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Abstract: Climate change is one of the most serious environmental issues and immediate worldwide action is es-
sential to safeguard the earth for future generations. This study examines the use of regenerative biochar in con-
junction with machine learning to assess the potential of carbon in soil for climate smart agriculture. Biochar is cost
effective, practical and environmentally benign and it may be used to efficiently sequester carbon dioxide, methane
and nitrous oxide, all of which are significant Green House Gases. It is reasonably stable form of carbon, produced
by pyrolizing biomass at both high and moderate temperatures. Biochar has been found to increase agricultural
productivity, enhance nutrient and water efficiency and help the environment, in addition to assisting in carbon
sequestration, gives a more productive choice for sustainable agriculture. It includes a vast range of applications,
including construction materials like concrete and asphalt, innovative carbon-based composites, bioplastics, and
even medical applications. The use of new artificial intelligence and machine learning technology contributed sub-
stantially to understanding climate change challenges without wasting time or money. This paper extensively cov-
ers all the regenerative biochar strategies for carbon sequestration and role of emerging technology in measuring
and modelling soil organic carbon in agricultural lands.
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1. Introduction

The rise in greenhouse gas emissions that causes global climate change is one of the most significant environ-
mental problems. Most of these emissions are driven by human activities like forest loss and the burning of fossil
fuels. The consequences have been dire; a notable increase in atmospheric CO, levels has contributed significantly
to therise in global temperatures. The average atmospheric CO, concentration worldwide increased from 279 parts
per million during the preindustrial era to 412 parts per million in 2020 [1]. The productivity and quality of agri-
culture may be threatened by elevated atmospheric CO, levels linked to high soil carbon loss. In order to decrease
the amount of gaseous carbon in the atmosphere and to encourage permanent soil carbon sequestration in order
to build soil carbon stability, it is imperative that research be done and solutions be put into place that success-
fully lower carbon emissions. Therefore, the implementation of climate smart agriculture a combined strategy to
sequester GHGs in order to boost productivity, encourage durability, mitigate climate change, and ease adaptation
has been proposed [2].

Biochar is a solid material primarily derived from biomass, produced through pyrolysis, a thermochemical
process conducted at high temperatures and low oxygen levels. Due to its unique physicochemical characteristics
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and interactions with soil processes, it has recently gained recognition as an effective soil amendment [3]. As the
world moves toward the Fourth Industrial Revolution, technology is being integrated into every aspect of human
activity. Remarkable advancements in technology, comparable to those seen in the First, Second, and Third Indus-
trial Revolutions, are ushering humanity into a new era. Machine learning, in particular, has found applications
across various areas of life, impacting both living conditions and costs. Its potential has also been explored in re-
lation to biochar. In addition to reviewing machine learning and its connection to biochar, efforts have been made
to apply machine learning to various aspects of biochar utilization [4]. The use of Information and Communication
Technology (ICT) in agriculture has facilitated the development of Artificial Intelligence models that contribute to
enhanced agricultural productivity. Biochar is produced from a variety of feedstocks, including wood residues, agri-
cultural byproducts, animal waste, sewage sludge, and food waste, all of which are processed through pyrolysis at
temperatures ranging from 350 °C to 750 °C. The characteristics of biochar depend on several factors, including
the feedstock, hydrothermal treatment, duration of the treatment, and any pre- or post-pyrolysis processes [5]. As
biochar gains recognition as a promising solution for mitigating climate change and enhancing soil carbon storage,
there is an urgent need to address existing knowledge gaps and establish clear research objectives. Biochar has
shown significant effects on plant functions, such as seed germination, growth, flowering, disease resistance, and
stress adaptation. Studies indicate that biochar can boost plant yields by an average of 10% to 42% [6]. Addition-
ally, crop residues left in agricultural fields can serve as an effective strategy for soil organic carbon storage and
sequestration. Practices such as supporting cover crops and conservation tillage offer benefits like nutrient cycling,
reduced surface water runoff, wind erosion control, and improved crop production [7]. Beyond its agronomic ben-
efits, biochar plays a crucial role in mitigating climate change. When added to soil, biochar promotes long-term
carbon sequestration, as its carbon remains in the soil one to two orders of magnitude longer than non-pyrolyzed
organic waste [8]. This collective effort paves the way for biochar to be widely adopted as a sustainable solution
in the fight against climate change [9]. Efficient methods for soil carbon sequestration are essential, and this pa-
per thoroughly explores the regenerative strategies for carbon sequestration using biochar, along with the role of
emerging technologies in measuring, modelling, and managing soil organic carbon in agricultural lands [10]. The
systematic recycling of biochar in the environment has been depicted in Figure 1 [11]. This paper extensively cov-
ers all of the regenerative biochar strategies for carbon sequestration and role of emerging technology in measuring,
modelling and management of soil organic carbon in agricultural lands.
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Figure 1. Systematic recycling of biochar in the environment.
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2. Biochar Production Techniques

A rise in production of biochar has been prompted by a continuously increasing demand for utilizing in many
different uses. Biochar may be generated using thermochemical conversion technology [12]. Pyrolysis, hydrother-
mal carbonization (HTC), gasification, Torre fractionation, and hydrothermal liquefaction are a few examples of
thermochemical conversion processes. Various technologies for production of biomass are shown in Figure 2 [13].
In order to make the best decision, the environmental and economic implications must be analysed. A strong ar-
gument develops when comparing the environmental and economic outcomes. However, only in rural Ethiopia,
Kenya and Vietnam was a win situation for the environment and the economy (net market profits) recorded when
the flame curtain kiln was deployed. There is a trade-off between the other flame curtain scenarios which involve
producing biochar in rural China, Indonesia and Peru and the benefits to society’s environment and the net market
loss for the individual decision-maker (a company or a farmer). Even while Indonesia and Peru have relatively prof-
itable flame curtain kiln places, the net economic loss in all countries is much higher per kilogram of trash when
using gasifiers in metropolitan areas. The effects on the environment and the economy are therefore clearly trade-
offs. Decision making is primarily influenced by the gasifier’'s comparatively high initial investment costs, labour
and operational expenses, and alternative revenue streams [14].

Biochar production techniques
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Figure 2. Different techniques for production of biomass.

2.1. Pyrolysis

Pyrolysis, a thermochemical process, is used to create syngas, biochar and bio-oil from fuel. After heating
biomass to temperatures between 400 °C and 1,200 °C, it is utilized to thermally breakdown under anaerobic cir-
cumstances or in an oxygen poor environment (low stoichiometric oxygen atmosphere). It is a complex procedure
that involves a wide variety of unique reactions in the reacting zone [15]. Another study shows pyrolysis was found
to happen at low temperatures between 250 °C and 900 °C. In higher pyrolysis, heavy chemicals are broken down,
converting the biomass into charcoal or gases [16]. The primary operational element affecting product efficiency
is temperature. Biochar production decreases and syngas production increases as the pyrolysis temperature goes
up [17]. Equation (1) indicates the gas yield, which includes all of the gases released throughout the process.

(C¢HgO0g), = (Hy + CO + CHy + ... + CsHyp) + (H,0 + CH30H + CH3COOH +..) + C (1)

The second section of products’ side shows a variety of liquid outputs, and final part shows solid output. Par-
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ticularly, slow pyrolysis can be used to generate considerable quantities of biochar, whereas fast pyrolysis is more
efficient at generating bio-oil [18]. As a result, the biochar field is leading as the most appropriate in many socioe-
conomic situations. We can create the biochar at all likely scales, ranging from the industrial to the residential level
and even at individual farms. The potential for environmentally friendly production methods and multipurpose
qualities in biochar make it a good fit for meeting the growing need in the areas of soil amendment, sustainable
agriculture, environmental preservation, innovative materials, circular bio economy, and climate change mitiga-
tion. In addition to producing desired biochar materials, a portion of waste biomass that is readily available (such
as agroforestry waste, biomass crops, agricultural residues, mill residues, animal manure, and many more) can be
effectively used in pyrolysis to produce syngas, bio-oil, electricity, and process heat [19].

2.2. Types of Pyrolysis

Temperature, heating rate, and residence time are operating factors that influence pyrolysis. These operational
parameters further divide pyrolysis into six distinct categories. Hydropyrolysis, flash pyrolysis, vacuum pyrolysis,
slow pyrolysis, and quick pyrolysis are a few of these procedures. Each form of pyrolysis offers a few benefits and
draw backs. In solid waste management, pyrolysis has several benefits, such as resource recovery, waste reduc-
tion, and energy production. However, there are limitations as well, including as complexity, complications with
air pollution, the need to dispose of ash, and feedstock considerations. Pyrolysis in solid waste management can
be used to minimise problems and maximise advantages with careful planning, investment, and compliance with
regulations [20]. The characteristics of some biochars are furnished in Table 1 [21].

Table 1. Characteristics of different types of biochar prepared from different natural raw materials and biomass.

Raw Material Temperature (°C) pH SSA (m3 g™1) EC (ds cm™) Total C (%)  WHC (%) CEC (cmol(p*)kg™)
Coconut shell 190-289 9.8 - 1.76 80.45 - 11.79
Rice husk 450-500 7.8 - 0.48 - - -
Cow dung 250-300 8.9 - 1.68 23.53 - 16.75
Corn cab >600 9.7 186 0.0463 82.2 - -
Green waste—leaves, twig 350,450,550 8.4 154 0.0018 75.4

Corn cob 650 9.6 187 0.0463 84.3 -
Water hyacinth 350 8.0 - - - 9.5
Cotton 450 - 0.2 - - - -
Tobacco stalks 500 9.42 - 0.11 79 - 30
0il palm fronds 500 6.55 - 0.21 42 - -
Acacia wood 400 6.3 -

0il palm empty fruit bunches 500 8.9 - 0.41 67 - -
Prosopis wood 450 8.7 - 2.2 - - 9.76
Pinus radiata sawdust 700 9.7 795 0.0154 90 - -

0il palm trunk 500 9.8 - 0.18 57

3. Factors Affecting the Properties of Biochar
3.1. Feedstock

Biomass can be solid or liquid. Biomass is created when living or non-living organisms are used to produce
organic, inorganic, and biological material. Woody biomass and non woody biomass are the two basic divisions
of biomass. Wood biochar tends to be a great tool for recycling nutrients, particularly phosphorus and nitrogen
into plant-available forms, and it performs exceptionally well in raising the amount of plant-available water con-
tent in soil. Ash content typically ranges from 1% to >50%, with higher values observed in manure and agricultural
residues due to mineral enrichment. Increasing pyrolysis temperature generally increases ash content by concen-
trating inorganic constituents such as Ca, K, and Mg. Surface area is a critical property, typically ranging from 10 to
500 m? g1, and may exceed 1,000 m? g~! under activation conditions. Higher temperatures enhance pore devel-
opment, leading to increased surface area and improved adsorption capacity. Feedstock composition significantly
influences pore structure and surface functionality. Moisture content in biochar is generally low (<10%) but varies
with storage and environmental conditions. Excess moisture can occupy pore spaces and reduce adsorption effi-
ciency. Low moisture content improves biochar stability, handling, and performance in environmental applications.
Overall, ash content, surface area, and moisture are key parameters governing biochar reactivity and application
potential. Over time, the overall benefits of applying biochar shift from being abiotic to being biotic since many
of its physical features vanish as it decomposes, but it can strengthen the microbial communities in the soil that
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are essential to soil fertility. In the area of soil, nutrient, and energy management, wood biochar thus represents
unrealized promise because global climate change generates a variety of conditions that harm forest cover [22]. As
determined by one study, there is a direct relationship between the initial sample moisture content and the surface
chemistry of the generated charcoal contrasting the charcoals produced by pyrolysis using samples of hard and
softwood bark [23].

3.2. Residence Time

Residence (pyrolysis time), which is more pronounced at lower temperatures, has been demonstrated to in-
fluence the amount of biochar generated as well as the degree of feedstock carbonization. Increased pyrolysis resi-
dence time results in higher levels of carbonization, which minimizes the amount of potentially dangerous organic
matter and lessen the susceptibility of the biochar to microbial assault [24].

3.3. Biomass Pre-Treatment

It is well known that the properties of biochar are influenced by the pre-treatment of biomass before pyrolysis.
Physical, physiochemical /thermal, chemical, and biological pre-treatments fall under these four broad categories.
Because of the study, the pore size and total pore volume of rice residue biochars are related to their surface area;
that is, the higher the surface area, the smaller the pore size of the biochar, and the larger the pore volume, the
larger the surface area. There was a strong link between the specific surface area and the micropores and iodine
numbers; nevertheless, the biochar iodine numbers were less than their surface areas. The surface area and pore
volume of biochar generally grew as the process temperature increased, peaking at 700 °C, and then decreased as
the temperature increased even higher [25].

4. Biochar Characterization

The essential characteristics of biochar must be identified, and the numerous applications must be predicted,
through physical and chemical characterizations. The properties of each biomass, which include proximate anal-
ysis (ash and moisture content), calorific value, fractions of fixed carbon, volatile components, fractions of lignin,
cellulose, and hemicellulose, inorganic substances, true density, particle size and moisture content, are considered
during the thermal conversion process [26].

Modification of Biochar

Numerous techniques have been employed to modify biochar so that its qualities can be modified for envi-
ronmental purposes. The most popular techniques are chemical, physical, biological, and nano scale modifica-
tion [27]. The major types of modification are changes to acidity, alkalinity, oxidising agents, metal salts, and car-
bonaceous compounds. DigSBiochar was prepared by Burkholderia sp. (patent no _TEMP/E-1/56831/2023-DEL
& 202311062577). Physical modification mainly includes steam and gas purging. Biochar modification which is
shown in Figure 3.

The most common and effective method for long-term CO, sequestration is biological CO, fixation by plants and
microbes. The microorganism involved in CO, sequestration is a mixture of Bacteria and Archaea [28]. There are six
known mechanisms by which microbes can fix CO,, although the Kelvin-Benson-Basham (CBB) pathway is the most
common [29,30]. With the help of the well-known enzymes ribulose-1,5-bisphosphate carboxylase/oxygenase (Ru-
bisco) and carbonic anhydrase 3, the microorganism sequesters CO, through a carbon concentrating process [31].
These bacteria are capable of converting CO, into biomass and bio products such EPSs, polyhydroxyalkanoates, and
lipids, among others [32].

It has been proven that Serratia sp. ISTD04 can sequester CO, and produce products with value added [31].
So we can dope carbon sequester bacteria with biochar for enhancing soil quality. There are many other appli-
cations for biochar, and they are expanding quickly, aside from agriculture, which is probably the most widely
recognised. Biochar has a vast range of applications, including construction materials like concrete and asphalt,
innovative carbon-based composites, bioplastics, and even medical applications. This is all possible while research
and technology continue to evolve, and new use cases are being discovered. Biochar can be produced from vast
amounts of bio-waste; it is becoming more and more popular in developing countries as a fertiliser with improved
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soil characteristics. According to results from ongoing practices, the Modified University of Cape Town procedure
is now the least expensive phosphate capture method in the USA, while material precipitation seems to be the most
cost-effective method throughout the rest of the developed world. For the first time, using broken cellulose cas-
ings which are widely available and becoming more and more abundant worldwide has been recommended. The
sorbent was subsequently activated using calcium chloride (CaCl,), which is a waste of money because it will even-
tually be utilised for agronomic purposes. Pilot scale tests show that this new sorbent can extract 31.8 kg P t~! with
52.5 mg of extractable P L! from sludge water. The most noteworthy discovery is that the novel sorbent efficiently
gathers phosphate, mostly as calcium phosphates (CaP) (191.5 g CaP t™1), which are the most advantageous for
plant feeding [33]. Grass cuttings have long been in excess in many cities. Since many modern technologies have
large acquisition and variable costs, their management is typically financially difficult. It was determined if it is
technically and financially possible to handle mashed cutting of urban green on a commercial scale using the re-
cently introduced concept of anaerobic fermentation followed by continuous pyrolysis. According to an evaluation
of the idea, the anaerobically fermented residue can then be pyrolyzed to produce high-quality charcoal in addition
to biogas. The suggested remedy has been demonstrated to strengthen the economy as a whole [34].
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Figure 3. Types of biochar modification.

5. Persistence and Sequestration of Carbon in Soil
5.1. Soil in Regulation of Climate

The largest reservoir of terrestrial carbon (C) stocks is found in soils, and it plays a role in the “climate regula-
tion” of NCP. It is regulated by emissions and sequestration of greenhouse gases (GHGs), biogenic volatile organic
compounds, and aerosols, as well as biophysical feedbacks (e.g., albedo, evapotranspiration), affecting soils as sinks
and sources of atmospheric carbon dioxide [35]. They are an important part of the global carbon cycle and include
both soil organic carbon (SOC) and soil inorganic carbon (SIC) [36].

5.2. Fundamentals of Soil Organic Carbon

An organism’s faeces, soil microorganisms including bacteria and fungi, decaying plant and animal tissues,
and compounds produced during their breakdown create soil organic matter. Fresh plant remains and humus, a
substance that has been extensively decomposed, both comprise soil organic matter. Organic materials with high
carbon content make up soil organic matter as shown in Figure 4.

For instance, specialized soil fungi called mycorrhizae and the roots of many plants form symbiotic connec-
tions [37]. Carbon is lost due to microbial respiration. Figure 5 illustrates the soil’s loss of carbon [38].
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Figure 4. [llustrates the importance of soil organic carbon in strengthening the physical, chemical, ecological, and
biological properties of soil.

Figure 5. Carbon inputs from photosynthesis and carbon losses from respiration regulate the soil’s carbon balance.

5.3. Soil’s Carbon and Climate Change

There is mounting evidence that the earth’s climate is changing quickly as a result of human activities on going
atmospheric emissions of CO, and other greenhouse gases (GHGs) [39]. Despite the fact that there are many GHGs
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(such as N, 0 and CH4), CO, has the most effect on global climate change due to its widespread growth from the pre
industrial period to the present. Prior to 1850, there were about 280 ppm of CO, in the atmosphere. Most recently,
there were 381.2 ppm and currently that amount has increased annually by 0.88 ppm (3.5 Gt C/yr) (gigatonnes of
carbon per year) [40]. About two thirds of the overall rise in atmospheric CO, is attributed to the combustion of
fossil fuels, with the remaining one third coming from the loss of soil organic carbon brought on by changes in land
use, such as the clearance of forests and the cultivation of land for food production [41].

5.4. Fossil Fuels and Climate Change

Roughly half of the maximum temperature increase caused by burning fossil fuels has already been felt by the
planet; nevertheless, effects like rising sea levels and disappearing glaciers won'’t stop until after 2150. Sustainable
agriculture is essential for food security, and sustainable agriculture necessitates innovative management to guide
the evolution away from heavily depending on inputs from fossil fuels. Famine and social instability will cause a
terrible toll of human suffering if food security is not achieved. Food security at the local, regional, and global levels
is expected to be impacted by climate change due to its potential to disrupt food supplies, reduce availability to
food, and complicate its utilisation. For American food producers and consumers, it is critical to consider how cli-
mate change may impact global food security. Crop residues are a significant and geographically diverse resource
that presents a great opportunity for the development of biotechnologies, the management of natural resources,
the creation of a circular economy, and the mitigation of climate change. The predicted total crop residue output
worldwide was 2.4 Pg C year™! (Petagrams of carbon per year). The projected technical potential for producing
biochar, assuming full utilisation of all residues, is around 1 Pg C year™! (3.7 Pg CO,e year™!) (Petagrams of carbon
per year). Conversely, the potential limited by current uses and harvest losses is 0.51 Pg C year™! (1.8 Pg CO,e
year™1) (Petagrams of carbon per year). This results in significant 100-year carbon storage via biochar in the range
0f 0.36-0.72 Pg C year™! (1.25-2.64 Pg CO,e year™1) (Petagrams of carbon per year), which is comparable to 3% to
7% of the world’s current yearly anthropogenic CO, emissions. The carbon dioxide removal impact of sequestered
carbon is generally the largest contributor to the overall greenhouse gas impact, according to life-cycle assessments
of biochar from crop residue. The carbon dioxide removal potential calculated here offers a strong indication that
biochar from crop residue has the technical potential to play a significant role in mitigating climate change [42].
This study looks at how successful internal and external incentives are in increasing the rate at which Chilean farm-
ers who grow annual crops adopt sustainable agricultural practices (SAPs). While extrinsic motivation is embodied
in an economic incentive to encourage the implementation of SAPs, we use farmers’ attitudes towards sustainable
agriculture practices as a surrogate for intrinsic motivation. The Chilean Ministry of Agriculture is in charge of the
policy programme we examined, which is known as the System of Incentives for the Agro-Environmental Sustain-
ability of Degraded Soils (SIRSD-S). Adopting (1) limited tillage, (2) enhanced fallow, (3) stubble incorporation, (4)
manure use, and (5) compost use were all considered forms of sustainable behaviour. An estimated count model
showed that the adoption of sustainable agriculture techniques was significantly predicted by both motivational
sources and their interaction. The Agro-Environmental Sustainability of Degraded Soils was a major factor in the
adoption of sustainable agricultural practices by farmers who lacked intrinsic motivation, as opposed to intrinsi-
cally motivated farmers who adopted more sustainable practices regardless of extrinsic motivation. Ultimately, it
was discovered that the adoption of sustainable agriculture techniques was positively influenced by the perception
of the risk of soil erosion and the perceived behavioural control over this risk [43].

6. Factors Affecting the Storage of Soil Organic Carbon (Sequestration)

Precipitation and temperature are the main determinants of plant biomass input and subsequent soil organic
carbon breakdown for certain soil types in natural ecosystems. When organic carbon inputs and losses are equiva-
lent, the equilibrium soil organic carbon level can be reached. Management strategies also have an influence on soil
organic carbon turnover rates and equilibrium levels in agricultural systems. With cereal crops typically absorbing
30-50% of the annual fixed carbon as subterranean dry matter and the remaining 50-70% as above and below
ground residues, a considerable portion of the fixed carbon (fixed C) from photosynthesis is lost after harvest. (For
example, root biomass). SOC is governed by numerous variables that intimately interact to contribute to system
stability in agro ecosystems. These factors include the characteristics of the soil, the temperature and precipitation
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of the climate, and the land use and management techniques that are described below [44].

6.1. Soil Depth and Soil Type

The SOClevel fluctuates depending on the depth and kind of soil. Soil organic carbon content commonly falls as
soil profile depth increases. However, depths more than 50 cm can have a high concentration of soil organic carbon.
The relationship between soil organic carbon and soil type is influenced by differences in topography, soil mineral
composition, climate, and management practises [45].

6.2. Soil Texture

The texture of the soil can influence both the quantity of soil organic carbon retained in the soil and the net
mineralization of soil organic matter. Their research revealed that soil organic carbon increased with soil volume
and that clay soils saw the least amount of soil organic carbon loss during agriculture. Increasing soil concentra-
tion increases the carbon holding capacity of the soil. Additionally, increasing the amount of silt also increases
water holding capacity, which creates an interaction between soil texture and climate that regulates ecological pro-
cesses [46].

6.3. Composition of Soil Minerals

The amount of organic carbon stored in soil, how long it takes for it to turn over, and the fluxes of carbon be-
tween the atmosphere and the biosphere all depend on the mineral composition of the soil. Compared to other
cation types, the presence of multivalent cations such as Ca?*, AI3* or Fe3* promotes the formation of organic car-
bon [47].

6.4. Soil pH

The activity of microbial enzymes in the soil (hydrogen ion activity) is controlled by the pH of the soil. Indi-
cating that both hydroxyl and hydrogen ions are inhibitors of microbial respiration, mineralization of soil organic
matter proceeded most quickly at a pH optimal of approximately 6.7 [48]. Decreased soil pH causes an increase
in SOC in natural ecosystems, provided significant carbon inputs are generated, as soil surfaces become more satu-
rated with organic carbon and the pH decreases, soil microbial activity decreases [48,49].

7. Agricultural Management for Soil Organic Carbon Storage and Sequestration

The net balance of organic carbon inputs and losses is reflected in soil organic carbon. Soil carbon storage
can be increased through agricultural management practices that increase carbon input by improving crop yield,
applying external sources of carbon (such as animal manure, compost, and Biosolids), or reducing carbon loss [50].
However, encouraging soil carbon sequestration is a difficult and time-consuming task. The two “gold” principles of
sustainable management practices) increasing carbon stocks (i.e., C inputs) through continuous and abundant car-
bon inputs into the soil; and ii) lowering GHG emissions from the soil (i.e., C losses) must be considered to achieve
soil sequestration. In addition to research and policy changes, national governments and other agencies should
work towards carbon farming together with global initiatives like the Global Soil Partnership and the “4 per 1,000”
Initiative, as well as regional public private partnership initiatives on carbon credits for Regenerative Agriculture
such as Grow Indigo CIMMYT-ICAR in India. This will be essential for South Asia’s soil carbon sequestration pro-
gramme to be successful in combating climate change [51].

7.1. The Role of Biochar in Carbon Sequestration

Carbon sequestration is the term used for the process by which a plant absorbs CO; and stores it in long lasting
stores of plant biomass and soil organic carbon [52]. Among the several methods of carbon sequestration in soil, the
use of biochar is seen to be the most promising one for the long term storage of carbon contained within biomass.
Australia’s natural biochar sink is believed to store roughly 21 million t of carbon dioxide each year. According to
early calculations, atmospheric CO; levels might be returned to levels found before AD 1752 by 2050 if 2.5% of the
world’s agricultural land generated biochar (ideally from effluents for use in topsoil). If slash and burn agriculture
is replaced by slash and char systems, all anthropogenic land use change emissions could be reduced annually by
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12% [53]. The major factors contributing to biochar’s enormous potential for carbon sequestration are its high
carbon content and exceptionally stable form. The general process of carbon sequestration by biochar is presented
in Figure 6. The following characteristics of biochar can be grouped as the process of increased potential for long
term carbon storage by applying biochar to soil. Apart from being a stable and rich form of carbon, biochar also
manages agricultural and forestry waste and increases carbon sequestration rates [54,55].

Figure 6. Phenomenon of carbon sequestration by biochar.

7.2. Land Carbon Sequestration and Biochar

The process by which CO, is taken out of the atmosphere and stored in the carbon pool of the soil is known
as soil carbon sequestration. Biochar, sometimes referred to as biological charcoal, serves as a carbon sink on
agricultural land by removing carbon from the atmosphere. Itis possible to employ biologically inaccessible biochar
to store fixed carbon in soil for a long period of time, allowing it to absorb net carbon from the atmosphere [56].
Additionally, biochar slows water runoff and reduces the demand for fertilizer. The effect of biochar on soil property
is shown in Table 2. Every year, 30 giga t of carbon are removed from the atmosphere by agriculture, but 30 giga t of
carbon are also released back into the atmosphere as plants die, so there is no net change. When biochar is combined
with compost, soil, and plants, it recovers and stores a significant amount of carbon in the ground, resulting in a
sustained and significant decrease in atmospheric GHG levels [57]. Biochar also reduces the need for fertilizer and
increases agricultural productivity in marginal soils. And because biochar acts like a sponge, it drastically reduces
runoff, (which helps rivers, streams, and oceans, and reduces the need for petrochemical fertilizers) [58].

Table 2. Quantitative effect of biochar on various soil parameters and its impact on crop productivity.

S.No.  Biochar (Raw Material and Dose) Parameter Impact
1 Biochar from green waste applied @ 5t ha ! Fertilizer use efficiency 10%-30% increased
2 Biochar from plant biomass @ 10 to 120 tha™? Biological nitrogen Fixation ~ Increased at 10 tha™' and decreased at 120 tha™!
3 Conifer charcoal and hard wood charcoal @ Soil moisture retention 18% increase in sandy soils and 11.1% decrease in clayey soils
0%-45% Volume
4 Acacia mangium bark biochar @ 10 L m™ Arbuscular Mycorrhizal Increased up to 42%
fungi
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Table 2. Cont.

S.No.  Biochar (Raw Material and Dose) Parameter Impact

5 Mesquite biochar @ 10% Porosity Increased up to 12%-40%

6 Tobacco stalk biochar @ 1 t ha™! Nutrient leaching Slow N and K leaching in light textured soils

7 Mangrove biochar application @ 10 t ha™! in Methane emission 21.1% decreased in first season and 24.9% decreased in the

rice crop second season

8 Biochar (Meta-analysis) Cation Exchange capacity Increased by 45%

9 Municipal bio-waste biochar @ 10 wt% Emission of nitrous oxides Reduced by 89%

10 Biochar from cacao shell, oil palm @ 30 t ha™! Liming effect pH of soil of Cacao shell biochar increases by 0.5 units, 0.05 units
increase of oil palm shell biochar and 0.04 units increase of rice
husk biochar.

11 Biochar from Eucalyptus wood, bamboo, and Alimunium toxicity Decreased soluble Alimunium

rice husk @ 5-20 t ha™'

7.3. Biochar and Climate Change

Biomass typically has a carbon content of 45-60% and an oxygen content of 35-40%. Hydrogen, nitrogen, and
tiny amounts of minerals make up the remaining elements. A considerable amount of carbon dioxide is emitted
into the atmosphere when biomass deteriorates or is burned, which contributes to the adverse effects on the cli-
mate and may be prevented by making biochar instead [39]. In a reference system devoid of biochar, plants absorb
CO, from the atmosphere through photosynthesis, and when they break down fixed carbon in the soil, they release
it back into the environment. Nitrous oxide, a potent GHG, is another form of reactive nitrogen that escapes from
soil and enters the atmosphere [59]. Finally, the generation of bio energy in conjunction with fossil fuels during
the pyrolysis process can eliminate the need for those fossil fuels (seen on the picture as a net reduction in atmo-
spheric CO,) [60]. A potent tool for addressing the climate emergency is biochar. This enables a decrease in global
fossil fuel usage and may be a sustainable method of lowering greenhouse gas emissions in industrialized nations.
Crop yields rise because of the usage of biochar enhances the physical, chemical, and biological qualities of the soil.
Table 3 provides the quantitative impact of biochar on crop output. Biochar application improved the seed germi-
nation, root density and crop yield [36]. The high porosity of biochar may improve the overall physicochemical and
biological characteristics of supplemental soils. The enormous porous surface area of biochar may serve as an indi-
rect barrier to microbe survival, while the organic compounds it has absorbed may promote the growth of bacteria
and fungi [61]. The Intergovernmental Panel on Climate Change (IPCC) clearly said in its August 2021 report that
deforestation is directly responsible for the decade-long increase in CO, levels in the atmosphere, a surge that is
unmatched in the previous two million years. As carbon sinks, forests remove harmful carbon from the atmosphere
and use photosynthesis to convert it to biomass. Reforestation can address other environmental problems includ-
ing soil erosion and barren land while also mitigating the effects of climate change. A global effort will be needed
to establish enough tree cover to have a significant impact on rising temperatures. Promising projects have been
initiated by governments, business organisations, and local communities worldwide. For instance, 1t.org wants to
plant one trillion trees with the help of communities all around the world. This would reduce global emissions by
about 33%, which is what is needed to reach the targets set forth in the Paris Agreement. This organisation uses
crowdsourcing, scaling plans, and multi-stakeholder dialogues to encourage, mobilise, and enable companies to
fulfil afforestation commitments.

Table 3. Quantitative effect of biochar on crop yield, productivity and effects.

SNo Crop Biochar Source and Dose Soil Properties Effect

1 Wheat & Corn 5-20 tha™t Sandy loam Yield of wheat and corn will increase

2 Radish 0-2.5tha™! Loamy sand Boost the production of dry matter

3 Soyabean Oak tree, 10 tha™! Loam Valuable dry matter production increase

4 Onion Softwood, 29 & 58 t ha™! Sandy Loam Effect of biochar on crop is neutral

5 Cucumber Litchi branch, 10-30 t ha™* Acidic red soil Positive effect on crop yield

6 Tomato Conocarpus, 0%-8% w/w Sandy soil 14%-43.3% yield increase

7 Cherry tomato Wastewater sludge, 10 t ha™* Chromosol 64% increase in yield due to use of biochar while, in combination of
biochar and fertilizers, yield increased by 97% as compared biochar
alone.

8 Rice Wood residues, 0-16 t ha™? - Use of biochar without N fertilizers reduced in yield of soils.

9 Durum wheat Coppiced woodlands, 30 & 60 t ha™* Silty Loam Yield increase upto 30%

10 Mung bean 0-100 tha™* - Higher grain yield of 4.2 g/pot obtained at 25 t ha™*
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8. Emerging Technologies for Measuring Soil Organic Carbon in Agricultural Lands

Knowing the magnitude of the carbon pool and its ability for utilization as a carbon sink is therefore of utmost
relevance given the rising concern about the effects of agriculture on the environment and the need to look for ways
to decrease these impacts through carbon sequestration. Agricultural soils need to sequester more carbon; hence
there is a need for accurate monitoring and measurement techniques [62]. The problem, however, is that monitor-
ing soil organic carbon stock and monitoring carbon transfer are difficult tasks. Artificial intelligence has received a
lot of attention recently as one of the key tools for efficient and successful data analysis. The number of publications
and citations related to the use of Artificial Intelligence and machine learning in the context of agriculture and soil
carbon measurement has increased [63]. A comparison of the number of articles and citations related to Artificial
Intelligence and ML in agro technology between 2010 and 2021 is shown in Table 4. Farmers have the chance to
manage fields and evaluate soil health more effectively and with fewer resources through the use of data driven
software powered by Artificial Intelligence. This is especially important when working to promote carbon seques-
tration on agricultural lands as understanding the changes taking place within an ecosystem depends on having a
source of reliable and accurate data [64].

Table 4. A comparison of the number of articles and citations related to Al and ML in agro technology between
2010 and 2021.

Keyword Search Publication Citation

2010 2020 2010 2020
Machine learning and Remote sensing 5,866 47,550 73,257 692,907
Artificial Intelligence and Agriculture 4,405 33,405 54,666 316,358
Machine learning and SOC 9,693 79,800 211,518 1,493,427
Machine learning and Hyper spectral imaging 564 7,957 6,851 131,008

8.1. Remote and Proximal Soil Sensing

A greater understanding of soils is required at ever higher resolutions. As an alternative to analytical obser-
vations, full geographical data regarding soil parameters like soil organic carbon may be collected using remote
sensing (RS) and proximal soil sensing (PSS). Hyperspectral data from images has been found to be an efficient
data source for monitoring, describing, and mapping soil organic carbon geographical variability. Sensors tend to
be put on various carrying platforms for efficient in field measurements. Each sensor that connects with a specific
system uses hyperspectral imagery to collect information [63]. Hyperspectral imaging is said to be more accurate
than multispectral imagery. Hyper spectral sensors can concurrently collect thousands of considerably smaller
bands (10-20 nm), making them more sensitive to minute changes in reflected energy. In contrast to multispectral
photography, which captures electromagnetic radiation using just 3 to 10 larger wavebands, multispectral sensors
may simultaneously collect thousands of smaller bands. But both multispectral and hyperspectral sensor photogra-
phy have their own limitations, thus determining the best platform depends upon the requirements of the work [65].
Table 5 below provides a summary of the advantages and drawbacks of multispectral and hyper spectral pictures
based on the appropriate sensor platform. Other difficulties with using optical images for estimating soil carbon
concentration, as well as methods for solving those using different Al algorithms, have been explored and will be
discussed in more detail in below [66].

Table 5. Each sensor platform’s benefits and drawbacks for multispectral and hyperspectral imaging.

Imagery Platform Advantages Disadvantages

Short revisit time
Higher data archive

Requirements for geometric, atmospheric correction
Impact by sun illumination

Multi-spectral Satellite Accessing of remote areas Affected by cloud coverage
Auxiliary data provision Low signal ratio due to a short
Readily available Integration time
. . High accuracy . Low temporal resolution
Proximal .

Cost effective Not suitable for large area

Limited flight timing

Legal constrict for the flights

Technically demanding processing of information
High operational complexity

Hyper-spectral
ypersp . High spatial resolution

Airborne . Give information for impassable areas
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8.2. Modern Applications of Artificial Intelligence

Precision agriculture could benefit from machine learning. Precision farming involves tracking and detecting
crops that require maintenance. These methods include weed and disease detection, soil, and plant health moni-
toring, over irrigation prevention, and water conservation. and can get information about how to grow and harvest
crops. In agroforestry, ML tracks the health of forests and peat lands and forecasts the probability of fire. Figure 7
below indicates the wide range of Al uses in modern agro technology which promotes the growth of the field as a
whole [67].
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Figure 7. Main impact of biochar on greenhouse gas fluxes and carbon capture and utilization.

8.3. Artificial Intelligence for Soil Carbon Estimations and Monitoring

Agriculture 5.0 is a concept in which data driven agriculture combined with integrated robotics and artificial
intelligence helps in the use of technology requiring precision farming practices and unmanned operations and au-
tonomous decision support systems. Five main steps are involved in crop management and smart choices on farms
that follow the agriculture 5.0 philosophy shown in Figure 8. With the use of nearby and remote sensors, the data
of area is initially generated from the crop and soil [68]. A promising method to measure soil organic carbon con-
centration and estimate soil organic carbon stock with better accuracy and lower costs is the integration of remote
sensing and machine learning. To meet the demand for precise soil organic carbon measuring methods as we move
towards sustainable agriculture practices, this trio of cutting-edge technology provides quick, easy, and affordable
solutions. In addition to improving our knowledge of the dynamics of soil organic carbon, this integration encour-
ages sustainable land management techniques that support agricultural productivity and environmental care [69].

A variety of monitoring functions, such as crop health analytics and current and predicted weather, can be
carried out by different kinds of satellites. Drones versus satellites, when flying low, can identify pest species and
crop disease symptoms. Drones and satellites both cover large areas and are independent of wind and rain. For
this reason, space-retrieved imagery may be less expensive when great precision is not required. Every technique
has benefits and drawbacks when used. Therefore, wherever possible, combining drones with satellite imagery is
the best and most economical course of action. The development of artificial intelligence and machine learning soil
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carbon modelling may either excite and enthral us with the beauty of machine-generated soil carbon data, maps,
and models that we believe will have a significant impact on carbon science and how it is applied in carbon policies,
carbon crediting, and carbon management, or it may make us feel confused, helpless, and meaningless because
only the machine knows. The hazards include human manipulation (i.e., how the model is tweaked and fitted) and
misuse of Al-generated soil carbon hyper reality are possible [70]. Artificial Intelligence is a family of technologies
rather than one. Increased output and productivity in sectors like agriculture, food production, and other logistics
could result from using Al to support efforts to end hunger. One example is Farm View, which combines robots, Al,
and sensor technologies to enhance crop management and plant breeding. It was created by Carnegie Mellon Uni-
versity Al researchers. In developing nations where there is the most need, this research focuses on crop varieties
like sorghum, an African grain that can withstand heat. Al can also be used to create more accurate indicators of
the distribution of poverty, its rate of spread, and the best places to deploy resources. For example, a research team
located in the US is estimating consumption spending and asset richness in African countries by superimposing
high-resolution daylight photographs over night-time images and applying machine learning algorithms [71].

a i }'
M Reducing deforestation

Precision agriculture

Managing Forest fire

-
F

Farmland

Automatic afforestation

Monitoring Peatlands
Estimating carbon stock

Figure 8. Shows how Al is being used in numerous agro technology sectors.

8.4. Post Measurement Data Processing and Prediction

According to past research, a few soil examinations have already incorporated Al and statistical approaches
with effectiveness. Decision trees and artificial neural networks are illustrations of supervised learning techniques
that employ past data to establish links between contributing elements. Once these methods are trained, they can be
used with new, pre-screened input data to generate estimates of organic carbon concentration [23]. It has proven
challenging to determine the amount and regional distribution of soil organic carbon. To establish if soil carbon
sequestration may have a measurable influence on climate change mitigation, such information is required [72].
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Therefore, the research created an ML based data driven statistical model that utilises an extensive dataset of spa-
tially specific environmental variables and a worldwide compilation of soil organic carbon profile observations to
determine the overall effect of changes in land use on soil organic carbon at globally [73]. The model identified
important locally based techniques of soil organic carbon loss that corresponded to some of the major agricultural
producing fields and demonstrated a serious loss of soil organic carbon during the preceding 200 years [74].

According to the results, the main variables for topsoil SOM predictions in the study’s predictive models in-
cluded climatic and topographical conditions, remote sensing reflectance, and vegetation indices

9. Steps towards Smart Agriculture

Biochar is an organic material that has been burned. Biochar is described by the International Biochar Initiative
as “a solid material obtained from the thermochemical transformation of biomass under oxygen limited conditions.”
Biochar is produced by gasifying, pyrolyzing or dry carbonizing biomass in both solid and liquid forms. Biomass is
created through hydrothermal carbonization under pressure. In this procedure, the feedstock is broken down by a
number of concurrent liquid phase processes, such as hydrolysis, dehydration, decarboxylation, aromatization and
condensation, which reduces the feed’s oxygen and hydrogen contents [75]. Despite all the advantages that biochar
may offer, adding it to agricultural soils is controversial. The yield of the major crops must be improved to fulfil the
rising food demand. Additionally, some modification was carried out on biochar using feedstock sewage sludge &
agricultural waste. Despite the fact that the biomass feedstock used to produce biochar and DigSBiochar both con-
tain cellulose, hemicellulose, and lignin and the char solid products’ physical and chemical properties are noticeably
different [76]. For example, DigSBiochar has H:C and O:C ratios that are higher than biochar and nearly natural coal.
The different reaction mechanisms, production methods and operational environments are to blame for these varia-
tions in the physicochemical characteristics of the chars. The possible applications of chars in many domains, such
as adsorbent materials, vary depending on their distinct features [77]. DigSBiochar, for instance, has a high ca-
pacity for pollutant adsorption because it contains acidic functional groups available on its surface. DigSBiochar’s
porous structure may be improved by raising temperature and residence time, which expands the material’s po-
tential for usage as an adsorbent. The utilization of Burkholderia sp. ISTR5, gasification, HTC, pyrolysis and the
addition of calcite based nano bio composite had a substantial impact on the parameters of the biochar, including
yield, fixed carbon and oxygen content, and pore size distribution [5]. The in situ loading of metal nanoparticles on
DigSBiochar materials reveals advantages by minimizing the duplicated reactions and impurities by using alternate
decreasing agents [78]. Human nourishment comes exclusively from agriculture. Since fossil fuels power the major-
ity of farm equipment, they accelerate climate change by adding to greenhouse gas emissions. By encouraging the
use of renewable energy sources including solar, wind, biomass, tidal, geothermal, small-scale hydro, biofuels, and
wave-generated power, such environmental harm can be lessened. For the agricultural sector, these renewable re-
sources hold enormous promise. Subsidies should be offered to farmers to stimulate the usage of technology related
to renewable energy. Human nourishment comes exclusively from agriculture. Since fossil fuels power the major-
ity of farm equipment, they accelerate climate change by adding to greenhouse gas emissions. By encouraging the
use of renewable energy sources including solar, wind, biomass, tidal, geothermal, small-scale hydro, biofuels, and
wave-generated power, such environmental harm can be lessened. For the agricultural sector, these renewable
resources hold enormous promise. Subsidies should be offered to farmers to stimulate the usage of technology
related to renewable energy. using natural resources more than the environment can sustainably offer is the objec-
tive of sustainable development. It is important to take into account every aspect of sustainability, especially as it
relates to increasing soil carbon sequestration. The Sustainable Development Goals (SDGs) of the United Nations
were established in 2015 with sustainability as their central subject. The 17 Sustainable Development Goals (SDGs)
represent an urgent appeal for all nations to join forces in an international partnership to address climate change,
combat inequalities, stimulate economic growth, and improve health and education. Because of this, we shall at-
tempt to establish, within the framework of sustainable development, a world with no land degradation.” SDG 15.3
on land degradation neutrality (LDN) was adopted by the UN General Assembly in September 2015. The goal is to
“by 2030, combat desertification, and restore degraded land and soil, including land affected by drought and floods,
and strive to achieve a land-degradation neutral world.”
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10. Future Approaches

Biochar, carbon rich, stable by products of the thermal cracking of biomasses in an oxygen free environment,
is produced. A current problem that requires updated study is the hasty development of engineered biochar syn-
thesis through various technologies and their use in the fields of energy and environment [79]. The main issues
affecting society and economic activity and posing a serious danger to the environmental sustainability are the
growing concentration of hazardous waste and the need for more energy globally [80]. In order to reduce environ-
mental contaminants, direct interspecies electron transfer (DIET) in anaerobic digestion (AD) can be accelerated
by adding biochar as a supplement, as a way to increase the process’s buffering capacity, and as a catalyst and/or
catalytic support in bio refineries [81,82]. Due to its superior adsorption ability, biochar’s exposed pores effectively
reduce the release of methane (CH,) while the composting process developed [83]. Engineered biochar has a high
porosity, which makes it a superior greenhouse gas (GHG) sink [84]. Use of biochar for specific purposes, such as
soil conditioning and fertilization, promoting plant growth, removing pollutants, reducing GHG emissions, storing
carbon, and as a catalyst or catalyst in bio refineries and ADs of environmental wastes. Acting as a support has been
the theme among many recent reviews [85]. Therefore, reusing and recycling environmental trash to create greener
goods and expanding its usage in sustainable bio refineries and environmental management might result in a win
situation [86]. Agro industrial effluents (AIE) from bio refineries have high chemical oxygen demand and dye con-
centrations released into the environment [87]. Treatment of these effluents is an environmental problem because
of the sizeable quantity of contaminants they contain, the volume they create, and seasonal changes. The effluent
thus poses a major hazard to the environment when released without getting adequate treatment [88]. Biochar is
the perfect support material for bio sorbent because of its distinct physical and chemical characteristics. Therefore,
developing hybrid bio sorbent from agro waste and effluent materials may make it feasible to fulfil environmental
sustainability goals through the redirection of agro waste to establish circular economies [89]. An efficient method
to fabricate calcite based Nano bio composite materials by DigSBiochar with help of Burkholderia sp. ISTR5 for a
self-sustainable system for transferring waste into wealth (Patent no: TEMP/E-1/56831/2023-DEL). A novel com-
position of biochar biosorbent, named DigLBiochar, generated from agricultural waste (patentno: 202311062577)
is reported. By using all methods, we can reuse our waste and enhance crop production and goes towards climate
smart agriculture and for various type of environmental application. The research has found the plentiful availabil-
ity of renewable energy sources in agriculture through an exploration of different sources, including solar, biomass,
wind and geothermal energy. Reducing greenhouse gas emissions, increasing energy efficiency and advancing sus-
tainability in food production are all potential benefits of switching to alternative energy sources for energy man-
agement in agriculture. We can contribute to a more resilient and sustainable agriculture sector that ensures food
security, mitigates climate change and fosters overall sustainable development by advancing energy management
methods and encouraging the use of renewable energy in agriculture. Numerous advantages of using renewable
energy in agriculture were covered throughout the review. Reduced reliance on fossil fuels, financial savings from
better energy efficiency, heightened energy security, and improved environmental sustainability are a few of these.
Furthermore, the resilience and self-sufficiency of rural communities can be enhanced by the integration of re-
newable energy systems into agriculture, particularly in developing nations with inadequate energy infrastructure.
Combining renewable energy with current agricultural practices especially manual ones needs more capacity build-
ing (to maintain drip irrigation systems, for example), as well as marketing and access to markets for new products
and higher yields for already produced goods [90].

11. Conclusions

To address climate change and ensure the well-being of environment, including human populations, current
traditional soil management practices need to adapt. The European Union’s objective of having 75% more healthy
soils by 2030 can be achieved by implementing soil regenerative methods, which have several potential advantages,
including soil organic carbon sequestration. Biochar has the potential to be an effective method for sequestering
carbon in soil. Its capacity to strengthen carbon storage, ameliorate greenhouse gas emissions, and improve soil
characteristics is obvious. Long-term carbon sequestration appears possible due to the stability and persistence
of carbon in soils treated with biochar, albeit this depends on several conditions. Context-specific assessments are
necessary due to the complex relationships between biochar and soil processes, which are influenced by soil type,
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climate conditions, and unique features of biochar. Biochar has the potential to significantly contribute to carbon
sequestration and the role of emerging technologies in measuring and modelling soil organic carbon in agricultural
areas, provided that policies are implemented appropriately, and knowledge is disseminated, and capacities are
built. In that context, a wide range of studies has been carried out and highlighted the use of artificial intelligence
and machine learning as a key enabler for soil properties applications due to their low cost and spatial coverage. Re-
generative agriculture can help transform the industry from one of the main sources of anthropogenic greenhouse
gas emissions to one that provides ecosystem and health benefits to all of nature, including humans, by implement-
ing these practices and meticulously recording the results for biodiversity, soil, and other objectives.
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