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a circular framework to augment
CO2 sinks and to combat climate change
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Addressing the climate crisis is one of themost pressing issues of our time. Confronting climate change and

meeting the 1.5 °C target set by the Conference of Parties (COP 28) requires the implementation of long-

term carbon-sink measures. Carbon farming (CF) is a scalable, cost-effective, and efficient approach to

achieving negative emissions that aligns with the larger goals of sustainability and climate resilience. CF is

a carbon management system that facilitates the accumulation and storage of greenhouse gases within

the Earth's systems. Notably, one-third of the Earth's land is used for crops and grazing, creating

a significant opportunity to capture atmospheric CO2 and convert it into soil organic carbon (SOC). CF

enables to establish a mechanism for sequestering carbon in long-term storage forms by improving soil

health and agricultural output in the framework of nature-based solutions (NBS). In the midst of growing

global efforts to combat climate change, the implementation of sustainable agriculture and soil

conservation services (SCS) via ‘carbon farming’ is emerging as a critical approach to addressing

environmental issues and promoting a resilient future. Voluntary participation in future carbon offset

markets may provide incentives for this approach.
Environmental signicance

The surge in economic activity and consumerism following industrialization multiplied the demand for materials, putting enormous stress on the Earth's
system resilience. A fundamental shi is required to meet the Paris Agreement's 1.5 °C target in the context of net-zero emissions within the timeframe allotted.
Given the interconnectedness and interdependence of ecosystem services, adopting a nexus approach is critically important to address climate change using
natural carbon-sink resources like wetlands, oceans, and forests. Soil is an oen overlooked and underutilized tool in the ght against global warming. Carbon
farming strategically augments the natural carbon sinks and bears signicant environmental importance through advancing sustainability. By incorporating
nature-based solutions (NBS) and circular carbon economy (CCE), carbon farming can present a concrete and effective approach to addressing the critical issues
of climate change and environmental degradation, beneting both current and future generations. Practical viability and scalability are functional advantages of
carbon farming that make climate change mitigation more affordable while also addressing sustainability.
1. Introduction

The swi transformations occurring within the Earth's system
are eroding essential life-sustaining processes, resulting in
noticeable repercussions for society, and have the potential to
activate tipping points that could irreparably disrupt the Earth's
stability.1 Planetary boundaries pertain to climate change,
particularly focusing on carbon dioxide (CO2) emissions and
other greenhouse gases (GHGs). Beyond a temperature increase
of 1.5 °C or 2.0 °C, there is an increased risk of initiating tipping
points that could endanger global carbon sinks and disrupt the
boundaries of the Earth's systems (ESB).1 Soil contains
a signicant portion of the Earth's terrestrial carbon, with
a total carbon content of approximately 3170 GT.2 Within the
ces Lab, Department of Energy and
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top 3 meters of soil are 2500 GT of carbon, comprising 1550 GT
of soil organic carbon (SOC) and 950 GT of soil inorganic
carbon.3 Notably, this soil carbon pool is 3.3 times larger than
the atmospheric carbon pool, which contains 760 GT.4 The
transformation of natural ecosystems into agricultural land has
led to a reduction in SOC levels. This change resulted in the
release of 50 to 100 GT of carbon from the soil into the atmo-
sphere since the start of the industrial revolution in 1950.5

The Earth's climate is undergoing rapid transformations due
to ongoing human-induced emissions of CO2 and other GHGs
into the atmosphere.6 Among various GHGs (e.g., N2O and CH4),
CO2 stands out as the primary driver of global climate change
due to its substantial increase from preindustrial times to the
present. Specically, atmospheric CO2 concentrations have
surged from approximately 280 ppm before 1850 to 417 ppm in
2023.7,8 Furthermore, there has been a consistent annual
increase of 0.88 ppm (equivalent to 3.5 gigatons of carbon per
year).9,10 Most of this overall rise in atmospheric CO2 is attrib-
uted to the burning of fossil fuels, accounting for about two-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 CO2 emission from land use and land cover change (LULCC; all numbers are in Pg C units).
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third of the increase. The remaining portion of the increase is
linked to the loss of SOC due to changes in land use, such as
deforestation and crop cultivation.11 According to the Food and
Agriculture Organization,12 approximately 25% of global GHG
emissions result from forestry, agriculture, and changes in land
use (Fig. 1). Over the last 12 000 years, the expansion of farm-
land has resulted in the release of approximately 110 billion
metric tons of carbon from the surface stratum of soil.13,14 This
is roughly equivalent to the carbon emissions produced by the
United States over 80 years. While agricultural lands typically
contain lower levels of soil organic carbon compared to natural
landscapes, agriculture possesses the potential to become
a signicant contributor to negative emissions.15,16 Adopting
enhanced agricultural methods, it's projected that soils could
capture approximately 20 petagrams of carbon (20 Pg C) over
a span of 25 years. This amounts to more than 10% of the global
anthropogenic emissions.17

Carbon farming (CF) is a system of carbon management that
helps to accumulate and store more greenhouse gases in land
instead of releasing those gases into the atmosphere.16 It
encompasses a broader range of sustainable agricultural prac-
tices such as agroforestry, cover cropping, rotational grazing,
minimizing chemical fertilizers, and reducing tillage.18–20 These
practices aid in trapping CO2 from the atmosphere, storing it in
either the soil or plants, while also offering additional advan-
tages such as enhancing soil quality and disease resilience,
reducing erosion, and boosting productivity.21,22 SOC serves
a crucial role in responding to anticipated changes in land use
and climate by acting as both a carbon sink and a means of
© 2024 The Author(s). Published by the Royal Society of Chemistry
reducing future CO2 emissions. Due to the signicant potential
of SOC in agricultural soils for generating negative emissions,
there is a growing interest from both governments and the
private sector in encouraging farmers to adopt cultivation
practices that enhance carbon sequestration as part of broader
climate change mitigation strategies.23,24 The new EU Soil
Strategy 2030 aims to implement measures for increasing soil
organic carbon (SOC) stock to achieve land-based climate
neutrality in the EU by 2035 and to contribute to a climate-
neutral Europe by 2050. Research has revealed that each land-
based method for removing CO2 from the atmosphere
contributes positively to various aspects of nature's role in
supporting human well-being and the achievement of sustain-
able development goals.25 This review centers on the possibili-
ties and obstacles associated with adopting carbon farming and
regenerative agriculture to pursue the Paris climate target.
2. Soil carbon cycle

Soils rank among the Earth's most signicant carbon reservoirs,
second only to the hydrosphere,26 which accounts for almost two-
thirds of the worldwide soil carbon content. SOC is produced by
decaying plants, fungal and bacterial development, and the
metabolic activities of living organisms (Fig. 2),27 while soil
inorganic carbon (SIC) comprises carbon found in mineral forms
such as calcium carbonate (CaCO3), magnesium carbonate
(MgCO3), and calcium-magnesium carbonate (CaMg(CO3)2).28

Climate change has notable effects on SIC, with changes in soil
pH being a prominent outcome. The rise in atmospheric CO2
Environ. Sci.: Adv., 2024, 3, 522–542 | 523
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Fig. 2 Carbon dissociation in the environment.
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results in the release of carbonates into the atmosphere, conse-
quently lowering soil pH.11Currently, 30% of CO2 emissions from
fossil fuel combustion are transferred from the atmosphere to
terrestrial ecosystems through a net carbon ow, corresponding
to approximately 3.1 Pg per year.29 Increasing temperatures and
heightened soil moisture levels can potentially enhancemicrobial
activity, speeding up the breakdown of SOC and consequently
resulting in increased soil respiration rates.30 Additionally,
elevated temperatures may bring about changes in the chemical
composition of soil organic matter, leading to the buildup of
microbial carbon at the cost of plant lignin when microbial
processes are stimulated.31–33 This constructive carbon-climate
feedback mechanism could accelerate global warming by
releasing more CO2 into the atmosphere. However, in regions
experiencing prolonged heavy rainfall and high soil wetness,
oxygen availability in the soil can become restricted, creating
anaerobic conditions that slow down soil respiration.34 Droughts
might add O2 to anoxic soils and encourage microbial carbon
oxidation in these wet habitats.35

Peatlands and wetlands, characterized by their substantial
soil carbon content, are particularly susceptible to drought
stress.36,37 The uncertainty surrounding the inuence of warm-
ing on soil carbon reservoirs stems from the delicate balance
between climate-induced growth in carbon originating from
plants and the breakdown of soil organic carbon.38,39 In warmed
subarctic grasslands, for instance, carbon loss may be limited to
the topsoil,39 but in a conifer forest, it may extend to the
subsurface (with a loss of between 33% and 11% aer 4.5 years
of warming).40 Permafrost regions are particularly susceptible to
warming and are expected to face more signicant temperature
524 | Environ. Sci.: Adv., 2024, 3, 522–542
increases due to climate change. These regions store substantial
additional carbon, approximately 1460–1600 Pg C.41 Thawing
permafrost can result in massive carbon emissions into the
atmosphere, accelerating climate change. According to projec-
tions for the 21st century, warmingmay cause the top onemeter
of soil to lose 190 Pg of soil carbon and the overall soil prole to
sustainably increase CO2 outow by 30 to 40%.38

2.1 Soil nutrient cycle

Notably, the availability of nutrients, especially N and P,
impacts how much carbon is lost due to increasing tempera-
tures, creating intricate feedback loops. Denitrication is
crucial in moist environments brought on by ooding or
permafrost thawing because it can release N2O.42 It is a potent
GHG with a global warming potential 300 times higher than
that of CO2 over 100 years.43 The escalation of N2O emissions
will exacerbate the adverse effects of climate change, worsening
an already dire situation. Flooding-related fertilizer and soil
runoff could worsen aquatic ecosystem eutrophication and
impair drinking water quality. As extreme weather events occur
more frequently, pollutants are also remobilized through runoff
from agricultural elds with pesticide-contaminated topsoil
and river sediments during ooding.44 Exposure to organisms
containing these bioactive compounds will harm biodiversity
and encourage pesticide resistance.45

2.2 Plant biomass – carbon stocks (green carbon)

Green carbon refers to the carbon sequestered through photo-
synthesis and stored in natural forests. Organic matter origi-
nating from plant residues is vital in sustaining soil health. It
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Terrestrial and phytomass carbon pool by the IPCC climate region

IPCC climate region
Total SOC
(Pg C)

Phytomass carbon
(Pg C)

Terrestrial carbon
pool (Pg C) Reference

Tropical wetland 310–360 Mg h−1 at a
soil depth of 0–50 cm

140 268 56

Tropical montane 149 Mg h−1 40 96 57
Tropical dry 64 Mg h−1 at a soil

depth of 0–50 cm
42 178 58

Tropical moist 150 151 302 59
Warm temperate dry 78 24 102 60
Warm temperate moist 63 28 91 60
Cool temperate dry 102 9 111 61
Cool temperate moist 210 28 238 61
Boreal dry 69 5 74 62
Boreal moist 356 23 380 62
Polar dry 12 0.5 12 63
Polar moist 52 2 54 63
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dictates the soil structure and porosity while facilitating the
gradual release of water and nutrients to plants through the
actions of soil biota.46 Around 450 gigatons (Gt) of carbon are
sequestered within terrestrial biota, and mostly stored in plants
(Table 1).47 The primary mechanism for carbon exchange
between the atmosphere and terrestrial ecosystems revolves
around plants absorbing roughly 123 GT of CO2 annually
through photosynthesis. Out of this, around 3 GT annually can
be attributed to human activities. Higher plants, algae, and
cyanobacteria perform oxygenic photosynthesis by harnessing
photon energy. This process not only helps to reduce atmo-
spheric CO2, but also provides essential food and oxygen to
sustain aerobic life on Earth. The carbon xation abilities of
terrestrial plants differ depending on factors such as the effi-
ciency of their photosystem complexes, enzymatic processes,
and their responsiveness to environmental cues.48,49 C4 plants
demonstrate greater water efficiency, reduce photorespiration,
and can sustain elevated rates of photosynthesis and CO2

assimilation compared to C3 plants, especially under intense
light and high temperature conditions. For instance, Fagus
sylvatica boasts the highest CO2 capture rate, achieving an
annual carbon sequestration rate of 4.9 tons per hectare per
year (t per Cha per year). By 2050, between 0.5 and 5 gigatonnes
of CO2 could be absorbed, with an estimated cost ranging from
USD 60 to USD 160 per ton.50 Regarding urban trees in India,
they have shown a carbon sequestration rate ranging from 0.04
to 0.23 kilograms of carbon dioxide (CO2)/m

2 per year, with an
average rate of approximately 0.12 kilograms of CO2 m

2 per year
(eqn (1)). To calculate the weight of CO2 in trees, we use the ratio
of CO2 to C, which is 44/12 = 3.67 (eqn (2)). Generally,
approximately 50% of any plant species' biomass is considered
carbon.51

Carbon storage (kg) =

total biomass (kg) × 50% or total biomass/2 (1)

CO2 sequestered (kg) = carbon storage (kg) × 3.67 (2)
© 2024 The Author(s). Published by the Royal Society of Chemistry
Carbon is released back into the atmosphere through two
major processes: (1) plant respiration, accounting for 60 GT per
year, and (2) microbial respiration, also releasing 60 GT per year,
from previously stored carbon (Fig. 2).52 Land use and land cover
change (LULCC) emissions rank as the second-largest anthropo-
genic source of carbon released into the atmosphere, following
emissions from fossil fuel combustion.10,53 The uncertainty in
LULCC emissions arises from three main factors: the variability
of carbon stocks in phytomass and soils, the spatial dispersal of
carbon stocks, and the effect of land management practices on
phytomass and SOC.23 The organic decomposition, nitrication,
and denitrication processes in plant wastes (debris and lower-
ground biomass) can cause C and N to be emitted into the
atmosphere as CO2 and N2O.54 Bioenergy carbon capture and
storage (BECCS) is another approach combining geological
carbon capture and storage with energy production.55 This
process involves using trees to capture and retain CO2, which can
subsequently be utilized as a sustainable energy source for elec-
tricity generation through bioenergy.
2.3 Soil conservation services (SCS) – sustainable
development goals (SDGs)

Soil conservation services (SCS) are pivotal in addressing the
climate change by establishing a signicant, though potentially
reversible, sink for atmospheric CO2 and enhancing climate
resilience, thereby improving soil fertility.64 SCS also contrib-
utes to providing clean water and sanitation (SDG 6) by miti-
gating soil erosion and reducing the entry of pollutants into
water bodies. Addressing SDGs such as no poverty (SDG 1) and
zero hunger (SDG 2) cannot be exclusively reliant on regular
agriculture practices; sustainable soil management approaches
are necessary for building resilient and productive agricultural
systems that benet both the environment and vulnerable
populations.65 This, in turn, benets life below water (SDG 14)
by preserving water quality and preventing pollution. Addi-
tionally, SCS strengthens soil health, contributing to life on
land (SDG 15) by promoting biodiversity and thriving ecosys-
tems. Healthy soils act as effective barriers against various
Environ. Sci.: Adv., 2024, 3, 522–542 | 525
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pollutants, thus positively inuencing good health and well-
being (SDG 3) through improved agricultural output,
enhanced water and air quality, and the potential for soil
organisms to produce medicinal resources. By supporting
sustainable cities and communities, SCS fosters access to
affordable and clean energy, particularly by cultivating energy
crops. Overall, investing in SCS has multifaceted benets,
making it a crucial component of sustainable development.
3. Emissions from land-use and
forestry

The net carbon dioxide ux associated with land use, land-use
change, and forestry (ELULUCF) encompasses the release of
CO2 stemming from actions such as deforestation, timber
extraction, and forest deterioration. It also includes emissions
from shiing cultivation, which involves clearing forests for
agriculture and abandoning the land, and carbon uptake from
forest regrowth following wood harvest or agriculture
abandonment.
3.1 Agricultural practices

Agriculture occupies approximately 50% of the Earth's land
surface and plays a substantial role in global GHG emissions,
accounting for roughly one-third of the total emissions. Farming
is a signicant driver of global resource utilization, representing
approximately 70% of freshwater withdrawals and accounting for
roughly 31% of GHGs.66 This places agriculture as the third-
largest contributor to environmental impact, following trans-
portation and housing.67 India's Third Biennial Update Report,
submitted to the United Nations Framework Convention on
Climate Change (UNFCCC) in early 2021, indicates that the
agriculture sector in India contributes to 14% of the nation's
overall GHG emissions. Furthermore, considering the agriculture
and food sectors together, it constitutes the second-largest
material footprint, totaling 21.3 billion tons and a carbon foot-
print of 10 billion tons of CO2 equivalent. The primary sources of
agricultural emissions are the livestock sector, responsible for
54.6% of emissions, and the application of nitrogenous fertil-
izers, contributing 19% to the total emissions. In India, agricul-
ture is important, contributing almost 20% to the nation's gross
domestic product (GDP) and offering employment to over half of
its 1.4 billion inhabitants. For more than 70% of rural house-
holds, agriculture is the primary livelihood source. Rice cultiva-
tion is widespread across numerous countries and signicantly
impacts GHG emissions, contributing to approximately 30% and
11% of the world's agricultural CH4 and N2O emissions, respec-
tively.68,69 Analysts estimate that the GHG emissions from rice
production increased to 72.329 million tonnes “CO2 equivalent”
in 2018–19 from 71.322 million tonnes “CO2 equivalent” in 2016.
Most soils worldwide are typically unsaturated and oxygen-rich,
resulting in carbon dioxide (CO2) being the most prevalent
respiratory output. However, in waterlogged and oxygen-deprived
soils such as rice paddies and peatlands, where methanogenesis
occurs, hydrogenotrophic archaea play a crucial role in reducing
CO2.70 The combined activity of methanogenic microorganisms,
526 | Environ. Sci.: Adv., 2024, 3, 522–542
including those involved in acetate fermentation, as well as
aerobic methane-oxidizing bacteria (methanotrophs) residing in
the upper oxygen-rich layers of the soil, determines the overall
methane ux under such conditions.71

3.1.1 Straw burning. Open burning is one of the most
commonly employed methods by farmers worldwide to manage
leover straw.72 However, when rice straw is burned, it releases
greenhouse gases such as CO2, CH4, and N2O, along with other
trace gases. These emissions contribute to global warming
potential and harm ecosystems.73,74 Furthermore, burning leads
to the loss of organic matter, resulting in decreased soil
fertility.75 Hence, this practice not only poses environmental
risks but also undermines the long-term productivity of the soil.
Based on an Indian Agricultural Research Institute (IARI)
report, approximately 63.6% (equivalent to 14 million tons) of
the total 23 million tons of produced rice stubble is burned
annually causing an estimated $30 billion in yearly health and
economic costs.76 For e.g. burning 3.24 million tons of straw
produced 3.84 million tons of CO2 and 29.5 Gg of CO while
releasing 7.4 Gg of NOx and 31 Gg of CH4 pollutants.77 In the
northern regions of India, the high silica, lignocellulose
contents and low protein content (2% to 7%) of rice straw make
it unsuitable for direct use as cattle feed. However, due to
limited options, dairy operations still utilize the same.78,79

3.1.2 Use of fertilisers. Nitric oxide emissions increase when
nitrogen (N) fertilizers increase pasture or crop yields. Nitric oxide
has a 300-fold potential to cause global warming than CO2.80 The
utilization of chemical fertilizers has surged from approximately
12 million tons in 1961 to surpass 110 million tons by 2018.
Notably, the use of nitrogen (N) and phosphorus (P) exceeds the
limits set by planetary boundaries, surpassing them by a factor of
two.54,81 Approximately 17.5 teragrams (Tg) of phosphorus (P) are
being applied to crop lands through fertilizers each year. It's worth
noting that P use is on the rise, and some studies have suggested
that up to 32.5 Tg of P is reached per year. On the other hand,
approximately 62 Tg of nitrogen (N) is xed naturally. An addi-
tional 112 Tg of N is industriallyxed as fertilizers each year within
the agricultural system.47 According to the Food and Agriculture
Organization,12 anthropogenically xed N into the agricultural
system is estimated to be around 190 teragrams (Tg) annually. It's
important to note that this threshold is also being transgressed
globally. Since the green revolution, the soil has deteriorated due
to the extensive use of fertilizers and pesticides. According to
various estimates, up to 30% of India's entire geographical land
area has been degraded; about 50% of this land is used for agri-
culture, especially unirrigated/rainfed agriculture. This impacts
the viability of agricultural output and people who depend on it for
their livelihoods.82 China, India, the United States, the EU28, and
Brazil accounted for about 68% of this total nitrogen usage. Only
some nitrogen fertilizers supplied to the soil are absorbed by
plants; the remainder is used by soil microorganisms, who
produce N2O as a byproduct of their metabolic activities. More-
over, some of the nitrogen applied may leach or volatilize away
from the application site.83,84 The high soil N2O–N EFs (emission
factors) contributed to elevated carbon intensities in certain
European nations. On the other hand, regions like theMiddle East
and east Asia show high carbon intensities in their local
© 2024 The Author(s). Published by the Royal Society of Chemistry
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manufacturing processes, which resulted in synthetic N fertilizers
having carbon intensities higher than the global average.85
3.2 Livestock

The cattle industry accounts for 45% of the total agricultural
emissions.86 Total emissions from the UK domestic agricul-
ture industry were 55 MtCO2e in 1990 but had dropped to 44
MtCO2e by 2007. Livestock emissions constituted 36 MtCO2e,
representing approximately 80% of the overall emission.87

Transitioning from producing and eating ruminant animal
products (such as beef, lamb, mutton, and milk) to those of
monogastric origin (such as pig, chicken, and eggs) is one
option for lowering GHGs.88 Smart livestock farming (SLF) can
also contribute to reducing GHGs by modifying potential
factors such as temperature, feeding schedules, and quality.
These adjustments can positively inuence GHG emissions,
helping mitigate their environmental impact.89 Grazing has
a signicant impact on plant production, which in turn
affects soil carbon inputs. The majority of aboveground
biomass is consumed by grazing animals, and the carbon
from this biomass eventually returns to the soil as manure or
enters the atmosphere via enteric fermentation. GHG emis-
sion per product unit can be reduced by improving livestock's
genetic potential, reproduction, wellness, and liveweight gain
rates.90
3.3 Soil carbon

Sustainable soil management (SSM) techniques are gaining
considerable recognition as a crucial strategy for mitigating GHG
emissions, primarily due to their potential to unlock a signicant
global capacity for carbon sequestration.91–93 Precisely measuring
SOC stocks and alterations presents a challenging endeavor,
primarily due to themultifaceted impact of a wide range of factors
encompassing diverse land use practices, soil properties, vegeta-
tion cover, landscape features, climate conditions, and various
soil-forming elements and processes.94,95 These variables signi-
cantly affect the amount and carbon sequestration in soils, add-
ing complexity to the assessment and management process of
carbon sinking. Inelastic neutron scattering, developed by the
Brookhaven National Lab, has shown great promise.96 Laser
induced breakdown spectroscopy (LIBS) technology is gaining
popularity for its ability to quantitatively assess soil carbon,
especially SOC, which makes it an attractive option.97 To improve
the accuracy of assessing SOC stocks, particularly at different
spatial scales, it is essential to establish proper sample procedures
to reduce uncertainties associated with the measurements.98

Spectroscopic methods based on the spectral characteristics of
soil have been extensively used in controlled laboratory
settings.99,100However, these techniques oen only reect the SOC
content of the rst fewmillimeters of the surface layer. Therefore,
enhancing the application of traditional methodologies in eld
settings is a priority for further research. The amount of organic
carbon at a soil depth of 10 cm, depth in soil with a carbon
content of 2.14% (g C−1 kg−1 soil) and a bulk density of 1.3 g cm−3

(eqn (3)).101
© 2024 The Author(s). Published by the Royal Society of Chemistry
10 000 m2 in one hectare × 0.1 m soil depth

× 1.3 g cm−3 bulk density = 1300 t per ha soil (3)

4. Natural climate solution (NCS) –
augmenting carbon sinks

Nature climate solutions (NCSs) encompass innovative strate-
gies that harness and enhance the Earth's natural ecosystems to
combat climate change.80 By leveraging the inherent capacity of
forests, wetlands, soils, and other natural landscapes, NCS
focuses on capturing and storing carbon dioxide (CO2) from the
atmosphere (Fig. 3). Reforestation, sustainable forest manage-
ment techniques, conservation agriculture, wetland restoration,
and urban greening are some of the NCS intiatives contributing
to lower GHG emissions while simultaneously supporting
biodiversity, strengthening ecosystem resilience, and
promoting sustainable development for a balanced planet.22,65

4.1 Afforestation and forest ecosystem restoration

Afforestation and reforestation are highly cost-effective and
feasible nature-based climate solutions (NCSs) to combat
climate change. By 2030, these approaches can make
a remarkable contribution of up to 7 Pg CO2e (petagrams of
carbon dioxide equivalent) annually to climate mitigation,
particularly when considering a carbon price of $100 per Mg
CO2e.102 Terrestrial ecosystems have been removing about 30%
of annual human carbon emissions over the past ten years, with
forests being the main source of this uptake.103 According to
a computable general equilibrium model designed for China, it
is forecasted that annual carbon removal through afforestation
would reach 617 MtCO2 by the year 2060. The model further
anticipated that the majority of biomass in 2060 would be
composed of 43–47% cellulosic crops and 49–52% residues.
Consequently, there would be a reduction of 6.9–8.3% in
China's cropland due to land competition.20 Forest ecosystem
restoration focuses on revitalizing degraded or damaged forest
ecosystems to bring them back to their original or nearly orig-
inal state. Through this process, forests can be empowered to
sequester more carbon, contributing to climate change miti-
gation. Moreover, restoring degraded forests enhances
ecosystem resilience to climate change effects, including
extreme weather events.102 Restoration efforts typically involve
carefully selecting native tree species well-adapted to the local
environment. These species possess high carbon sequestration
potential and provide long-term carbon storage as they grow
and accumulate biomass over time. Restoring 15% of converted
lands has the potential to prevent 60% of anticipated extinc-
tions and sequester approximately 299 gigatonnes of CO2.104

This amount is equivalent to 30% of the total CO2 increase in
the atmosphere since the industrial revolution, or about 14% of
total emissions. However, it is crucial to approach these strat-
egies with careful planning, considering expense calculations,
evaluating risks, and acknowledging potential damage to
ecosystems and human communities.105 Mangrove forests also
play a crucial role in counteracting the impacts of climate
Environ. Sci.: Adv., 2024, 3, 522–542 | 527
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Fig. 3 Nature climate solutions for mitigating climate change through the carbon farming approach.
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change due to their capacity to sequester a substantial amount
of carbon dioxide, totaling 14.07 gigatons, in the form of “blue
carbon” within the coastal sediments.50 Adopting reforestation,
sustainable forest management, and agroforestry practices can
signicantly enhance global carbon sequestration by harness-
ing the substantial capacity of trees to store carbon and
augment soil carbon levels.

4.2 Agriculture as a climate-positive force

Land use, forestry, and agriculture together account for 24% of
the world's GHG emissions, with livestock emissions accounting
for 7.1 gigatons of CO2-equivalent annually, according to the Food
and Agriculture Organization (Table 2) (Fig. 4).12 At COP26, India
unveiled its comprehensive climate change strategy,106 which
includes ambitious objectives such as reducing carbon emissions
by one billion tonnes by 2030, decreasing the carbon intensity of
its GDP by 45% by 2030, and achieving net-zero emissions by
2070.107 Farmlands can store up to 1.2 billion tons of carbonwhen
properly managed with suitable techniques and tools (Carbon
Engineering 1.0). This offers an opportunity to offset 4% of the
world's average annual GHG emissions for the remainder of this
century.108 Farmers can physically sequester about 3.6metric tons
of carbon per acre yearly, according to research commissioned by
the Dutch bank, Rabo Bank. To do this, farmers may need to hire
outside experts to help them conduct pricey soil analysis to
effectively measure soil health and invest signicant money in
changing their agricultural operations. These actions are neces-
sary to meet the required carbon sequestration targets and
contribute substantially to the ght against climate change. In his
2017 paper, Australian microbiologist and climatologist Walter
Jehne explained that the Earth's soil carbon sponge, comprising
a blend of minerals, organic debris, and air, exhibits enhanced
capabilities for absorbing and retaining rainfall. This sponge
528 | Environ. Sci.: Adv., 2024, 3, 522–542
facilitates access to vital nutrients and sustains a diverse array of
microbial processes. Consequently, when soil carbon levels
decrease, the soil capacity to absorb and retain water diminishes.
Beyond reducing the soil’s ability to manage rainfall, this also
renders the topsoil more susceptible to runoff and erosion,
exacerbating ooding and drought cycles.109 Techniques that
boost biomass and lower carbon leakage from the soil must be
used to promote soil health. Keyhole garden (KHG) is a a self-
regenerating back-yard garden aligning closely with perma-
culture and benecial especially in regions facing challenges such
as water scarcity and limited fertile land due to consistent hot and
arid climates.110,111 This sustainable approach aimed at
enhancing food security, elevating nutrition levels, and advo-
cating sustainable agriculture practices, that can be equally
embedded into urban ecology.

4.2.1 No-till. No-till farming is a practice that refrains from
disturbing the soil and involves planting seeds in holes drilled
directly into the ground.112 This approach has the competence
to diminish GHGs from crop production by nearly a third while
simultaneously increasing the capacity of soils to store
carbon.113 In contrast to traditional farming techniques, which
employ various tools for tilling, harrowing, sowing, and rming
the ground, the soil creates air pockets lled with oxygen.
However, with no-till farming, carbon accumulation during
plant death and decomposition remains buried underground
since it restricts the entry of excess oxygen into the soil, pre-
venting contact with the bacteria.114 Research ndings indicate
that no-till farms have higher carbon storage in their soil over
time, and the longer the soils remain undisturbed, the greater
their capacity to hold carbon.115 Methane has more than 20
times greater heat-trapping capacity in the atmosphere, while
nitrous oxide is roughly 300 times more efficient.116,117 Studies
have shown that adopting no-till farming practices can
© 2024 The Author(s). Published by the Royal Society of Chemistry
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signicantly reduce overall emissions, with the most substan-
tial decreases observed on farms that have implemented no-till
for at least 15 years. By avoiding soil disturbance and mini-
mizing the need for heavy machinery, farmers can signicantly
reduce diesel consumption, resulting in cost savings.129 For
instance, in Haryana, India, adopting zero tillage was found to
increase prots by nearly USD 97.5 per hectare due to lower
labor, fuel, and tillage implement costs while reducing carbon
emissions by 1.5 Mg per hectare per season.130 Comparatively,
various tillage operations emit different amounts of carbon per
hectare. Conventional practices such as mouldboard ploughing
release 15 kg C/ha, heavy tandem disking and chisel ploughing
release 8 kg C/ha, light tandem disking releases 6 kg C/ha,
subsoiling releases 11 kg C/ha, cultivation releases 4 kg C/ha,
and rotary hoeing releases 2 kg C/ha (11). By transitioning
from conventional tillage to no-till farming, emissions can be
reduced by approximately 30–35 kg C/ha per season.

4.2.2 Mulching. Mulch plays a vital role in nutrient delivery
as it actively participates in the carbon (C) and nitrogen (N) cycles,
acting as a carbon sink.19 By using agricultural leovers as mulch,
crops can be benetted from reduced cold stress.131 Furthermore,
mulch signicantly improves the physico-chemical characteris-
tics of agricultural soils, leading to increased carbon sequestra-
tion levels ranging from 8 to 16 Mg per hectare per year.130 The
application of mulch has proven effective in increasing soil
organic matter (SOM) content. For instance, utilizing mulch has
been shown to elevate the overall SOM from 1.26% to 1.50%.66

Particularly, mulch can substantially increase SOM and sequester
CO2 in the top 0–5 cm layer of soil, providingmultiple benets for
soil health and sustainability. For e.g. rice residue mulching
improves long-term crop productivity by lowering weed pressure
and root penetration resistance, increasing soil aeration, regu-
lating temperature, reducing evapotranspiration and soil erosion,
and enhancing the efficiency of water and nitrogen utilisation.72

In countries such as India, where there is a substantial produc-
tion of agricultural wastes, these have the potential to serve as
a signicant biomass-based energy source.132 Despite the ideal
prospect of generating electricity from biomass, Punjab has
already established seven biomass power plants with six more in
the process of construction.133 However, the overall capacity of
these biomass power sources to utilize rice waste in the state is
limited to approximately 10%.

4.2.3 Cover crops. Cover crops are gaining popularity in the
global effort to combat climate change, and they now occupy
approximately 22 million acres of land, marking a 43% increase
from previous years.134,135 It is estimated that 20 million acres of
cover crops have the potential to sequester more than 66million
tons of CO2 equivalent annually, equivalent to the emissions of
approximately 13 million vehicles. For example, cropland soils
in the EU are estimated to lose about 7.4 million tons of carbon
per year.23 Although certain crops are transformed into biofuel
or utilized as animal fodder, themost ecologically advantageous
approach is to let them decompose in the soil.136 Particularly,
the cover cropping of olive orchards, vineyards, and almond
orchards has been observed to exhibit the highest carbon
sequestration rate, with values reaching up to 5.3 tons of carbon
per hectare per year.137 There is growing acknowledgment
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Scope of nature based solutions achieved through carbon farming over traditional farming practices.
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among policymakers of the crucial role played by cover crops in
mitigating GHG emissions by capturing and sequestering
carbon dioxide (CO2) and nitrous oxide (N2O). The Biden
Administration has put forth a signicant budget of $28 billion
for land conservation initiatives, with a dedicated $5 billion set
aside for farmers and landowners who opt to implement cover
crop planting.138 Considering that one carbon credit is equiva-
lent to removing one ton of GHGs and the current maximum
price for carbon credits is $20 per ton, this presents a substan-
tial market opportunity ranging from approximately $2.6 billion
to $3.3 billion. Projections indicate that by 2030, an estimated
40 to 50 million acres of land will be dedicated to cover crops,
sequestering approximately 132 to 165 million tons of CO2.139

4.2.4 Peat/wet-lands. Peatlands, comprising 50% of global
wetlands, cover approximately 3% of the Earth's surface.140,141

These ecosystems contain an estimated 500–700 gigatons (Gt) of
soil carbon, equivalent to 32% to 46% of all soil carbon and
twice as much carbon found in all the global forests.142 Agri-
cultural conversion, burning, and fuel mining has severely
depleted and damaged these peatlands, leading to the release of
signicant volumes of GHGs, including CO2, N2O, and other
trace gases.18,142 Peatlands absorb about 1% of all CO2 emissions
produced by humans each year and store more carbon than all
other vegetation types combined.143 Organic material, mainly
from plants, accumulates under waterlogged conditions,
creating an anaerobic environment and slowing down the
decomposition process. As a result, the carbon remains trapped
© 2024 The Author(s). Published by the Royal Society of Chemistry
in the peat instead of being released into the atmosphere as
CO2. Sundarbans, a vast mangrove forest covering approxi-
mately 10 000 square kilometers in India, serves as a crucial
ecological entity by acting as a carbon sink, effectively seques-
tering 0.036 GT of CO2 from the atmosphere.144 In response to
this environmental challenge, the Global Peatlands Initiative,
led by UN Environment, aims to unite nations and partners to
protect peatlands as the most signicant terrestrial organic
carbon resource worldwide, thereby mitigating emissions and
revitalizing an essential ecosystem that provides numerous
services for people, the planet, and climate.

4.2.5 Other factors. The warming climate, elevated atmo-
spheric CO2 levels, and nitrogen deposition have boosted gross
primary productivity, encouraging vegetation growth and
increasing nutrient demand.44 Though the effect of warming on
phosphorus cycling remains a subject of debate, it is widely
accepted that the current phosphorus supply may not be suffi-
cient to meet the escalating demands of plants.145 Research
showed that an acidogenic outlet rich in short-chain (volatile)
fatty acids can be utilized as a soil amendment which functions
as a phosphate solubilizing agent.146 Moreover, during vegeta-
tion succession, other rock-derived nutrients such as calcium
become less abundant, as observed in the woodlands of central
Africa.147 Consequently, it is essential to investigate whether the
increased vegetation growth triggered by climate change exac-
erbates the scarcity of these nutrients. On the other hand,
nitrogen (N) can be organically xed, relieving the constraints
Environ. Sci.: Adv., 2024, 3, 522–542 | 531
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associated with its availability. A higher nitrogen content in the
0–30 cm soil layer corresponds to increased CO2 sequestra-
tion.148 Plant organic carbon is introduced into the soil system
primarily through two key processes: (i) the deposition of above-
ground plant litter along with its leachates, including dissolved
organic carbon carried into the soil via rainfall inltration, and
(ii) the decomposition of below-ground root litter and the
release of organic compounds, commonly referred to as rhizo-
deposition.149,150 For instance, rotations involving dry peas
produce signicantly fewer GHG emissions than those
involving oats and rapeseeds. This difference is because dry
peas require less nitrogen fertilizer, especially in semi-arid
farming environments.151,152 A reduction of only 5% in
nitrogen (N) application rates in China's Shandong province
could result in a 9% decrease in the region's contribution to
global N2O emissions and a reduction of 0.35% in crop N2O
emissions worldwide.153 Additionally, various agronomic strat-
egies that collaborate with soil microbiota lessen the require-
ment for N application and decrease losses from soils, which
helps to temper the overuse of synthetic N fertilizers.154 Self-
induced in situ electrical stimuli at the rhizosphere of Vigna
radiata and Cicer arietinum were shown to augment productivity
as well as CO2 sequestration.155 Biochar, a carbon-enriched
byproduct generated through the thermal degradation (pyrol-
ysis) of biomass, contributes to climate change mitigation while
concurrently offering energy benets and improved soil fertility.
Its climate-mitigation potential stems primarily from its nature
which decelerates the release of photosynthetically captured
carbon (C) into the atmosphere.119On a global scale, the biochar
application has the potential to offset a maximum reduction of
3.4–6.3 PgCO2e, with half of this amount being attributed to
CO2 removal without jeopardizing food security, habitats, or
soil conservation.118
4.3 Microalage

Microalgae are ubiquitous microorganisms that contribute to
the production of approximately 50% of atmospheric oxygen,
underscoring their crucial role in carbon capture and mitiga-
tion of global warming potential.20,156 It is approximated that
within a cultivation area of 100 000 km2, microalgae have the
capacity to sequester up to 2.35 gigatons of CO2.157 Eukaryotic
algae and cyanobacteria have the ability to x CO2 at rates
ranging from 10 to 50 times faster than that of terrestrial
plants. A notable characteristic is that approximately half of
the dry weight of microalgal biomass consists of carbon.158

They are recognized as potential source for third-generation
bioenergy/biofuels, offering a more efficient choice for
carbon xation compared to terrestrial plants due to their
accelerated growth and quicker biomass production.127,159 A
study model conducted in the USA validated that the pure CO2

generated from the corn ethanol production process could be
employed in open pond algal cultivation. This approach has
the potential to decrease GHG emissions, alleviate water
stress, and eliminate the need for the energy-intensive carbon
capture process in carbon capture and utilization (CCU).160

Azolla, a oating fern, has the potential to capture
532 | Environ. Sci.: Adv., 2024, 3, 522–542
atmospheric nitrogen, sequester CO2 and support the bio-
economy when looped into a biorenery.161
5. Crop management practices in
India

India, with its vast agricultural land area of approximately 170
million hectares, holds a signicant position in the global market
and has immense potential for carbon storage and removal.162

The Energy Conservation (Amendment) Bill, passed into law on
8th August 2022 is to foster the expansion of the domestic carbon
market, especially within the renewable energy sector. In
response to nature's increasing unpredictability and variability,
a paradigm shi was introduced, promoting the adoption of
innovative agricultural practices. These practices include using
climate-specic seeds, replacing chemical fertilizers with organic
and natural manure, and incorporating leguminous plants to
counteract the negative effects of chemicals while enhancing soil
fertility with natural nutrients. Implementing these practices has
signicantly reduced water requirements, with nearly 40% less
water needed for cultivation. Moreover, a crucial benet has been
observed in a considerable reduction in methane gas emissions,
with a reduction of 22 kgs per hectare. The Indian state of
Meghalaya is currently draing a “carbon farming” act frame-
work to promote sustainable agricultural techniques.162 The
northeastern region of India has made remarkable strides in
adopting organic and sustainable agricultural practices, with
Sikkim becoming the world's rst state to achieve full organic
status in 2016.163 Cultyvate, a agri-tech startup, facilitates the shi
of smallholder paddy/rice farmers in Punjab from conventional
ood irrigation to the alternate wetting and drying (AWD)
method. AWD not only slashes water usage by 40% but also
mitigates methane emissions from submerged paddy elds by an
impressive 50%.164 Implementing a system of rice intensication
(SRI) practices substantially reduced CH4 emissions bymore than
four times compared to non-SRI system emissions.165,166 The
procedures of intermittent ooding increase the oxygen ow to
the roots, which reduces the production of aerenchyma, making
the root system stronger and healthier and able to absorb more
nutrients. For instance, employing green manure with N-xing
crops reduces the demand for N fertilizer and enhances soil
structure and water retention, and prevents leaching and
runoff.154

The burning of paddy stubble at the conclusion of the kharif
season signicantly exacerbates air pollution in north India.
Startups that repurpose this paddy residue, such as those
creating green bricks from paddy straw or Dharaksha, producing
eco-friendly packaging materials from the stubble, present
promising opportunities for carbon initiatives. Climate Sense is
actively engaged in creating agro-forestry credits through
collaboration with farmers in Maharashtra. They are involved in
cultivating food forests on previously barren land, a practice that
not only rejuvenates soil fertility but also effectively sequesters
carbon. Despite these encouraging achievements, there are still
issues, and Jharkhand is one of the most climate-vulnerable
states in the nation, with a population of almost 32 million.167
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Government initiatives such as the National Mission for
Sustainable Agriculture (NMSA) and the Paramparagat Krishi
Vikas Yojana (PKVY) play a pivotal role in advocating for regen-
erative agricultural practices. These programs offer incentives to
farmers to adopt chemical-free farming techniques, thereby
bolstering India's self-reliance.168
6. Augmenting carbon farming
practices
6.1. Circular carbon economy (CCE)

The upsurge in economic activity and the rise in consumerism
have increased the demand for raw materials, resulting in
substantial GHG emissions released into the atmosphere. These
emissions contribute to the risk of severe climate disruptions,
threatening the environment and biodiversity. A transformative
shi is imperative to steer the global trajectory toward achieving
net-zero emissions by 2050, aligning with the 1.5 °C mark estab-
lished during the Paris Agreement. Even if this ambitious goal is
attained, the expenses incurred by the world economy due to
climate change are forecasted to reach a staggering USD 54 trillion
by the year 2100.169,170On a global scale, the average per capita GHG
emissions varied from 0.1 to 25 tons (t) of carbon dioxide equiva-
lent (CO2e), with India and the Philippines registering the highest
per capita emissions at approximately 1.7 tons (t per capita). From
1985 to 2015, India experienced a compound annual growth rate
(CAGR) of 6% in its real GDP, while its resource consumption
increased at a CAGR of 4%.171 To effectively curb carbon emissions
using renewable energy sources, it is imperative to deploy tech-
niques for low-carbon energy stowing and translation methods.
The circular carbon economy (CCE) is a regenerative idea that
depends on designing closed-loop systems and reusing materials
and resources to reduce emissions, rely on renewable energy, and
eliminate waste.172 The core tenet of CE is “reduce, reuse, and
recycle,” which changes the conventional linear open paradigm of
“resources/products/waste” into a cyclical one of “resources/prod-
ucts/wastes/resources”.50,173 Circular farming encompasses two
distinct cycles, namely the biological and the technical cycles. The
biological cycle is designed to extract value from waste materials,
transforming them into novel and value-added products that
contribute to crop cultivation, food processing, and energy
generation.174,175 On the other hand, the technical cycle is applied
to cropping technologies, emphasizing the adoption of techniques
that encompass preservation, return, renewal, and reuse. These
technological approaches enhance farming efficiency, concur-
rently curbing waste and lowering costs.81

Biomass carbon removal and storage (BiCRS) holds the
promise of ushering the future where it facilitates the scope for
producing an array of carbon-negative bioproducts, encompassing
items such as wood products (Oriented Strand Board/OSB), bio-
plastics (e.g., polyethylene), biocarbon (biochar), and meticulously
puried biogenic CO2 with subsequent geological sequestra-
tion.56,57,172 Over the past 5 to 10 years, the landscape of carbon-
negative technologies in development has rapidly expanded and
been streamlined into seven primary categories: bioenergy with
carbon capture and storage (BECCS) (0.5–5 GtCO2), afforestation
© 2024 The Author(s). Published by the Royal Society of Chemistry
and reforestation (0.5–3.6 GtCO2), direct air carbon capture and
storage (DACCS) (0.5–5 Gt CO2), enhanced weathering (2 to 4
GtCO2), biochar (0.5 to 2 GtCO2), and soil carbon sequestration (<5
Gt CO2).176 These technological avenues yield a cumulative annual
CO2 removal of 9–24.6 Gt CO2, aligningwith the targets established
by the IPCC and the estimated cost ranges from $5 – $300 per
tCO2.177 Utilizing regenerative cultivation techniques can curtail
GHG emissions, sequester carbon within soils and plant material,
and limit soil disruption.178 This approach also enhances soil
structure, facilitating improved water retention and fostering bio-
logically vibrant soils that independently generate fertility, thus
diminishing the reliance on synthetic inputs.179 Circularizing
agriculture revolves around three essential components that
demand careful consideration. Firstly, it involves optimizing input
utilization to prevent wastage. Secondly, it fosters sustainability
across environmental, economic, and social domains. Thirdly, it
emphasizes revitalizing structures that enable the efficient capture
of nutrient cycles and the reduction of productivity losses.66 An
essential element of a circular agriculture model involves inte-
gratingmixed crop-livestockmethods, promoting organic farming,
and adopting water recycling practices. This synergistic approach
is vital in pursuing lower CO2 emissions and the sustainable use of
natural resources.178 According to the European Commission
(2018), CE principles could contribute to a 0.1% increase in GDP by
2030 and generate over 100 000 new job opportunities. Farmers
stand to gain signicantly from circularity, with potential prots of
3000 V per hectare. This approach enhances protability and
concurrently addresses pollution-related issues and the negative
impacts associated with linear production processes.170 Due to
lower carbon emissions, lesser costs, and decreased chain risk
supply, the CE is predicted to save over $1 trillion annually glob-
ally.180 Additionally, the circular economy can safeguard about half
of India's GDP value, worth about $600 billion. The practice of
reusing and recycling agricultural waste holds the potential to
invigorate local economies while concurrently mitigating envi-
ronmental harm. Active involvement of stakeholders fromboth the
public and private sectors within the bioeconomy is crucial in
designing incentives that assign greater signicance to the
sequestration of biocarbon.181 In the United States, the bio-
economy is initially embracing the BiCRS concept, facilitated by
various policy instruments such as California's low carbon fuel
standard and the 45Q tax credit.172 Notably, adopting carbon-
negative technology must extend beyond wealthy economies to
meet the IPCC's 1.5 °C target, which probably calls for govern-
ments to be receptive to cross-cutting international agreements.182
6.2 Monetising carbon credits

Carbon credits serve as ameans of exchange within the cap-and-
trade regulations established by the Paris Agreement with
“offset” CO2 emissions. The concept entails that companies
responsible for CO2 emissions must either reduce their emis-
sions (the “cap”) or nancially support the efforts of entities
such as farmers who can demonstrate their role in removing
CO2 from the atmosphere (the “trade”).183 In conjunction with
carbon taxes and subsidies, these carbon offsets and credits all
fall under the umbrella of carbon pricing and are quantied in
Environ. Sci.: Adv., 2024, 3, 522–542 | 533
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terms of carbon dioxide-equivalent (CO2e) units.184 The origin of
the carbon credit concept can be traced back to the Kyoto
Protocol, an international agreement designed to mitigate GHG
emissions.183 A McKinsey analysis predicts that the demand for
carbon credits will increase nearly 15-fold by 2030. This rise in
demand offers a direct benet to farmers as they can receive cash-
based incentives for sequestering carbon on their lands.135 A
farmer can earn around INR 780 for sequestering one carbon
credit at prevailing market prices. However, larger corporations
may offer even better rates, potentially up to INR 2000, when
purchasing signicant amounts of carbon credits directly from
farmers.185 Farmers employing carbon farming practices can
accumulate between one to four carbon credits per acre. This
enhancement can be seen in traits like a larger capacity to hold
water, a thinner layer of soil, better water inltration, higher
availability of nutrients, and a lower soil surface temperature.186

Nonetheless, the value of carbon credits canuctuate signicantly,
contingent upon factors such as market dynamics, project nature,
and geographical area. Technology breakthroughs are hastening
the progression of detecting and corroborating carbon sequestra-
tion in the soil. To promote farmers' participation in carbon credit
programs, governments at the state and federal levels might
coordinate with already-existing cropping, regenerative, and
organic farming practices.24 Within the European Union Common
Agricultural Policy's agri-environmental and climate measures
(AECM) framework, new private governance instruments, such as
certication schemes for soil carbon sequestration, have recently
emerged.23 Farmers now have the option to enroll some or all of
their elds with commercial providers, which certify increases in
soil organic carbon (SOC) achieved over a specied period.
Subsequently, these farmers can sell these certicates to compa-
nies seeking to market their products as climate-neutral or to
individuals aiming to offset their private GHG emissions. Certi-
cates for carbon sequestration are already well established in the
forestry sector187 where they are sold on the voluntary offset-
market, and also contribute to public governance schemes, such
as the Kyoto Protocol' s Clean Development Mechanism (CDM), or
the REDD + (Reducing Emissions from Deforestation and Forest
Degradation in Developing Countries) approach.188
6.3 Rewarding with carbon credits

Integrating technology and private sector involvement offers
signicant potential for enabling small-scale farmers to access
carbon credit systems and other carbon sequestration opportu-
nities.24 An international effort known as ‘4 per 1000,’ introduced
during the 2015 Paris climate conference, underscored the
signicance of enhancing soil carbon.189 The initiative revealed
that achieving a global annual increase of just 0.4% in soil carbon
could effectively offset the new increase in CO2 emissions from
fossil fuels for that particular year. In November 2021, the
Nurture Farm, in partnership with the Indian Agricultural
Research Institute, successfully implemented a crop residue
management (CRM) initiative, convincing over 25 000 farmers
acrossmore than 420 000 acres of land to compost their rice chaff
rather than resorting to burning it. This action resulted in pre-
venting emissions equivalent to one million tonnes of CO2. The
534 | Environ. Sci.: Adv., 2024, 3, 522–542
initiative involved the distribution of “PUSA,” a bio-enzyme that
expedites crop residue decomposition and transforms it into
compost, facilitating its implementation.190 As a result of this
procedure, farmers can reduce reliance on commercial fertilizers
since the soil quality is improved and its ability to store water is
increased. Transforming agri-residues (straw, stubble and
bagasse) into valuable biobased materials such as nanocellulose,
lignin, and biohydrogen via biorening techniques not only
creates income opportunities for farmers but also reduces
waste.191,192 Global business titans like McDonald's, Target, and
Cargill are among those actively vowing to set aside money to
encourage regenerative methods. Companies like CropIn
leverage articial intelligence to automate and offer guidance for
farm-related decision-making.193 They achieved this by
furnishing Indian farmers with mobile-based advisory dash-
boards that furnish valuable information on planting, soil
conditions, seed treatment, and weather predictions. A recent
report by the World Economic Forum highlights that by backing
only one-h of EU farmers with environmentally sustainable
agricultural methods, the European Union could potentially
reduce GHG emissions by 6% annually and could lead to an
annual boost in farmers' incomes ranging from V1.9 billion to
V9.3 billion by 2030.
6.4 Startups

Startup incubators play a pivotal role in promoting awareness of
carbon farming and assessing the carbon savings of products
through scientic methods such as life cycle analysis (LCA). LCA
allows startups to precisely quantify carbon negativity, ensuring
transparency and preventing greenwashing. These incubators
further facilitate the connection of outcomes to the carbon credit
market, providing the patient capital essential for the develop-
ment of carbon projects. Startups such as Dehaat and Bharat
Rohan, in collaboration with FPOs and NGOs, routinely engage
in activities like selling agricultural inputs or purchasing outputs,
granting them direct connections to farmers engaged in or open
to sustainable farming practices. Trace X in collaboration with
Olam offers a blockchain-driven traceability solution to oversee
their AWD and drip irrigation initiatives for Basmati rice. This
comprehensive traceability enables Olam to qualify their rice
project for carbon credits.194 Additionally, startups like Nurture
Farms, Varaha, and Climes offer consultancy services, aiding
both large and small entities in the agricultural sector. These
startups assist in craing carbon projects, accessing sustainable
nancing, and maneuvering through the intricate carbon
markets.195 Beyond carbon farming efforts, startups such as
CarbonCra, which utilize CO2 in their building materials to
sequester GHGs, and Zerund, which blends plastics into bricks,
are fostering a more sustainable construction industry. Addi-
tionally, ventures like Krimanshi, focused on transforming wet
waste into insect protein, and Hydrogreens, dedicated to gener-
ating low-emission cattle feed, are establishing compelling
scenarios for reducing carbon emissions within the dairy sector
as they expand.196 Two corporations – Nori and Indigo – are the
two primary offset project producers for agricultural soil carbon
offsets for the voluntary market currently in operation in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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United States. Indigo began its carbon market program in 2019
and Nori in 2017.16

7. Conclusion

Carbon farming (CF) is emerging as a resilient method for off-
setting carbon emissions by utilizing photosynthesis to
sequester greenhouse gases from the atmosphere. It encom-
passes a wide array of sustainable agricultural practices,
including agroforestry, cover cropping, rotational grazing,
reduced chemical fertilizer usage, and minimal tillage. These
practices not only enhance CO2 absorption but also provide
additional soil conservation services such as improved fertility,
disease resistance, erosion reduction, and increased produc-
tivity. Moreover, by integrating principles of the circular carbon
economy (CCE), CF enables the monetization of carbon credits
while encouraging startups to convert agricultural resources
into bio-based products, thereby promoting sustainable devel-
opment and contributing to a harmoniously balanced planet.
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J. V. Siikamäki, P. Smith and P. Woodbury, Natural
climate solutions, Proc. Natl. Acad. Sci. U. S. A., 2017,
114(44), 11645–11650.

81 CEAT, Agriculture and the Circular Economy, 2021, available
online, https://ceat.org.au/agriculture-and-the-circular-
economy/, (accessed 11/3/23).

82 S. Menegat, A. Ledo and R. Tirado, Greenhouse gas
emissions from global production and use of nitrogen
synthetic fertilisers in agriculture, Sci. Rep., 2022, 12(1),
14490.

83 H. Tian, R. Xu, J. G. Canadell, R. L. Thompson,
W. Winiwarter, P. Suntharalingam, E. A. Davidson,
P. Ciais, R. B. Jackson, G. Janssens-Maenhout and
M. J. Prather, A comprehensive quantication of global
nitrous oxide sources and sinks, Nature, 2020, 586(7828),
248–256.

84 T. B. Sapkota, M. L. Jat, D. S. Rana, A. Khatri-Chhetri,
H. S. Jat, D. Bijarniya, J. M. Sutaliya, M. Kumar,
L. K. Singh, R. K. Jat and K. Kalvaniya, Crop nutrient
management using Nutrient Expert improves yield,
increases farmers' income and reduces greenhouse gas
emissions, Sci. Rep., 2021, 11(1), 1564.

85 F. Brentrup, J. Lammel, T. Stephani and B. Christensen,
Updated carbon footprint values for mineral fertilizer
from different world regions, in Global Food Challenges
towards Sustainable Consumption and Production 17–19
Oct, Bangkok, 2018.

86 S. Friel, A. D. Dangour, T. Garnett, K. Lock, Z. Chalabi,
I. Roberts, A. Butler, C. D. Butler, J. Waage,
A. J. McMichael and A. Haines, Public health benets of
strategies to reduce greenhouse-gas emissions: food and
agriculture, Lancet, 2009, 374(9706), 2016–2025.

87 J. Jackson, Y. Li, T. Murrells, N. assant, S. Sneddon,
J. Thomas, G. Thistlethwaite, K. Dyson and L. Cardenas,
538 | Environ. Sci.: Adv., 2024, 3, 522–542
Greenhouse Gas Inventories for England, Scotland, Wales
and Northern Ireland: 2009, 1990–2007, AEA.

88 A. J. McMichael, J. W. Powles, C. D. Butler and R. Uauy,
Food, livestock production, energy, climate change, and
health, Lancet, 2007, 370(9594), 1253–1263.

89 P. Smith, D. Martino, Z. Cai, D. Gwary, H. Janzen, P. Kumar,
B. McCarl, S. Ogle, F. O'Mara, C. Rice and B. Scholes,
Greenhouse gas mitigation in agriculture, Philos. Trans. R.
Soc., B, 2008, 363(1492), 789–813.

90 T. Garnett, C. Godde, A. Muller, E. R. Smith, P. Smith,
I. J. M. De Boer, E. zu Ermgassen, M. Herrero, C. E. Van
Middelaar, C. Schader and H. H. E. Van Zanten, Grazed
and confused?: ruminating on cattle, grazing systems,
methane, nitrous oxide, the soil carbon sequestration
question-and what it all means for greenhouse gas
emissions, FCRN, University of Oxford, 2017, 1–127.

91 R. Lal, P. Smith, H. F. Jungkunst, W. J. Mitsch, J. Lehmann,
P. R. Nair, A. B. McBratney, J. C. de Moraes Sá, J. Schneider,
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