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Introduction

Agriculture faces the dual challenge of
increasing food production while preserving
soil health and environmental quality.
Intensive dependence on synthetic fertilizers
has boosted crop yields but has
contributed to nutrient losses, soil degradation,
declining biological activity, water pollution,

also

and greenhouse gas emissions. Consequently,
sustainable strategies that enhance soil
functionality while maintaining productivity
are increasingly needed. Among these, biochar
has emerged as a promising solution for
improving soil health and resource-use
efficiency (Nepal et al., 2023). Produced
through the pyrolysis of agricultural residues
and organic wastes, biochar converts low-
value biomass into a stable, carbon-rich
material. Its porous structure and high surface
area improve soil physical properties by
enhancing aggregation, reducing bulk density,

water-holding  capacity.
biochar improves nutrient

and increasing
Simultaneously,
retention and availability, reducing nutrient
losses and supporting more efficient fertilizer
Needs of Biochar

The need for biochar is particularly important

in regions experiencing soil degradation,
nutrient depletion, and moisture stress.
Through reducing nutrient losses and

increasing fertilizer-use efficiency, biochar

helBs maintain croB Rroductivitz while imgortant asBect 1S waste manaﬁement. Lar%e
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use. Beyond its physical and chemical
benefits, biochar promotes a favourable habitat
for beneficial soil microorganisms, stimulating
biological processes involved in nutrient
cycling and soil fertility. Its long-term stability
in soil also contributes to carbon sequestration,
making it an important tool for climate-smart
agriculture (Lehmann & Joseph, 2015). Recent
developments in  biochar-based  smart
further
efficiency by synchronizing nutrient release
with crop demand, thereby improving
productivity while minimizing environmental

fertilizers enhance nutrient-use

impacts (Agegnehu et al., 2017). By
strengthening  soil  structure, enhancing
biological activity, improving nutrient

dynamics, and increasing resilience to climatic
stresses, biochar represents a transformative
approach to restoring soil health and
advancing sustainable agricultural systems. Its
ability to convert agricultural waste into a
valuable soil amendment exemplifies the
from waste

transition management to

regenerative land stewardship.

lowering environmental pollution. In addition,
its ability to sequester stable carbon in soil
contributes to climate change mitigation by
removing carbon from the atmosphere and
storing it for extended periods. Another
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quantities of agricultural residues are often
burned or discarded, causing environmental
pollution and loss of valuable resources.
Converting these residues into biochar
transforms waste into a value-added product
that improves soil quality and supports
sustainable agricultural production. Therefore,

biochar is needed not only to enhance crop
yields but also to restore soil health, improve
resource-use efficiency, recycle agricultural
waste, and promote climate-resilient farming
systems. Its multifunctional benefits make it
an essential component of sustainable and
regenerative agriculture.

Biochar and Soil Health: A Foundation for Sustainable Agriculture

Biochar has emerged as a valuable soil
amendment due to its ability to improve
multiple physical, chemical, and biological
properties of soil. Produced through the
pyrolysis of agricultural residues and organic
wastes, biochar possesses a highly porous
structure and large surface area, enabling it to
function as a long-term reservoir for water,
nutrients, and carbon. Its application enhances
soil aggregation, reduces bulk density, and
improves water-holding capacity, particularly
in degraded and coarse-textured soils. From a
chemical perspective, biochar increases cation
exchange capacity and promotes greater
retention of essential nutrients, thereby
reducing nutrient losses through leaching. It
can also moderate soil acidity and improve
nutrient  availability, creating a more
favourable environment for plant growth.
Furthermore, biochar serves as a stable form of

organic carbon, contributing to long-term
carbon  sequestration and  mitigating
greenhouse gas emissions. Biologically,
biochar provides protective habitats for
beneficial microorganisms and stimulates
microbial activity involved in nutrient cycling.
Enhanced microbial diversity and enzyme
activity contribute to improved soil fertility,
nutrient  transformation, and ecosystem
resilience. By strengthening soil structure,
conserving nutrients, and supporting beneficial
soil biota, biochar plays a crucial role in
restoring soil health and advancing sustainable
agricultural production systems. Consequently,
biochar represents a practical strategy for
converting agricultural waste into a value-
added resource  while simultaneously
improving soil quality, crop productivity, and
environmental sustainability.

Biochar and Soil Microorganisms: Enhancing the Living Component of Soil

Biochar plays a significant role in improving
the abundance, diversity, and activity of soil
microorganisms, which are essential for
maintaining soil health and fertility. Its highly
porous structure provides protected habitats
for microbial colonization, while its large
surface area offers favourable sites for nutrient
adsorption and microbial interactions. These
characteristics create a more stable and
supportive environment for beneficial bacteria,
fungi, and other soil microorganisms. The
application of biochar can stimulate microbial
processes involved in nutrient cycling, organic
matter decomposition, nitrogen fixation, and
phosphorus solubilization. Enhanced microbial
activity increases nutrient availability to
plants, improves soil biochemical functioning,
and promotes sustainable crop production.

Moreover, biochar can moderate soil acidity,
improve aeration, and enhance moisture
retention, creating conditions that favour
microbial growth and diversity. Beneficial
microorganisms associated with biochar-
amended soils also contribute to improved root
development, greater nutrient uptake, and
increased tolerance to environmental stresses.
The interaction between biochar and microbial
communities strengthens soil biological health,
accelerates nutrient transformations, and
supports the formation of stable soil
aggregates.

By providing a suitable habitat and energy-rich
environment for microbial communities,
biochar acts as a catalyst for biological
processes  that sustain  soil fertility.
Consequently, the synergistic relationship
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between biochar and soil microorganisms
represents a key mechanism through which
biochar enhances soil health, ecosystem
Impact of Biochar on Crop Yield

The positive effects of biochar on soil
physical, chemical, and biological properties
often translate into improved crop growth and
productivity. By enhancing nutrient retention,
increasing  water-holding  capacity, and
stimulating  beneficial microbial activity,
biochar creates a more favourable root-zone
environment that supports efficient nutrient
uptake and plant development. These
improvements are particularly important in
degraded, nutrient-deficient, and drought-
prone soils where crop performance is often
constrained. Biochar application can increase
fertilizer-use efficiency by reducing nutrient
losses  through leaching, runoff, and
volatilization, thereby ensuring a more
consistent nutrient supply throughout the
growing season. Enhanced soil structure and
moisture availability further promote root
proliferation, leading to greater access to water
and nutrients. In addition, biochar-supported
microbial communities accelerate nutrient
Biochar and Climate Change Mitigation
Biochar has gained global recognition as a
climate-smart agricultural technology due to
its unique ability to improve soil health while
mitigating climate change. Produced through
the pyrolysis of biomass under limited oxygen
conditions, biochar converts organic carbon
into a highly stable form that can persist in
soils for decades to centuries. This long-term
carbon storage reduces the concentration of
carbon dioxide in the atmosphere and
contributes to climate change mitigation. In
addition to carbon sequestration, biochar helps
lower greenhouse gas emissions from
agricultural soils. Its application can reduce
emissions of nitrous oxide (N2O) and methane
(CHa), two potent greenhouse gases associated
with fertilizer use and crop production
systems. Improved nutrient retention and
enhanced fertilizer-use efficiency further
decrease the environmental footprint of

resilience, and long-term  agricultural

productivity.

cycling and improve the availability of
essential elements required for crop growth.
Numerous studies have reported yield
improvements in cereals, legumes, vegetables
and horticultural crops following biochar
application,  although  responses  vary
depending on feedstock type, application rate,
soil characteristics, climate and crop species.
Yield benefits are generally more pronounced
when biochar is integrated with organic
amendments or balanced fertilizer
management practices. Beyond increasing
productivity, biochar contributes to yield
stability under environmental stresses such as
drought, nutrient deficiency, and soil
degradation. Through its combined effects on
soil fertility, microbial activity, nutrient-use
efficiency, and water management, biochar
serves as an effective tool for enhancing crop
yields while supporting the long-term
sustainability of agricultural production
systems.

agriculture by reducing nutrient losses and
associated emissions. Biochar also strengthens
climate resilience by improving soil water-
holding capacity, aggregation and nutrient
availability. These improvements help crops
withstand drought, temperature fluctuations,
and other climate-related stresses, thereby
supporting stable agricultural production under
changing environmental conditions. Enhanced
microbial activity and soil organic carbon
accumulation further contribute to the
resilience and sustainability of
agroecosystems. Moreover, biochar promotes
the circular utilization of agricultural residues
that might otherwise be burned or left to
decompose, processes that release substantial
amounts of greenhouse gases. Converting
biomass waste into biochar transforms a
potential source of emissions into a valuable
carbon-rich resource that benefits both
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agriculture and the environment. Through its
combined roles in carbon sequestration,
greenhouse gas reduction, waste recycling, and
climate adaptation, biochar represents a
Production Process of Biochar

promising strategy for developing resilient and
low-carbon agricultural systems capable of
meeting  future  food  security  and
environmental challenges.
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Farmer Recommendations

Farmers can adopt biochar as part of integrated
nutrient management to improve soil fertility,
enhance nutrient-use efficiency, and increase
crop productivity. Biochar is particularly
beneficial in degraded, sandy, and low-
organic-carbon soils, where it improves
moisture retention, nutrient availability, and
microbial activity. Applying biochar along
with fertilizers or organic manures can
Conclusion

Biochar has evolved from a waste-derived
carbonaceous material into a multifunctional
tool for sustainable agriculture. Its ability to
improve soil physical properties, enhance
nutrient  retention, stimulate  beneficial
microbial activity, and increase water
availability makes it a valuable amendment for
restoring soil health and supporting crop
productivity. Beyond agronomic benefits,
biochar contributes to climate change
mitigation  through  long-term  carbon
sequestration and reduced greenhouse gas
emissions. The conversion of agricultural
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maximize its effectiveness while reducing
nutrient losses. The utilization of locally
available crop residues for biochar production
also provides a sustainable alternative to
residue burning, helping to improve soil
health, reduce environmental pollution, and
enhance the long-term resilience of
agricultural systems.

residues into biochar also promotes circular
resource utilization, transforming waste
streams into valuable inputs for crop
production. As global agriculture faces
increasing  challenges related to soil
degradation, resource scarcity, and climate
variability, biochar offers an integrated
solution that simultaneously enhances
productivity, environmental sustainability, and
ecosystem resilience. Continued research,
technological advancements, and field-scale
adoption will further strengthen its role in
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developing regenerative and climate-smart
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