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Abstract

Biochar, a carbon rich product derived from biomass pyrolysis process, has
emerged as a promising and sustainable soil amendment with potential to enhance
rice cultivation while mitigating environmental issues such as soil deterioration,
nutrient depletion and greenhouse gas emission. In this review, the preferred
reporting items for systematic reviews and meta-analyses (PRISMA) principles
were followed to ensure methodological consistency and transparency. A
comprehensive literature search was conducted to include studies published from
2013 to 2024, using major research databases. Relevant research and review
papers were thematically grouped to highlight the patterns, outcomes, and research
gaps linked to the use of biochar in rice production systems. These studies and the
variables measured were used to achieve the objectives of the review. This review
paper emphasizes the multifaceted benefits of biochar application on rice farming
focusing on the role of biochar enhancing soil physical and chemical properties,
nutrient retention, and overall crop productivity. The application of biochar
significantly improves soil structure by increasing soil aggregation, enhancing
water-holding capacity and aeration. Additionally, biochar increases cation
exchange capacity of the soil, which reduces nutrient leaching and enhances the
availability of essential nutrients such as silicon (Si), potassium (K), and
phosphorus (P). Additionally, the application of biochar plays a crucial role in
climate change mitigation by reducing greenhouse gas emissions, particularly
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nitrous oxide and methane. Changes in microbial activity, nitrogen cycling,

immobilizing heavy metals and nutrient use efficiency are also beneficial effects of
the application of biochar. However, further research on biochar properties, rate
and type of biochar application for different soil types and rice varieties, and effects

on long term application are required to maximize the positive effects of application

of biochar in rice farming.
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1. Introduction

Rice is the main staple food, especially in Asian countries, where over 90% of the
world’s rice is produced and consumed (Abeysekara and Rathnayake, 2024).
Making rice as a vital crop for global food security, more than half of the world’s
population mainly in medium and low-income countries in Asia depends on rice as
their primary food source, (Dhamira and Aminda, 2023). Therefore, with the
continuously growing world the demand for rice is projected to increase by 60% in
2025 (Ali et al., 2020). Beyond its role as the primary energy source, rice provides
livelihoods for millions of smallholder farmers in countries such as China, India,
Indonesia, and Vietnam. (Hashim et al., 2024). These countries are among the top
rice producers in the world.

However, there are many challenges such as high water usage, greenhouse gas
emissions, soil degradation and nutrient depletion of soil in modern rice farming
(Zhao et al., 2023). These challenges are emphasized the urgent requirement for
sustainable solutions to ensure the rice production for future demands though
conserving natural resources (Xie et al., 2015; Zhao et al., 2023). Application of
biochar as carbon rich material has increased the significant attention as a potential
solution to heal the environmental issues (Xie et al., 2015) and resilience (Figure
1). It can enhance the soil health, improve nutrient utilization efficiency, and reduce
the rate of greenhouse gas emission, potentially transforming the sustainability of
global rice cultivation (Zhao et al., 2023). There are many agricultural and
environmental issues that threaten the long-term viability of rice cultivation system.

High water usage in traditional rice farming activities is one of the threat in the
sustainability of the sector (Singh et al., 2018). Approximately 2,500 gallons of
water are required to produce the one kilogram of rice grains, as fields are kept
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continuously flooded throughout the major growing season (Yaligar et al., 2017)
mainly in lowland rice ecosystems. Apart from water usage, flooded paddy fields
significantly contribute to greenhouse gas emissions, especially methane.
Therefore, rice production is considered as one of the main causes of agricultural
greenhouse gas emissions. Anaerobic decomposition of organic materials in the wet
soils is considered as main cause of methene production in agriculture (Mboyerwa
et al.,, 2022). The significantly higher capability to trap atmospheric infrared
radiation by methene than the carbon dioxide make it as a potent greenhouse gas
(Mikhaylov et al., 2020).

Soil degradation is another major challenge to sustainability for rice farming. It is
believed that soil degradation is caused mainly due to heavy uses of chemical
pesticides and fertilizers in intensive rice farming. The excessive use of nitrogen
fertilizer reduces nitrogen use efficiency and creates environmental issues like
ground water pollution, greenhouse gas emission and soil degradation (Ali et al.,
2021).

The application of biochar has many positive impacts on soil health and rice
cultivation (Lehmann et al., 2015; Ayaz et al., 2021). It is a valuable soil
amendment (Asadi et al., 2021) with high amount of carbon. Therefore, biochar
enables us to persist long period in the soil (Asadi et al., 2021). Several studies have
shown that biochar can improve the physical and chemical properties of the soil,
thereby improve soil structure, water holding capacity and aeration (Ali et al.,
2020; Adebajo et al., 2022; Zhang et al., 2024). The porous structure of biochar also
boosts microbial activity by providing habitats for soil microorganisms (Yin et al.,
2021; Liu et al., 2024). Biochar can also trap nutrients and reduces nutrient
leaching, allowing for gradual nutrient release that increases plant uptake over a
longer period (Yin et al., 2021). Moreover, biochar indirectly reduce the greenhouse
gas emissions related to fertilizer production and application, supporting global
efforts to minimize agricultural emissions (Barman and Kandpal, 2019). These
benefits are particularly valuable as intensive farming methods are commonly
practiced for rice cultivation (Xie et al., 2015; Asadi et al., 2021).

However, despite the benefits several challenges curb application of biochar in
rice cultivation, such as production costs, less awareness on the benefits of biochar
among farming communities and the less research on sustainable application
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methods for different soil types and regions (Abukari et al., 2018; Hashim et al.,
2024). To overcome these obstructions, collaboration among farmers, researchers,
policymakers, and agricultural organizations is essential. Continued research on the
long-term effects of biochar, advancement of pyrolysis technology and incentives
for sustainable practices are essential for effective utilization of biochar for
sustainable future of rice cultivation (Jaafar et al., 2015; Abukari et al., 2018) by
ensuring food security for significant portion of world population while conserving
the natural resources.

Figure 1: Application of biochar and in different ways to mitigate the environmental impacts with
improving the soil
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2. Materials and Methods

The PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) principles were followed in this review to ensure methodological
consistency and transparency. An inclusive literature search was conducted to
encompass publications from 2013 to 2024 using major academic databases such
as Scopus, ScienceDirect, Web of Science, Google Scholar, and AGRICOLA.
Boolean operators and relevant keywords, comprising "biochar," "rice," "paddy,"
"growth," "yield," "soil," "nutrient efficiency," and "greenhouse gas emissions,"
were used during the search process. Only unique, peer-reviewed research papers

and original research articles written in English were considered. Studies assessing
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the impact of biochar application on rice cultivation in pot trials, greenhouse
conditions, or field settings were included. Review papers, editorials, and original
articles lacking primary data or direct relevance to the topic were excluded from the
analysis. After the removal of duplicate records, all publications underwent a
screening process. This included an initial screening based on titles and abstracts,
followed by full-text reviews using predetermined inclusion and exclusion criteria.
Data was extracted from each selected study, including information on biochar
feedstock and characteristics, application rates and methods, experimental
conditions, soil properties, rice varieties, and measured outcomes. These outcomes
included soil fertility, crop yield, nutrient use efficiency, and greenhouse gas
emissions. The methodological quality of the included studies was assessed using
standard review procedures. Finally, the selected studies were thematically grouped
to identify patterns, outcomes, and research gaps related to the application of
biochar in rice production systems. These groupings helped analyze the measured
variables in line with the objectives of this review.

1. Biochar production and characteristics
1.1 Process of biochar production through pyrolysis

Pyrolysis process involves the thermochemical decomposition of solid organic
matters at high temperature; generally between 300 to 800 °C in anaerobic or very
low amount of oxygen (Khater et al., 2024). Rice husk, rice straw, corn stalk,
manure, wheat residues, wood and forestry byproducts are the common biomass
used for biochar production (Spokas et al., 2012; Abrishamkesh et al., 2015;
Barman and Kandpal, 2019; Asadi et al., 2021). Wood and forestry byproducts are
more suitable to produce biochar with high carbon content, and which decompose
slowly but have less nutrient content (Saarnio et al., 2013; Thomas and Gale, 2015).
The major factor affecting the properties of biochar is temperature, however the
heating rate and duration and source of carbon also have a significant impact on the
properties of the end product (Asadi et al., 2021) (Table 01). The biochar produced
at higher temperature (>600 °C) produces less yield with less nutrients, but high
amount of ash, surface area (Xie et al., 2015; Asadi et al., 2021; Butnan and
Vityakon, 2023) and more stable carbon compounds with resistant to
decomposition (Lehmann and Joseph, 2009; Asadi et al., 2021) making them
suitable for carbon sequestration. On the other hand, biochar produced under low
temperature (300 to 500 °C) consists of a high amount of fertilizer, making them
suitable to manage soil fertility (Asadi et al., 2021; Williams et al., 2023). Biochar
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produced under lower temperature also shows more porous structure (Asadi et al.,
2021). Slow pyrolysis process with modest temperature and prolong residence time
results higher biochar yield than rapid pyrolysis ( Xie et al., 2015; Liu et al., 2016;
Pahnila et al., 2023). Moisture content of the biomass also affects the final product
properties as well as to the pyrolysis process (Asadi et al., 2021). Pre drying or
cutting them into small pieces can improve the efficiency of the pyrolysis process.
The cooling process after pyrolysis is also important to get maximum benefit of
biochar. Cooling in oxygen free or minimum oxygen environments are important
to prevent combustion after pyrolysis.

High carbon (C) contents of rice husk (RH) show a high potential of producing
biochar (Lachke, 2002). Approximately 800,000 mt of rice husk is being produced
annually in Sri Lankan rice milling process (AgStat 2016). Therefore, great
potential existing to use this material as feedstock to produce the biochar under
local conditions. According to Song and Guo (2012), were shown pyrolysis is often
considered as the most feasible production process capable of yielding biochar
having consistent and reliable product qualities suited to be used in agriculture.
“Kunthaniya” is presently used by Sri Lankan farmers to produce rice husk biochar,
and the product is often referred as the partially burnt paddy husk (PBPH).
However, this technique doesn’t produce wuniform products. Therefore,
modifications to the process of pyrolysis are needed to assure the consistent output
quality of the product. Modification of traditional Kunthainya has already been
released as a technology for produce the biochar with obtaining sufficient amount
of biochar yield.

Table 1: Chemical properties of rice husk biochar (RHB) prepared under different pyrolysis
temperatures (Dissanayake et al., 2018).

Parameter RHB 350 °C RHB 500 °C RHB 650 °C
pH 7.48 £0.04 9.11+0.01 9.38+0.02
EC (S/m) 0.01+0.00 0.05+0.00 0.06+0.00
Available P (mg/kg) 256 +4 472425 518+27
Available K (mg/kg) 5366 =187 6525+548 7469+197
Available Mg (mg/kg) 150 +13 247+14 30045
Total P (%) 0.22+40.01 0.29+0.01 0.19+0.00
Total K (%) 0.57 £0.03 0.69+0.03 0.75+0.04
Total Mg (%) 0.11+0.00 0.12+0.00 0.07+0.01
Total C (%) 45.4+1.6 47.8+1.5 50.0+0.8
Total N (%) 0.51+0.03 0.56+0.09 0.37+0.01
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1.2 Physicochemical properties of biochar

Biochar offers beneficial effects for diverse environmental and agricultural
management practices due to its diversity of physicochemical properties. The
feedstock and pyrolysis conditions have significant impact on the characteristics of
biochar (Pahnila et al., 2023). The elemental analysis of biochar produced from
different feedstocks is shown in Table 2. Higher surface area with abundant micro
and macro pores and porosity play a significant role in various benefits of biochar
(Alietal.,2020,2021; Hidayat et al., 2023; Pahnila et al., 2023). Porosity of biochar
helps retain the water (Oladele et al., 2019; Ali et al., 2020, 2021), nutrients (Ali et
al., 2020, 2021; Ning, 2022), and provide microbial habitats (Asadi et al., 2021),
enhancing soil properties. Highly porous biochar structure can also improve soil
aeration and drainage (Clough et al., 2013; Asadi et al., 2021). Biochar contains a
significant amount of carbon, usually between 40 and 90% by mass (Adebajo et al.,
2022; Gowthami et al., 2022). Adebajo et al. (2022) reported that the biochar
produced from rice husk consists of approximately 50% carbon. This stable carbon
may remain in soils for hundreds to thousands of years since it is not easily broken
down by activities of microorganisms (Bi et al., 2021; Xu et al., 2022). Therefore,
biochar is a useful method for carbon sequestration because of its carbon stability
helping to slow down the climate changes by removing CO> from the atmosphere
(Ding et al., 2022; Bo et al., 2023). Typically, biochar exhibit alkaline pH between
7 and 12, (Zhang et al., 2024) due to high ash content and basic cations like Ca*?,
Mg"? and K*. Therefore, biochar can be used to neutralize the acidic soils common
in tropical regions and increase nutrient availability for plant growth (Barman and
Kandpal 2019; Adebajo et al., 2022). Several studies reported that feed stocks with
high lignin content and higher pyrolysis temperature tend to have higher pH (Xie et
al 2015; Novak et al., 2019).

Table 2: Elemental analysis based on different feedstock

Feedstock Carbon Hydrogen Nitrogen Oxygen Reference

(%) (%) (%) (%)
Rice straw 34.24 3.31 1.50 37.06 Babiker et al., 2020
Wheat straw 70.06 3.50 1.50 37.60 Qayyum et al., 2020
Soft wood 22.67 1.31 3.04 72.99 Singh and Chandra, 2019
Hard wood 53.66 1.83 1.24 42.98 Ayaz et al., 2021
Orange feels 40.43 4.83 1.56 52.90 Amalina et al., 2022
Date palm leaflets 43.14 7.49 0.20 52.70 Hamad and Idrus, 2022
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1.3 Influence of pyrolysis temperature on biochar characteristics

Pyrolysis temperature mainly affects biochar characteristics like yield, surface
area, ash content and stability (Hidayat et al., 2023). Higher pyrolysis temperatures
lead to more ash content which reduces the biochar yield (Butnan and Vityakon,
2023). Table 3 shows different pyrolysis techniques and biochar yield. Higher
pyrolysis temperatures increase volatilization of organic matter remaining high
amount of ash. This biochar is suitable as a soil amendment (Butnan and Vityakon,
2023) for acidic soils. However, higher ash content can lead to salt stress and
nutrient imbalances of the soil (Butnan and Vityakon, 2023). Higher temperatures
(600 - 800°C) create voids and channels within the biochar structure by thermal
decomposition of organic matter (Ali et al., 2022). This porous structure increases
the surface area and is the key factor of the higher absorption capacity of nutrients
and contaminants (Asadi et al., 2021). However, higher pyrolysis temperature led
to loss volatile nutrients like nitrogen, sulfur, and potassium (Lehmann and Joseph,
2009; Verheijen et al., 2010). Therefore, the pyrolysis temperature should be
carefully decided according to the purpose of the application of biochar.

Table 3: Different pyrolysis techniques and biochar production

Pyrolysis Temperature Time Biochar Reference

technique (°0) (%)

Slow 300 - 550 hours to day 35 Shahbaz et al., 2020

Intermediate 450 - 550 10-20s 25 Daful and Chandraratne,
2018

Fast 450 - 600 10-1000s 12 Thomas et al., 2019

Hydrothermal <200 1-16h 35 Brown et al., 2020

1.4 Distinct properties of the rice husk biochar

Typically, a high amount of silicon and ash content than the biochar derived from
other feedstock can be taken as the distinct qualities of rice husk biochar. Rice husk
naturally consists of a high amount of SiO; (Asadi et al., 2021; Butnan and
Vityakon, 2023) and during the pyrolysis process this SiO» may retain in the
biochar, contributing its unique properties. The silicon content of rice husk biochar
may reach around 15 - 20% or more (Adebajo et al., 2022). Therefore, adding rice
husk biochar in rice cultivation is important as silicon plays a vital role in rice plant
growth and development (Karam et al., 2022). The ash concentration of rice husk
biochar ranges between 2 - 8% (Asadi et al., 2021; Butnan and Vityakon, 2023).
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This ash content is a direct result of the inorganic minerals of the rice husk. There
are both merits and demerits of high amounts of ash content of rice husk biochar.
Soil pH adjustments, nutrient supply and improving soil physical properties can be
taken as merits, while salinity stresses and nutrient imbalances are the demerits of
high amount of ash in rice husk biochar (Asadi et al., 2021; Butnan and Vityakon,
2023). Due to the high ash and silicon content of rice husk biochar, a synergistic
effect can be obtained by the application of rice husk biochar in rice cultivation.

2. Impact of biochar on soil properties
2.1 Influences on soil physical and hydraulic properties

Biochar mainly affects several soil physical properties like water retention, bulk
density and soil structure. The porous nature of the biochar creates extra spaces to
hold water. The advantage of this practice is particularly pronounced in the sandy
or collapsed soils which naturally face many challenges related to the low water
holding (Barman and Kandpal, 2019; Karam et al., 2022). Through enhancing the
soil moisture content, biochar diminishes the frequency and quantity of irrigation
required, thus proving particularly useful in areas susceptible to drought or water
scarcity (Armynah et al., 2018; Rawat et al., 2019). The application of biochar has
been demonstrated to decrease (3 - 8%) the soil bulk density, particularly when
utilized in substantial amounts (Ahmad et al., 2022). Reduction of bulk density
enhances soil aeration and promotes root penetration which enables plant roots to
more efficiently access the vital nutrients and water (Lehmann et al., 2015; Oladele
et al., 2019). The enhancement of soil structure is essential for increasing crop
growth, yields, and resilience. The incorporation of biochar to the soil promotes soil
accumulation which resulted to improve the structural integrity (Qian et al., 2014;
Lehmann and joseph, 2009). Biochar encourages the development of stable soil
aggregates which enhance the porosity and aeration (Rawat et al., 2019). This
enhanced aggregation not only helps mitigate soil erosion but also facilitates better
water infiltration into the soil profile (Lehmann et al., 2015). Such advancements
in soil structure are critical for establishing an environment that supports robust
crop growth, especially for rice.

2.2 Impact of chemical properties of biochar on soil substrate

The alkaline nature of the biochar significantly increases the pH of paddy soil.
Many dynamic nutrients become more accessible to the plants within ideal pH range
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of around 6 to 7 which making this amendment is important for improve the nutrient
availability (Lehmann et al., 2015; Ahmad et al., 2022). Increasing of the soil pH
with application of biochar promotes the healthy plant growth which enhances the
bioavailability of many of key nutrients such as calcium, magnesium, and
phosphorus (Liang et al., 2014). This adjustment may lead to increase the crop
yields and improved soil health and fertility through balancing the soil acidity
(Singh et al., 2018). Moreover, the cation exchange capacity (CEC) which is the
soil ability to hold and supply the positively charged ions such as calcium,
magnesium, potassium, and ammonium to plant roots is greatly enhanced by 2.1,
5.6, 8.2, 11.58% when biochar is incorporated into the soil (Xie et al., 2015). By
enhancing the surface area available for cation adsorption, biochar's porous makeup
helps the soil to retain vital nutrients. More stable supply of nutrients over long
period was possible through higher CEC which also lessens nutrient leaching
(Zhang et al., 2024). In terms of preserving soil fertility and raising agricultural
output, this is very advantageous. Adding biochar to the soil has been demonstrated
to improve the availability of vital nutrients (Xu et al., 2022). Because of the ability
to absorb nutrients and release them gradually, biochar helps to reduce nutrient
runoff and allows more consistent nutrient supply for plant roots (Singh et al., 2018;
Ullah et al., 2018; Xie et al., 2015). Higher plant vigor and productivity of rice crops
are the results of improved nutrient availability (Xie et al., 2015; Tsai and Chang,
2021; Xu et al., 2022).

2.3 Contribution to favorable environment for rice growth

Applying biochar to the soil can alter its physical and chemical properties,
enhancing conditions for rice growth and nutrient absorption (Ali et al., 2020). The
incensement of water holding capacity of paddy soil resulted by the biochar
application which ensures enough water in rice plants, particularly during the
critical growth phases. Moreover, the enhancements in CEC and nutrient
availability enable rice plants to access the necessary nutrients more efficiently
from paddy soil which promotes the healthier growth and higher yields (Xiang et
al., 2017; Rawat et al., 2019). Enhanced soil aggregation and reduced bulk density
helps promote the enhanced root penetration and growth (Lehmann et al., 2015). A
plant with robust root growth is more resilient to stress, which improves crop
performance with treatment of biochar. Through enhancing the soil structure and
nutrient availability consequence on lessen impact on abiotic stresses such as
nutrient deficiencies and drought (Xie et al., 2015). The improved qualities of the
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soil help to provide a more stable growing background which encourages steady
yields.

3. Biochar and nutrient management of rice cultivation

Nutrient management of rice cultivation though promoting both agronomic
efficiency and environmental sustainability has arisen as an essential implement
(Thomas and Gale, 2015). As a substantial soil amendment, biochar improves the
nutrient retention which increases the nutrient availability and reduce the nutrient
leaching (Zavalloni et al., 2011). These benefits can contribute to more sustainable
and effective rice farming practices. Biochar enhances the nitrogen fertilizer use
efficiency, availability and uptake of essential nutrients which mitigates the nutrient
pollution in rice fields. Biochar can adsorb the ammonium (NH4") and lessen nitrate
(NO3") leaching because of its porous structure which increases the surface area for
chemical molecule interactions (Saarnio et al., 2013; Yin et al., 2021). The porous
structure of the biochar can create a favorable habitat for soil microorganisms that
helps convert the nitrates into less mobile forms (Figure 2). Moreover, higher cation
exchanging capacity (CEC) of biochar improves the retention of positively charged
ammonium ions which prevent the washed away by leaching (Lehmann et al., 2015;
Tsai and Chang, 2021). Investigation has indicated that the additions of biochar can
result in a notable increase in the amount of nitrogen in the soil. The necessity of
frequent nitrogen fertilizer application can be decrease by this improvement in N
retention capacity of soil which makes it possible to better synchronize nitrogen
release and plant uptake (Ahmad et al., 2022). In addition to its positive effect on
nitrogen management, the application of biochar is essential for enhancing the
availability and absorption of vital minerals for rice production, including silicon
(S1), potassium (K), and phosphorus (P) (Yin et al., 2021; Tan et al., 2024). Rice
yields may be limited by deficits caused by phosphorus which frequently found in
the soils in forms that are not easily absorbed by plant roots (Jaafar et al., 2015).
Application of biochar showed increased availability of more phosphorus. Because
of the large specific surface area, biochar can adsorb more phosphorus ions, which
help reduce the amount of P since poor fixing with soil particles and formed the
unstable compound or electrostatic attractions. As a result, rice plants have easier
access to the soil solution with higher concentration of available phosphorus (Xie
et al., 2015; Xu et al., 2022). The presence of biochar inspires the growth of
beneficial microbial communities in the soil which can further increase the
availability of phosphorus to plants by solubilization.
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Figure 2: SEM image of bacterial colonization over the surface of biochar (Bolan et al., 2023)
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4. Biochar and rice yield

Application of paddy husk biochar in agricultural system has increased the potential
to enhance the crop growth and yield particularly in rice cultivation (Zhang et al.,
2024). Experiments have demonstrated the yield increases ranging from 10 to 30%
with application of biochar, particularly when combined with the fertilizers (Xie et
al., 2015). Biochar enhances soil properties, such as improved nutrient retention,
increased water-holding capacity, and enhanced microbial activity, which
cooperatively contribute to the better plant growth and high yield (Singh et al.,
2018; Luo et al., 2021). According to some experimental outcome, the application
of biochar on rice yield has slightly no effect during the initial seasons. However,
meta-analysis of several field tests, for instance, showed that whereas biochar
usually enhanced soil quality, its impact on rice yield output which differed greatly
depending on the area and farming technique (Xiang et al., 2017). Applying too
much amount of biochar creates detrimental effects including changing the
chemistry of the soil or immobilizing nutrients, while applying too little amount
may not have enough beneficial effects. Ideal application rate of biochar must be
determined to obtain the most efficient yield outcome of rice cultivation system
(Oladele et al., 2019; Ning et al., 2022). The application of biochar and rice yield
has a complicated and nuanced relationship. Even though a lot of research suggests
that biochar can increase the rice yields in specific situations, it is important to
understand that its efficacy is not assured and can differ greatly depending on
several variables (Lai et al., 2017). The vigor and output of plants is directly
correlate to improved soil health (Zhang et al., 2024). Through retaining and

12



Journal of Technology and Value Addition, Volume 7 (1), January 2025: (01-29)

releasing the nutrients gradually with application of biochar helps to plants absorb
the nutrients at the right times, especially during critical growth phases (Tan et al.,
2024). This can result in improved growth and increased yields particularly when
biochar was combined with other fertilizers (Yaligar et al., 2017; Selvarajh et al.,
2024). By increasing the plant's ability to retain water, the application of biochar
can contribute to rice plants to adapt to drought or water level variations which
resulted in consistent yields.

5. Biochar and greenhouse gas (GHG) emissions

While nitrogen fertilization application and microbial activity impacted to nitrous
oxide productions and methane emissions from rice fields under anaerobic
conditions, which is typical in flooded paddy systems (Brahima et al., 2017).
Through variations of soil conditions and microbiological activity with addition of
biochar to rice fields have demonstrated the considerable reduction of greenhouse
gas production, especially methane emissions from rice fields can be significantly
reduced by applying biochar as soil amendment (Singh et al., 2017). Likewise, it
has been discovered that biochar diminishes N>O emissions (Oo et al., 2018).
Although the relationship among soil microbes, nitrogen fertilizers, and optimum
rate of biochar is complicated, there evidences on assistance and control of the
nitrogen cycle by biochar in ways that lower the formation of N>O. Especially in
waterlogged environments, the porous nature of biochar enhances the soil aeration
which lowers the methane generation (Zhao et al., 2023). It was demonstrated that
biochar reduces the methane emissions by increasing the number of aerobic bacteria
and inhibiting methanogenic archaea (Singh et al., 2017). Enhancement of nitrogen
transformation mechanisms through enhanced aeration caused lowering the N>O
output. Advantageous soil microorganisms can be found in biochar, and they can
affect the structure of the microbial community and the soil metabolic processes
(Srivastava et al., 2023). Moreover, the interactions between biochar and nitrogen
cycling microbes may enhance the nitrogen use efficiency which minimizes the
nitrous oxide emissions (Saarnio et al., 2013). By improving nutrient retention and
availability, biochar can optimize the use of nitrogen fertilizers through reducing
the excess nitrogen. Effective nitrogen management can also minimize the need of
chemical fertilizers which leads to further reductions in GHG emissions associated
with fertilizer production and application in paddy fields.
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6. Biochar and heavy metal immobilization

Heavy metals like cadmium (Cd), lead (Pb), arsenic (As) and mercury (Hg), can
accumulate in rice plants making the serious health concerns to consumers (Liang
et al., 2021). Immobilizing of heavy metals in contaminated soils through the use
of biochar has shown promise in lowering the amount of these metals that rice plants
absorb (Hoang et al., 2024). Concern over heavy metal contamination with rice can
be seen commonly in areas where mining, industrial operations, and inappropriate
waste disposal. Heavy metals from the soil may be absorbed by the rice plants
which accumulate in the grains, and pose major health concerns after consumption
(Wei et al., 2023). Numerous health problems such as renal damage, neurological
abnormalities and an elevated risk of cancer, may result since prolonged exposure
to heavy metals (Yang et al., 2021). Biochar obtained the specific surface area and
porous structure that provides the ample site for heavy metal adherence (Liang et
al., 2021). Adsorption occurs through different physical and chemical interactions
which allows biochar to capture and retention of the toxic heavy metals over the
biochar surface. As a consequence, there are less bioavailable heavy metals in the
soil solution which limits the plant uptake (Mukherjee et al., 2023). Moreover,
biochar has an ability to combine heavy metal ions to make fusion complexes to
effectively decrease the mobility and bioavailability. Heavy metals may bind with
the carboxyl, hydroxyl, and phenolic functional groups on the surface of biochar to
create stable complexes that further immobilize the metals in the soil (Kim et al.,
2015). Biochar can influence on the solubility of heavy metals in the soil which
leads to precipitation reactions which convert soluble metal ions into insoluble
forms. This process efficiently reduces the concentration of heavy metals available
for plant uptake.

7. Long term effects of biochar application

Many researchers have reported the positive effects of the application of biochar to
agricultural systems particularly in rice cultivation (Ahmad Bhat et al., 2022). The
stability and consistency of biochar in paddy soil is one of its major characteristics.
Compared to other organic materials, carbon is the main component of biochar
which is extremely resistant to degradation (Bo et al., 2023). Due to this property,
biochar can stay in the soil for decades or even centuries, improving the fertility
and health of paddy soil (Ahmad Bhat et al., 2022). The half-life of biochar can
vary from 100 to more than 1,000 years depending on the number of variables,
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including the type of feedstock, the production process, and the adjacent
environment (Xie et al., 2015; Idbella et al., 2024). When applied regularly over
time, biochar has improved the soil structure, aeration, and water retention, which
in turn benefits rice crop growth and root development (Lehmann et al., 2015).
Additionally, biochar provides the habitat for beneficial soil microbes which
fostered the diverse microbial community which was essential for the nutrient
cycling process. The long-term enhancement of soil fertility was further supported
by biochar and its stable ability to absorb and retain key nutrients such as potassium,
phosphate, and nitrogen (Ndor et al., 2016; Cheng et al., 2020; Haque et al., 2022).
By reducing nutrient leaching and increasing nutrient availability, biochar promotes
the sustainable crop improvement and decreases the reliance on synthetic fertilizers
(Ding et al., 2022). It was essential to inspect the biochar influences on the structure
and function of the microbial communities in the paddy soils over the long term.
The associations among crop nutrient absorption, soil nutrients, and biochar remain
poorly percept over extended periods. While the application of biochar in paddy
cultivation has been reported to offer agronomic advantages by increasing soil
carbon sequestration, it also effectively sequesters atmospheric carbon and helps
mitigate climate change, as its stable carbon form can persist in the soil for decades
(Spokas et al., 2012). This understanding is necessary to optimize the biochar
application strategies in rice cultivation.

8. Economic and social considerations with biochar in paddy cultivation

The application of biochar in rice farming sector exists the unique opportunity to
combine with economic and environmental sustainability (Jagnade et al., 2022).
Biochar assists as the soil amendment that enhances nutrient preservation, crop
yield improvement, and overall soil health and all crucial characteristics of
sustainable farming practices. Successful integration of biochar into rice growing
systems would be important to consider the economy of its production and use, as
well as the social implications towards the farmers’ predominantly in developing
countries (Mohammadi et al., 2020). Implementation of biochar in rice farming
sector has present the unique connection of environmental and economic
sustainability (Ayaz et al., 2021). As a soil amendment, biochar has the grate
potential to enhance the soil health, increases of crop yields, and improved nutrient
retention, all those factors are critical in sustainable rice practices. The production
cost depending on the nature of the feedstock, pyrolysis technology, and local labor
and energy prices, has a significant impact on the economic sustainability of the
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biochar. The initial expenditure of pyrolysis equipment and production operating
expenses may have to bear by farmer (Bach et al., 2016; Ayaz et al., 2021). Small
scale production technologies and lowering the prices impacted to increase the
access to biochar production and application in own farmlands. Production of
biochar depends on the obtainability of suitable feed stocks. By-products such as
rice husks are often underutilized in rice producing countries; it can be a freely
available source for the synthesis of biochar. Integration of biochar manufacturing
with existing agricultural practices can make the circular economy where waste
materials are adapted into valuable soil amendments thus reduce the waste and
enhance the sustainability (Mohammadi et al., 2020; Ayaz et al., 2021). Significant
economic advantages of biochar application are the potential increase in crop yields
and soil health improvement. Improved productivity can convert to profitability for
farmers that making the initial investment in biochar production more attractive
(Mohammadi et al., 2020).

Adoption of biochar in rice cultivation may lead to better livelihoods of farmers,
predominantly in the developing countries where rice is the staple food and a
primary source of income. Enhanced yields and reduced dependence on chemical
fertilizers may have resulted in higher profits for farmers (Bagheri Novair et al.,
2023). Through minimizing the input costs and increasing productivity, biochar
may contribute to food security and economic stability of rural communities.
Implementing of biochar production process and application serves as a substance
for capacity building among farmers to enhance the productivity with improving
the environmental health (Xie et al., 2015). Encouraging the production and use of
biochar in rice-based farming systems needs effective strategies and
encouragements through incentives. Governments and social groups can be able to
encourage the use of biochar through offering the grants for research and
development, financial incentives, and subsidies (Pourhashem et al., 2019).
Moreover, strategies and guidelines have encouraged sustainable agricultural
practices which can make the favorable environment for biochar production. To
maximize biochar production methods, investigate the efficacy of wvarious
feedstocks, and evaluate the long-term effects on rice crop yields and soil health.
Modified rice husk pyrolyzer was introduced by the Department of Agriculture, Sri
Lanka concerning produce the more consistent and quality biochar product than the
Kunthaniya. It had estimated that un-carbonized and incompletely carbonized
portions and the ash portion in the output of Kunthaniya was nearly 11 and 10%
even though both pyrolyzers were able to produce similar quantities of biochar
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(Munasinghe et al. 2018). This modified rice husk pyrolizer can be used as cost
effective and high-quality biochar production in the paddy farming sector.

9. Future research directions

The use of biochar in rice cultivation system is expected to improve soil health,
enhance climate resilience, and support sustainability in the future. In order to
increase rice yield output and resource efficiency, efforts are increasingly focused
on optimizing biochar types and application techniques suited to specific soil and
climatic surroundings (Lehmann et al., 2015). Combining biochar with both organic
and inorganic fertilizers is expected to reduce contamination, improve nutrient use
efficiencies and lower fertilizer requirements in the rice farming sector.
Technological expansions in biochar engineering, including microbe inoculated or
nutrient enriched biochar formulation may support the potential enhancement of
plant health and soil microbial activity in the agroecosystem (Yin et al., 2021).
Application of biochar may also contribute to climate change mitigation by
reducing emissions of CH4 and CO- (Singh et al., 2017). Furthermore, biochar can
enhance the structure of the soil and retention of soil water which is especially
important in paddy farming systems affected by unpredictable rainfall and water
scarcity. Additionally, converting rice residues into biochar helps reduce
agricultural waste and promotes energy efficiency in global circular agriculture
systems (Khater et al., 2024).

10. Conclusions

The substantial potential of biochar as a viable soil amendment to increase rice crop
productivity and address urgent environmental problems has been emphasized in
this review. In rice cultivation system, the application of biochar proved in
improving the physical and chemical properties of the soil, nutrient retention,
acidity and cation exchanging ability, water holding capacity, bulk density which
led to improved crop performance and productivity. Furthermore, biochar assists as
a valuable material for mitigating GHG emissions, immobilizing heavy metals and
encouraging soil health through improved microbial activity and community which
increase the organic matter dynamics. The incorporation of biochar into rice-based
farming not only offers economic assistance through reducing the fertilizer inputs
and increased productivity but also promotes the social benefits through improving
livelihoods and increasing food security mainly in the developing countries where
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rice is the staple food crop. Understanding of the behavior of different feedstock
materials, manufacture procedures, and pyrolysis conditions influenced on
biochar's characteristics may enable tailored applications which maximize the
benefits of assorted agricultural settings. More research and development should
focus on the most effective application methods with proper time and rates of
biochar in rice ecosystems.
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