s arises primarily from the thermal transformation of organic matter into inorganic mineral phases rich in carbonates, oxides, and hydroxides of calcium, magnesium, potassium, and sodium, The liming impact of biochar and its capacity to balance soil pH are greatly enhanced by these mineral components. Because carbonates dominate the alkaline components at elevated temperatures (500-700°C), biochar’s produced at higher pyrolysis temperatures typically have higher alkalinity. In contrast, biochar’s produced at lower temperatures (<400°C) primarily derive their alkalinity from organic functional groups like carboxyl (-COO⁻) and hydroxyl (-OH) groups (Yuan et al., 2011). Additionally, research shows that although pine wood biochar can have pH values above 8.5 when produced under various conditions (such as gasification), its ability to quickly neutralize acidic substrates like peat can still be restricted by the absence of adequate application rates or particle size adjustments (Judd et al., 2019). Furthermore, the buffering ability is dynamic; soluble salts and carbonates can leach over time, and surface oxidation can introduce acidic groups that progressively lower the pH of biochar (Mia et al., 2017).
5.2. IMPACT OF BIOCHAR ON ACID AND ALKALINE SOILS
Biochar has consistently shown agronomic benefits in very acidic soils (pH < 5.5), especially in tropical locations with high rainfall and extensive leaching (Tusar et al., 2023). Cacao shell biochar was found to have a stronger liming capacity in a study comparing rice husk and cacao shell biochar. The soil pH increased enough to enhance Ca/Al ratios from roughly 0.15-0.6 in control plots to 1.0-1.5 with cacao shell biochar at 15 t ha⁻¹, showing a significant pH rise from a very acidic soil around pH 3.6 (Cornelissen et al., 2018). By neutralizing acidity, biochar elevates the pH of acidic soils, reducing toxic Al³⁺ through enabling its hydrolysis to less hazardous forms like Al(OH)₃ as pH rises above 5.0, this improves plant development and lessens root inhibition (Guo et al., 2024). Applying biochar to tropical acidic soils can raise the pH of the soil by at least 1.9 units and drastically reduce the exchangeable aluminum concentration by up to 66-88%, improving microbial activity and nutrient availability (Xia et al., 2023). However, adding alkaline biochar to soils that are already neutral or alkaline (pH > 7) runs the danger of increasing pH even more, which can decrease the availability of vital micronutrients like Cu, Fe, and Zn because of precipitation or adsorption effects (Rodriguez-Vila et al., 2022).
6. CARBON SEQUESTRATION
6.1. STABILITY OF BIOCHAR’S CARBON IN A LONG TERM
biochar produced over 500 °C are very useful for long-term carbon sequestration because pyrolysis temperature has a significant impact on biochar characteristics; higher temperatures increase aromaticity, decrease labile organic carbon fractions, and improve carbon stability (Wang et al., 2021). The recalcitrance of biochar is caused by chemical and physical properties like low H/C atomic ratios (<0.4), high surface area, and resistance to enzymatic breakdown that together prevent microbial mineralization, in contrast to labile organic matter that breaks down in months to years (Zeba et al., 2021). According to meta-analyses, 60-90% of the carbon in biochar is still present in soil after 100 years, and mean residence durations (MRTs) frequently surpass 300 years, indicating biochar’s high carbon stability. (Verheijen et al 2010). Biochar's stability varies depending on production conditions and environmental factors. The composition of the feedstock is crucial; lignin-rich woody biomass produces more stable biochar than herbaceous or manure-based feedstocks because of increased aromatic condensation (Mishra et al., 2023). By improving carbon aromaticity, lowering H/C and O/C ratios, and raising fixed carbon content, higher pyrolysis temperatures typically above 500°C increase the stability of biochar and enhance mean residence durations in soil (Almutairi et al., 2022). Overall, producing biochar suitable for long-term carbon sequestration and particular soil sustainability goals is made possible by optimizing feedstock selection and pyrolysis parameters (He et al., 2024).
These laboratory results are supported by recent field data. Over 80% of the carbon from hardwood-derived biochar was retained over a ten-year field study in the Midwest of the United States, with no priming effects on native soil organic carbon (SOC) (Zhang et al., 2024). The potential of biochar as a long-lasting carbon sink is further demonstrated by the fact that ancient Terra Preta soils in the Amazon that were naturally enriched with pre-Columbian biochar retain sizable black carbon fractions for over 2000 years (Gross et al., 2025). These findings are consistent with Intergovernmental Panel on Climate Change (IPCC) standards, which categorize biochar as a long-term carbon removal method that can be added to national greenhouse gas inventories (Woolf et al., 2021).
6.2. REDUCTION OF GREENHOUSE GASES (NON-CO2)
6.3. INHIBITION OF NITRIFICATION AND DENITRIFICATION TO REDUCE N2O EMISSIONS
With a global warming potential (GWP) roughly 265 to 300 times higher than that of carbon dioxide (CO2) over a 100-year period, nitrous oxide (N2O) is a powerful greenhouse gas that contributes significantly to climate change; since preindustrial times, atmospheric N2O concentrations have increased by roughly 25%, primarily due to anthropogenic causes such industrial operations, agricultural nitrogen additions, and the usage of fossil fuels (Tian et al., 2024). Applying biochar effectively lowers nitrous oxide (N2O) emissions in a variety of agroecosystems; meta-analyses reveal average reductions of 30% to 54% (Zhong et al 2025). Biochar frequently raises soil pH, which increases the number of denitrification-related genes (nosZ, nirK), hence lowering N2O emissions, particularly in acidic soils; this mitigation effect is sensitive to soil factors such as redox potential, pH, and nitrogen availability (Lin et al., 2024). Features of biochar such as feedstock type, pyrolysis temperature, and application rate significantly affect the reduction in N2O emissions; greater application rates (>20 t ha⁻¹) typically result in stronger impacts, one way that biochar affects nitrogen cycling is by encouraging denitrification processes, which reduce greenhouse gas emissions by favouring the full reduction of N2O to N2 (Zhong et al., 2025).
6.4. CHANGES IN CH₄ PRODUCTION AND OXIDATION
Methane (CH₄) is mostly released from anaerobic habitats, including flooded rice fields, where methanogenic archaea convert organic carbon to CH₄ under reducing conditions (Alpana et al., 2017). GWP for CH4 is 28-36 times that of CO₂ over a 100-year period (Yvon-Durocher et al., 2014)). By increasing methanogen abundance and activity, elevated atmospheric CO2 and rising temperatures can raise methane emissions from rice paddies, when these factors are combined, seasonal CH₄ emissions can rise by up to 143% (Mo et al., 2024).  According to a meta-analysis by Jeffery et al. (2016), applying biochar reduced seasonal CH₄ emissions by an average of 23%, its effect can range from 60% decrease to 15% depending on conditions. Additionally, the increased surface area of biochar encourages aerobic methanotrophic bacteria to oxidize CH₄ to CO₂ during drainage or in surface soil layers, thereby reducing methane emissions (Zhang et al., 2019). On the other hand, because of better soil structure and O₂ diffusion, biochar typically has little effect on CH₄ or can marginally increase oxidation in upland or well-aerated soils (Zhao et al., 2021). There are, however, some exceptions: fresh biochar with a high labile carbon content can temporarily increase CH₄ production over the first season in some organic-rich paddy soils by providing easily degradable substrate for methanogens (Mosa et al., 2023).
7. FARMER ADOPTION CHALLENGE
· High Production and Application Cost: Adoption of biochar is restricted by a number of interconnected issues for smallholder farmers, starting with high upfront costs: applying biochar at agronomically effective rates (e.g., 12 t ha⁻¹) requires an investment of over USD 2,000 at a typical price of USD 232.87 per ton, which is significantly more than the yearly income of many smallholders who make about USD 525.88 per hectare (Patel et al., 2024)
· Inconsistent feedstock and Logistic Supply:The dispersed, seasonal nature of biomass sources and competition from other applications like biofuels and animal bedding make it difficult to obtain a consistent, affordable biomass supply. Decentralized biomass processing models, including mobile or dispersed preprocessing facilities (depots), can extend the feedstock supply radius and reduce transportation inefficiencies without appreciably raising prices (Psathas et al., 2022).
· Lack of standardized quality and regulatory framework: Widespread adoption is further hindered by policy gaps, unclear regulations, and a lack of government incentives, underscoring the necessity of supportive policies that incorporate certification, carbon finance, and extension services (Janiszewska-Latterini et al., 2025). However, leading frameworks like the European Biochar Certificate (EBC, v9.1) and the International Biochar Initiative (IBI) Biochar Standards (v3.1) specify required thresholds for physicochemical properties, such as pH (usually 8–11), cation exchange capacity (>10 cmolkg⁻¹ for premium grades), organic carbon content (>50%), heavy metals (e.g., Cd < 0.7 mg/kg), and polycyclic aromatic hydrocarbons (PAHs < 4–20 mg/kg) (IBI, 2023; EBC, 2024).
· Lack of Awareness and Technical Knowledge: To overcome knowledge gaps and promote acceptance of biochar technologies, outreach initiatives that emphasize practical training and participatory research customized to farmer requirements are essential (Latawiec et al., 2017).
8. CONCLUSION
Biochar is a multifunctional tool that can simultaneously improve soil health, improve nutrient fertility, modulate soil pH, especially in acidic agroecosystems, and mitigate agricultural greenhouse gas (GHG) emissions through durable carbon sequestration and suppression of nitrous oxide (N2O) fluxes (Shyram et al., 2025). Its alkaline nature provides an inexpensive liming option for degraded tropical soils, and its high cation exchange capacity (CEC), porosity, and surface functional groups allow for better water retention, nutrient buffering, and microbial habitat creation (Hossain et al., 2020). However, the type of feedstock, pyrolysis conditions (such as temperature), soil properties, climate, and crop management techniques all affect how effective biochar is in agriculture, different feedstocks (such as wood, crop residues, and manures) produce biochar with different chemical and physical properties that affect soil pH, nutrient availability, microbial diversity, and carbon stability (Joseph et al., 2021). While marginal or null effects frequently occur in already fertile, neutral-pH, or temperate soils, benefits are most frequently shown in acidic, low-fertility, or degraded soils, which are typical in smallholder systems throughout South and Southeast Asia (Premalatha et al., 2023). Biochar's co-benefits for food security and climate resilience can be increased by strategically integrating it into sustainable land management frameworks like agroecology, climate-smart agriculture (CSA), and national climate mitigation plans (Huang et al., 2023). However, achieving this potential necessitates immediate interdisciplinary efforts: mechanistic studies of soil-microbe-biochar interactions; long-term (>10-year) field trials to validate carbon persistence and yield stability; socio-economic analyses of adoption barriers; and inclusive policy design that connects certification, carbon finance, and extension services (Luo et al., 2023; Joseph et al., 2021).
Biochar runs the risk of continuing to be a scientifically sound but underutilized option if scientists, legislators, farmers, and private investors don't work together. In addition to technological innovation, institutional support and fair access are necessary for it to fully contribute to a net-zero, food-secure future.
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