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ﬁ“gw Vegetable cultivation plays a crucial role in global food security, nutrition and sustainable
agriculture. However, declining soil fertility, climate change and the excessive use of
02550 chemical fertilizers threaten vegetable productivity and environmental health. Biochar, a
& carbon-rich material produced through the pyrolysis of organic biomass, has emerged as a

gwg@ promising soil amendment that improves soil fertility, water retention, nutrient availability

A and carbon sequestration. The application of biochar in vegetable cropping systems enhances
= plant growth, yield and soil biological activity while reducing nutrient losses and greenhouse
By gas emissions. Biochar also contributes to climate change mitigation through long-term
X carbon storage in soils. This article explains the concept of biochar, its production methods,
23050 . . - . . 3 . . . .

&% its benefits in vegetable cultivation and its potential role in sustainable agriculture. The
e discussion highlights how biochar can improve soil health, enhance vegetable productivity
25 and support environmentally responsible farming systems.

ol Keywords: Biochar, vegetable crops, soil fertility, sustainable agriculture, carbon

& sequestration, soil health, nutrient retention

“  Introduction
Vegetables form an essential component of the human diet with a per capita intake of at least
240 g per day, as recommended by the World Health Organization
(Kalmpourtzidou et al., 2020) because they supply vitamins, minerals, antioxidants and
dietary fiber that support human health. The demand for vegetables continues to rise due to
population growth, increasing health awareness and changing dietary preferences (Timsina,
2018). At the same time, vegetable production faces serious challenges, including soil
degradation, nutrient depletion, climate variability and the excessive use of agrochemicals.
Farmers often rely on high fertilizer inputs to maintain yields, which can lead to soil acidity,
nutrient imbalance and environmental pollution. To address these issues, researchers and
farmers are exploring sustainable soil management practices that can maintain productivity
while protecting the environment. One such promising innovation is biochar, which is
gaining attention worldwide for its ability to improve soil quality and crop performance.
Biochar is a stable, carbon-rich material produced by heating organic biomass, such as
crop residues, wood chips or agricultural waste, under limited oxygen conditions. When
applied to soil, biochar acts as a long-term soil conditioner that improves soil structure,
nutrient retention and microbial activity (Wang et al., 2025). Its porous structure enables it to
hold water and nutrients, making them available to plants over time. In vegetable cropping
systems, where soil fertility and moisture availability strongly influence productivity, biochar
application can provide multiple benefits. This article explores the science behind biochar, its
production process and its potential to revolutionize vegetable farming by improving soil
health, increasing yield and contributing to climate change mitigation.
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Understanding Biochar

Biochar is produced through a process called pyrolysis, in which organic biomass is heated at
high temperatures ranging from 300 to 700°C in the absence or limited presence of oxygen.
During this process, volatile compounds are released as gases and oils, while the remaining
material becomes a stable, carbon-rich product known as biochar. The feedstock used to
produce biochar can include agricultural residues such as rice husk, wheat straw, corn cobs,
coconut shells and wood waste. Because these materials are widely available, biochar
production can utilize farm waste that would otherwise be burned or discarded.

One of the unique features of biochar is its highly porous structure, which resembles a
sponge. These microscopic pores provide large surface areas that can retain water, nutrients
and beneficial microorganisms. As a result, biochar improves soil physical, chemical and
biological properties when incorporated into agricultural soils. Unlike many organic
amendments, biochar decomposes very slowly in soil, allowing it to remain stable for
decades or even centuries. This stability makes biochar an important tool for carbon
sequestration because it stores atmospheric carbon in soil for long periods.

Biochar and Soil Health

Healthy soil is the foundation of productive vegetable farming. Soil must provide adequate

nutrients, water and aeration to support plant growth. However, intensive cultivation often

leads to the loss of organic matter, soil compaction and nutrient depletion. Biochar can
significantly improve soil health through several mechanisms.

1. Improvement of Soil Structure: Biochar particles help create a more porous soil
structure, which improves aeration and root penetration. In heavy clay soils, biochar
reduces compaction and enhances drainage. In sandy soils, it increases water-holding
capacity, preventing rapid moisture loss.

2. Enhanced Nutrient Retention: Biochar surfaces carry negative charges that attract
positively charged nutrient ions such as potassium, calcium and magnesium. This
property helps prevent nutrient leaching, especially in highly weathered soils. As a result,
plants receive a more consistent supply of nutrients during their growth cycle.

S

Biochar

Directly

provide ‘ Mineral
Nutnents for |ayer
vegetable growth

Promote nutrient

Reduce nutrients absorption in vegetable

leaching in soil

Fig.1. Mechanism of effect of biochar on nutrient uptake in vegetables

3. Stimulation of Soil Microorganisms: The pores of biochar provide a protective habitat
for beneficial soil microorganisms, including bacteria, fungi and actinomycetes. These
microorganisms play key roles in nutrient cycling, organic matter decomposition, and
plant growth promotion.
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Fig.2. Schematic diagram of biochar promoting vegetable growth by influencing soil microorganisms

4. Improved Water-Holding Capacity: Vegetable crops are sensitive to water stress,
particularly during flowering and fruit development stages. Biochar increases soil water
retention, helping plants tolerate short periods of drought. This feature is particularly
valuable in regions facing irregular rainfall or limited irrigation.

(A) Antioxidant and Gene Regulatory Mechanisms
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Fig.3. Mechanisms of adding biochar to enhance salt and drought resistance in vegetables

Role of Biochar in Vegetable Crop Production

Vegetable crops require fertile soils rich in nutrients and organic matter. The addition of

biochar to vegetable fields can significantly enhance crop growth, yield and quality.

1. Enhanced Germination and Seedling Growth: Biochar improves soil aeration and
moisture retention, creating favourable conditions for seed germination and seedling
establishment. Strong seedlings often lead to vigorous plant growth and better yield
potential.
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2. Increased Nutrient Use Efficiency: Vegetables are heavy feeders that require large
quantities of nitrogen, phosphorus and potassium. Biochar helps retain these nutrients in
the root zone, reducing losses through leaching or volatilization. When combined with
organic or inorganic fertilizers, biochar enhances nutrient availability and improves
fertilizer efficiency.

3. Higher Crop Yields: Several studies have shown that biochar application increases
yields of vegetables such as tomato, cucumber, spinach, lettuce, cabbage and pepper.
Yield improvements are often associated with better nutrient uptake, enhanced root
growth and improved soil microbial activity.

4. Improved Crop Quality: Biochar-treated soils often produce vegetables with improved
nutritional quality, including higher vitamin content and better flavour. This is related to
improved nutrient availability and balanced soil conditions.

5. Reduction of Soil Contaminants: Biochar has the ability to adsorb heavy metals and
toxic substances present in contaminated soils. This property reduces the uptake of
harmful elements by vegetable crops, thereby improving food safety.

Biochar as a Tool for Climate Change Mitigation

Climate change poses a major challenge to agriculture through rising temperatures, erratic
rainfall and an increasing frequency of extreme weather events. Biochar offers a unique
opportunity to address both soil degradation and climate change. During photosynthesis,
plants absorb carbon dioxide from the atmosphere and convert it into biomass. When this
biomass is converted into biochar, a significant portion of the carbon becomes stable and
resistant to decomposition. When applied to soil, this carbon remains stored for long periods,
thereby reducing atmospheric carbon dioxide levels. In addition, biochar can reduce
greenhouse gas emissions from agricultural soils. Research has shown that biochar can
decrease emissions of nitrous oxide and methane, which are potent greenhouse gases
associated with fertilizer use and soil microbial processes. Thus, biochar contributes to
climate-smart agriculture by improving soil productivity while reducing environmental
impacts.

Practical Considerations for Biochar Application
Although biochar offers numerous benefits, its effectiveness depends on proper production
and application methods.

Inter-root pollution due to migration of
pollutants on biochar

Degradation of organic pollutants 9 o
by biochar-PFRs system

Reduce the risk of pollutants being

absorbed by vegetables
. Persistent free

8) Heavy metal @ Biochar &@» Organic pollutant * radicals (PFRs)
Fig.4. Mechanisms of potential risk to vegetable growth by the addition of biochar
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Selection of Feedstock: Agricultural residues such as rice husk or crop straw produce
biochar suitable for soil amendment.

Pyrolysis Conditions: Temperature and heating duration affect the structure and stability of
biochar. Higher temperatures generally produce biochar with greater surface area and
stability.

Application Rate: Biochar is typically applied at rates ranging from 5 to 20 tons per hectare,
depending on soil type, crop requirements and local conditions. Excessive application may
alter soil pH or nutrient balance; therefore, careful management is required.

Integration with Organic Inputs: Biochar often performs best when combined with
compost, manure or fertilizers. Mixing biochar with organic amendments before soil
application can enhance microbial activity and nutrient availability.

Challenges and Limitations

One major limitation is the cost of large-scale biochar production and transportation. Small
farmers may find it difficult to produce or purchase sufficient quantities of biochar without
technical support. Another challenge is the variability in biochar properties, depending on
feedstock and production conditions. Standardization of biochar quality is necessary to ensure
consistent agricultural benefits. In addition, long-term field studies are still needed to
understand the cumulative effects of biochar on different soil types and cropping systems.
Nevertheless, ongoing research and technological innovations are gradually overcoming these
limitations.

Future Prospects

The future of biochar in vegetable farming appears promising. Advances in pyrolysis
technology are making biochar production more efficient and environmentally friendly.
Integrated farming systems that combine biochar with compost, vermicompost and
biofertilizers can create highly productive and sustainable vegetable production systems.
Biochar may also play a key role in urban agriculture, rooftop gardening and protected
cultivation, where soil fertility and water management are critical factors. Governments and
agricultural organizations are increasingly recognizing biochar as a valuable component of
climate-resilient agriculture. With continued research, farmer awareness and policy support,
biochar could become an essential tool for improving soil health, enhancing vegetable
productivity and reducing environmental impacts.

Conclusion

Biochar represents a powerful innovation for sustainable vegetable production. Its unique
physical and chemical properties enable it to improve soil structure, increase nutrient
retention, enhance microbial activity and support healthy plant growth. When applied to
vegetable fields, biochar can increase crop yields, improve nutritional quality and reduce
nutrient losses. Beyond its agronomic benefits, biochar contributes to climate change
mitigation through long-term carbon sequestration and the reduction of greenhouse gas
emissions from agricultural soils. These advantages make biochar an important component of
climate-smart agriculture and sustainable soil management. However, successful adoption
requires proper production methods, appropriate application rates and integration with other
organic amendments. Continued research, extension services and farmer training are
necessary to maximize the benefits of biochar in vegetable cropping systems. As agriculture
moves toward environmentally responsible practices, biochar has the potential to transform
vegetable farming by turning agricultural waste into a valuable resource that nourishes soil,
supports crop growth and protects the planet.
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