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ABSTRACT: As atmospheric carbon dioxide (CO₂ levels exceed 420 parts per million (ppm), the urgency to mitigate 
humanity’s carbon (C) footprint- defined as the total greenhouse gas (GHG) emissions from human activities, expressed 
as CO₂-equivalent, has intensified. With global GHG emissions reaching 36.8 billion tonnes annually, reducing emissions 
alone is insufficient to meet the Paris target of reducing the temperature by 1.5°C and GHG emissions by 55% as 
compared to 1990. Carbon sequestration offers a critical strategy to actively remove CO₂ from the atmosphere. This review 
synthesises the mechanisms, potential, and challenges of C sequestration, highlighting its role in offsetting GHG emissions 
and C footprints. Natural methods, including reforestation and soil management, could sequester 5-10 gigatons of CO₂ 
yearly, while technological approaches like C capture and storage and bioenergy with C capture may contribute an 
additional 5-15 gigatons by 2050. The benefits extend beyond GHG emissions reduction to enhancing soil productivity, 
ecosystem health, and economic opportunities via C markets. However, scalability, cost barriers, and policy gaps posed 
significant threats. By integrating natural and technological strategies, C sequestration emerges as a vital tool in achieving 
net-zero GHG emissions, bridging the gap between current trajectories and sustainable climate goals. 
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INTRODUCTION 
 
In gatherings centred on global climate change, carbon 
footprint has become a widely used term. As atmospheric 
CO₂ concentrations soar beyond 420 ppm, the escalating 

impacts of climate change underscore the urgent need to 
address humanity’s carbon footprint. Carbon footprint is 
the amount of CO₂ emitted  due  to  daily  activities, ranging  
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from washing clothes to driving, essentially measuring the 
impact of human activities on the environment in terms of 
GHGs (Wiedmann and Minx, 2008). According to 
Wiedmann and Minx (2008), the carbon footprint is the 
total amount of GHG emissions caused by an individual, 
event, organisation, or product, expressed as CO₂e.  

Carbon footprint encompasses both direct emissions 
from activities and indirect emissions accumulated across 
product life cycles (Pandey et al., 2011) and quantifies our 
contribution to global warming in tonnes of CO₂e over time 
(IPCC, 2014). Carbon footprint has emerged as a critical 
lens for assessing environmental pressure from 
consumption-driven emissions embedded in global trade 
to the broader climate impacts of human activities (Galli et 
al., 2012). Conversely, reducing GHG emissions alone by 
55% may not suffice to meet the Paris Agreement goal of 
reducing the temperature by 1.5°C by the year 2030. 
Carbon sequestration, however, spans natural sinks such 
as forests and soils, geological storage, and engineered 
solutions that offer a vital strategy to actively remove CO₂ 
from the atmosphere by mitigating the footprint of our 
industrialised world. This review therefore explores 
mechanisms, potential, and challenges of C sequestration, 
as well as revealing its vital role in achieving net-zero 
emissions. 
 
 
THE GROWING CONCERN OVER GHG EMISSIONS 
AND CLIMATE CHANGE 
 
One of the most significant environmental factors in a 
region, a nation, or the world is its climate. Climate change 
is the result of long-term changes in an area's natural 
conditions over around 30-35 years, comprising the 
average amount of light, temperature, humidity, wind, 
gases, air, water, and soil. Since plants are producers on 
the Earth's surface, these changes could have an impact 
on agriculture, industry, animals, the hydrological cycle, 
wind patterns, rainfall distribution, plant growth and 
development, and even the food chain (Ahmad et al. 
2022). Due to human activity, carbon emissions have been 
on the increase ever since the 20th century set in. The 
escalating surge of GHG emissions has put climate 
change at the forefront of global consciousness, igniting 
widespread concern among scientists, policymakers, and 
communities as well.  

In 2022, global CO₂ emissions from fossil fuels and 
industrial activities reached a staggering 36.8 billion 
tonnes, indicating a 1.1% increase as compared to 2021. 
This shift is driven by growing energy demands and 
persistent deforestation (Friedlingstein et al., 2022). This 
surge has driven atmospheric CO₂ concentrations above 
420 ppm, intensifying global warming by 1.1°C above pre-
industrial levels (IPCC, 2021). The consequences of these 
rising temperatures are glaring and multidimensional, 
ranging from rising sea levels, prolonged heat waves, and  
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intensified storms, with damages projected to cost the 
global economy about 23 trillion US dollars by the year 
2050 if the current rate of emissions remains unchecked 
(Burke et al., 2018). Ecosystems are also crumbling; 
thawing permafrost releases methane (CH4), which 
speeds up a dangerous feedback loop, while coral reefs 
cause catastrophic bleaching due to increasing ocean heat 
and acidification (Hoegh-Guldberg et al., 2017; Schuur et 
al., 2015). 

This dire crisis has not been overlooked. For example, 
the IPCC (2021) report has shown that public anxiety has 
surged, as reflected in climate change marches and youth 
crusading, while scientific warnings have skyrocketed 
owing to the IPCC cautioning that exceeding 1.5°C of 
global warming could lead to irreversible tipping points 
such as the collapse of the Greenland ice sheet. Hitherto, 
despite international commitments such as the Paris 
Agreement, current emissions trajectories fall short of the 
reductions needed by 2030 (IPCC, 2021; Rogelj et al., 
2016). This tragedy is not coincidental and would continue 
to rise if proper actions are not taken. For instance, 
economic sectors (from transportation to manufacturing) 
remain heavily reliant on fossil fuels, and land-use 
changes such as deforestation could compound the 
problem by diminishing natural C sinks (Lovejoy and 
Nobre, 2018). This misalignment has amplified the sense 
of urgency, pushing the discourse beyond mere GHG 
emissions to active C removal. As the window to forestall 
upsurge GHG emissions narrows, carbon sequestration 
emerges as a critical ally. Therefore, the rising concern 
over GHG emissions and climate change for a sustainable 
future stresses a twofold imperative, that is, to rapidly 
decarbonise and to harness C sequestration. 
 
 
CARBON SEQUESTRATION AS A STRATEGY TO 
REDUCE GHG EMISSIONS 
 
A key concern of the 21st century is slowing the rate at 
which the concentration of CO2 rises due to annual 
emissions from energy, process industry, land-use 
conversion, and agriculture. As the misalignment between 
current emissions trajectories and the Paris Agreement’s 
1.5°C target widens, the limitations of emissions reduction 
alone have become hideously evident (Rogelj et al., 2016). 
With annual CO₂ releases (around 36.8 billion tonnes), 
natural sinks are weakening owing to deforestation 
pressure (Friedlingstein et al., 2022; Lovejoy and Nobre, 
2018). Carbon sequestration emerges as a cornerstone 
strategy to mitigate emissions by harnessing both natural 
and engineered processes to capture and store CO₂.  

Carbon sequestration spans a range of methods, each 
with distinctive mechanisms and potentials. For example, 
terrestrial C sequestration could leverage forests, soils, 
and wetlands as natural sinks, with reforestation alone 
adept  at  sequestering  up  to  205  gigatons  of  C  annually  
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(Bastin et al., 2019). Similarly, geological C sequestration, 
as demonstrated by Norway’s Sleipner project, is typified 
by C capture and storage (CCS), and locks CO₂ in 
subsurface reservoirs (Bickle, 2009). Oceanic C 
sequestration, though less developed and faced with a lot 
of ecological uncertainties, explores enhancing the 
ocean’s natural uptake through techniques like iron (Fe) 
fertilisation (Boyd et al., 2007). Meanwhile, engineered 
solutions such as direct air capture (DAC) and bioenergy 
with C capture and storage (BECCS) push technological 
limits, with DAC extracting CO₂ directly from the air and 
BECCS reducing emissions by pairing biomass energy 
with storage (Keith et al., 2018; Fuss et al., 2018). These 
strategies could sequester about 5–15 gigatons of CO₂ 
annually (IPCC, 2021; Schuur et al., 2015). Overall, C 
sequestration not only mitigates C footprints, but it also 
buys time for deeper systemic change, positioning it as an 
essential tool in reclaiming planetary stability.  
 
 
Understanding carbon sequestration: What is carbon 
sequestration? 
 
To appreciate its role in mitigating climate change, a 
deeper understanding of C sequestration as a pivotal 
strategy to counter ever-increasing emissions is needed. 
Carbon sequestration is the process of capturing CO₂ from 
the atmosphere or emission sources and storing it in stable 
reservoirs, thereby reducing the emissions burden that 
drives global warming (IPCC, 2005). Globally, forests 
alone sequester about 2.4 billion tonnes of CO₂ annually. 
Unlike emissions reduction, which decreases novel CO₂ 
inputs, sequestration removes or sequesters prevailing C, 
thereby presenting a complementary pathway to reduce 
the anthropogenic C footprint (Lal, 2008; Rogelj et al., 
2016). 

Sequestration manifests through diverse mechanisms. 
For instance, in natural ecosystems, photosynthesis drives 
terrestrial C sequestration via plants absorbing CO₂ and 
storing C in the plant biomass and soils (Pan et al., 2011). 
In contrast, geological C sequestration encompasses 
adding captured CO₂ into underground formations like 
saline aquifers (Bickle, 2009). Oceanic sequestration 
leverages the ocean’s vast capability to absorb CO₂ either 
naturally or through experimental methods like iron (Fe) 
fertilisation (Boyd et al., 2007). Engineered approaches 
such as DAC employ chemical reactions to extract CO₂ 
from ambient air, storing it in geological or mineral forms 
(Keith et al., 2018). Each sequestration method centres on 
two key stages: capture- which isolates CO₂ from the 
atmosphere or point sources- and storage- which ensures 
its stability whether in roots, rocks, or reactors. Overall, 
sequestration bridges the gap between today’s emissions 
reality and tomorrow’s climate goals, making it essential 
for sustainable planetary stewardship (Schuur et al., 
2015). 

 
 
 
Natural and technological methods of carbon 
sequestration 
 
Natural C sequestration taps into biological and 
geochemical processes that improve over time. For 
example, terrestrial ecosystems such as forests, 
grasslands, and wetlands drive this through 
photosynthesis, where plants convert CO₂ into biomass, 
storing C in the tree trunks, roots, and in the soils. 
Specifically, forests alone have the potential to sequester 
up to 2.4 billion tonnes of CO₂ yearly, whereas determined 
reforestation could sequester 205 gigatons over a decade 
(Pan et al., 2011; Bastin et al., 2019). Soil C sequestration 
could be improved via agricultural practices such as zero-
tillage, cover cropping, and biochar application. More so, 
biochar application alone could sequester between 0.4 
and 1.2 gigatons of CO₂ per annum (Lal, 2008; Woolf et 
al., 2010). Wetlands, on the other hand, though covers 
around 6% of land, could store up to 30% of soil C. This 
potential could be ascribed to their waterlogged conditions 
leading to high soil organic matter (SOM) residence time 
and slow rate of decomposition of SOM (Nahlik and 
Fennessy, 2016). Oceanic C sequestration, however, 
depends on the ocean’s natural ability to absorb about 
25% of anthropogenic CO₂ (Boyd et al., 2007). Overall, the 
natural methods of C sequestration are acclaimed for their 
affordability and co-benefits, such as habitat restoration 
and flood control (Anderegg et al., 2015; Griscom et al., 
2017; Lovejoy and Nobre, 2018). 

In contrast, technological C sequestration methods exert 
precision and stability through human skills. Technique 
such as CCS usually capture CO₂ from power plants or 
factories, injecting it into geological formations such as 
saline aquifers or depleted oil fields. A good example of a 
CCS technique is Norway’s Sleipner project, which has 
stored more than 20 million tonnes CO2 since 1996, with 
less than 1% leakage risk over the period (Bickle, 2009). 
The DAC uses chemical sorbents to extract CO₂ from 
ambient air. The ClimeWorks plant is a popular DAC 
technique that could remove thousands of tonnes CO2 
yearly (Keith et al., 2018). Another technological C 
sequestration technique is BECCS, which burns plant 
biomass for energy, thereby capturing and storing the 
resultant CO₂. BECCS has the potential to offset 
emissions by 3–5 gigatons yearly, noting that it demands 
vast land for the cultivation of biomass (Fuss et al., 2018; 
Smith et al., 2016). Overall, these methods excel in 
scalability and durability; however, their high energy 
intensity and costs pose barriers to their usage (IPCC, 
2005; Global CCS Institute, 2023; Rubin et al., 2015).  
 
 
ROLE OF SOIL, PLANTS, AND ECOSYSTEMS IN 
CARBON SEQUESTRATION 
 
While natural and technological C  sequestration  methods  



 

 

 
 
 
 
bid divergent ways to mitigate CO₂ emissions, the role of 
soil, plants, and ecosystems as nature-based C 
sequestration sinks cannot be overemphasised. These 
natural biological systems could sequester huge amounts 
of C via interconnected processes, thereby providing a 
scalable, low-cost solution to cut atmospheric GHG 
emissions. However, the efficacy of these natural 
biological systems is threatened by deforestation and land 
degradation; therefore, understanding and enhancing their 
ability to sequester CO2 or offset GHG emissions is 
paramount to avert climate crises such as global warming 
and rising sea levels. 

Plants are the major sinks of C sequestration in 
terrestrial ecosystems, leveraging photosynthesis to 
absorb CO₂ and transform it into soil organic C (SOC). 
Approximately 2.4 billion tonnes of CO₂ per year were 
sequestered collectively by forests, grasslands, and arable 
soils, with tropical forests alone sequestering between 200 
and 300 tonnes of C per hectare (Pan et al., 2011; Lewis 
et al., 2009). Reforestation and afforestation could further 
strengthen this potential by refurbishing around 350 million 
hectares of degraded land, thereby sequestering up to 205 
gigatons of C (Bastin et al., 2019). Notwithstanding, 
perennial grasses and agroforestry systems are important 
C sinks. These systems increase C uptake by extending 
root systems, which vertically transfer C into deeper 
subsoils, sustaining long-term storage (Lorenz and Lal, 
2014). Overall, the capacity and durability of these 
systems centre on their resilience. Natural phenomena 
such as flooding, droughts and wildfires could trigger and 
transform these C sinks into sources, thereby releasing 
stored C back into the atmosphere (Anderegg et al., 2015). 

Soil is an immense C pool, housing three times as much 
C as the atmosphere (that is, about 2,500 gigatons) in the 
topsoil only (Lal, 2008). Plants deposit C into soils via 
release of plant root exudate and microbial activity that 
stabilises in the soil as SOM. This process could be 
boosted (sequestering around 0.4–1.2 gigatons of CO₂-e 
annually) by agricultural practices such as zero-tillage 
cultivation, cover cropping, mulching and manure 
incorporation (Poeplau and Don, 2015). Furthermore, 
biochar application enhances soil C storage in the 
amended fields by resisting SOC decomposition, 
potentially locking C away and increasing C sequestration 
rates by 10–20% (Woolf et al., 2010). Another C sink is 
wetlands (though covers just 6% of land mass). Wetlands 
could potentially store up to 30% of terrestrial ecosystems' 
C due to anaerobic conditions that slow down SOM 
decomposition (Nahlik and Fennessy, 2016). Hitherto, the 
long-term potential of soil to store C is fragile owing to 
erosion, overgrazing, and tillage that can release centuries- 
old C stocks in mere years (Sanderman et al., 2017). 

Ecosystems strengthen this synergy by integrating 
plants and soils into dynamic C sinks. For instance, 
mangroves sequester C per hectare at rates five times 
higher than tropical forests, storing it in both plant biomass  
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and soil sediments, whereas peatlands (covering just 3% 
of land mass) lock away approximately 500–600 gigatons 
of C globally (Donato et al., 2011; Yu et al., 2010). In spite 
of the co-benefits these ecosystems offer in biodiversity 
conservation, water retention, and climate resilience, they 
face threats from land-use change. For example, the loss 
of around 35% of peatlands' C since 1985 was ascribed to 
drainage and agriculture (Leifeld and Menichetti, 2018). 
Therefore, protecting and restoring these ecosystems, in 
conjunction with enhancing plant-soil interactions, could 
offset 20–30% of annual GHG emissions, making them 
essential cronies in C sequestration (Griscom et al., 2017).  
 
 
THE LINK BETWEEN CARBON FOOTPRINTS AND 
CARBON SEQUESTRATION 
 
The C footprint measuring GHG emissions from human 
activities serves as both a measure of our climate impact 
and a call to action, with C sequestration emerging as a 
vital offset. As daily routines and industrial practices drive 
GHG emissions upward, the interaction between these C 
footprints and C sequestration’s capacity to offset them 
reveals a pathway to environmental sustainability.  
 
 
Contribution of daily activities to GHG emissions 
 
Everyday life is a tapestry of C emitting choices, often 
indiscernible; hitherto cumulatively intense. For example, 
transportation, a basis of modern movement, accounts for 
29% of global CO₂ emissions, with the average car 
emitting 4.6 tonnes CO2 yearly, which is the same as 
burning 2,000 litres of gasoline (IEA, 2022). Also, 
household energy usage, ranging from heating to 
appliance operation (largely from fossil fuel-derived 
electricity), adds another layer, contributing 5.5 tonnes of 
CO2 per household annually in developed nations (EIA, 
2021). Similarly, food consumption could further amplify 
the C footprint. According to Poore and Nemecek (2018), 
producing one kilogram of beef emits 60 kg CO₂-e, 
dwarfing the two kilograms from vegetables, driven by CH4 
from livestock and land clearing. Another important sector 
that significantly contributes to GHG emissions is waste 
disposal. Waste disposal plays a key role in the release of 
CH4, which is 25 times more persuasive (totalling 1.5 
billion tonnes CO₂-e yearly) than CO₂ (Bogner et al., 
2008). Together, in technologically advanced countries, an 
individual’s yearly C footprint contribution is around 11 
tonnes CO₂-e (IPCC, 2021). These daily activities pile up 
a web of GHG emissions that C sequestration must offset. 
 
 
The role of C sequestration in offsetting GHG emissions 

 
Carbon sequestration stands as a powerful remedy to the  
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surge in GHG emissions that is capable of offsetting 
significant amounts of anthropogenic C footprint via 
various methods, mainly known as natural and 
technological methods. In natural methods, activities such 
as reforestation and soil improvement by the use of 
organic amendments such as biochar, organic manure, 
etc, could sequester 5–10 gigatons of CO₂ per annum, 
thereby neutralising around 15–30% of the global GHG 
emissions (Griscom et al., 2017). For instance, a hectare 
of restored mangrove can sequester 3–5 tonnes of CO2 
per annum, matching a household’s C footprint (Keith et 
al., 2018; Donato et al., 2011). Another natural method of 
C sequestration is geological storage. Geological storage 
has a capacity to sequester between 2,000 and 13,500 
gigatons of CO2, and offers a near-permanent sink for 
captured CO₂, thereby dwarfing global annual GHG 
emissions by 36.8 billion tonnes (IPCC, 2005; 
Friedlingstein et al., 2022). Technological methods, on the 
other hand, could strengthen this potential via DAC and 
BECCS. Together, DAC and BECCS could remove 
approximately 5–15 gigatons of CO2 annually, with 
BECCS alone offsetting up to 40% of industrial GHG 
emissions (Fuss et al., 2018; Realmonte et al., 2019). In 
practice, a single functional DAC plant (e.g. Climeworks’ 
Orca) can sequester 4,000 tonnes of CO2 yearly, an 
amount equivalent to 800 cars’ GHG emissions (Keith et 
al., 2018; Donato et al., 2011). Overall, by bridging the gap 
between GHG emissions and net-zero goals, C 
sequestration could transform C footprints from a liability 
into an opportunity. 
 
 
Industries and practices that can benefit from carbon 
sequestration 
 
In principle, all industries and practices with high C 
footprints potential stand to benefit from the C 
sequestration’s possibilities. With projects like Petra Nova, 
the energy sectors (responsible for 42% of global GHG 
emissions) can capture up to 1.6 million tonnes of CO2 
yearly (Global CCS Institute, 2023). Agriculture emits 10–
12 gigatons of CO₂-e annually, mainly from livestock 
production and soil disturbances (such as tillage). 
Agricultural practices such as cover cropping and 
agroforestry can improve C sequestration and offset 20–
30% of the GHG emissions, while increasing crop yields 
(Poeplau and Don, 2015; Zomer et al., 2016). Another 
extremely C intensive industry is cement production, which 
releases 2.2 billion tonnes of CO2 yearly (Leung et al., 
2014). With proper management, adopting biochar 
application to urban waste management (which is known 
to generate CH4 from landfills), can stabilise C and reduce 
GHG emissions by 10–15% per site (Woolf et al., 2010). 
Another versatile industry that could benefit from C 
sequestration is the aviation sector. It was reported that 
the aviation  industry  could  emit up to  1 billion  tonnes  of  

 
 
 
 
CO₂ yearly; however, it still has the potential to offset GHG 
emissions via afforestation and/or incorporating DAC 
technology (ICAO, 2022). Overall, these examples have 
clearly demonstrated the versatility of C sequestration in 
coverting C heavy sectors into C sinks as well as agents 
of climate change mitigation. 
 
 
Nature-based carbon sequestration strategies 
 
Nature-based C sequestration approaches often harness 
Earth’s biological systems to sequester and store CO₂, 
thereby proposing scalable, cost-effective methods to 
offset C footprints from daily household life and industrial 
activities. These methods, rooted in forests, soils, and 
ecosystems, could provide immediate, nature-based 
solutions to offset the 36.8 billion tonnes of CO₂ released 
yearly through building on the synergy amongst GHG 
emissions and C sequestration (Friedlingstein et al., 
2022). Generally, by improving and conserving these C 
sinks, climate change mitigation is certain alongside other 
ecological co-benefits. 
 
 
Forest and agroforestry 
 
Forests and agroforestry are giant nature-based C 
sequestration methods that leverage photosynthesis to 
lock C in plant biomass and in the soils. Mature forests 
sequester 2.4 billion tonnes of CO₂ yearly, with tropical 
systems storing 200–300 tonnes per hectare, yet 
deforestation has slashed this capacity by 11% since 2000 
(Pan et al., 2011; Lewis et al., 2009). Tree planting 
reverses this loss by restoring 350 million hectares of 
degraded land and could sequester 205 gigatons of 
carbon by 2100, thereby offsetting two decades of global 
emissions (Bastin et al., 2019). Initiatives like the Bonn 
Challenge, targeting 350 million hectares by 2030, 
exemplify this potential, with countries like Ethiopia 
planting 5 billion trees since 2019 (Griscom et al., 2017). 
Forest conservation could complement this by protecting 
existing sinks. For example, halting Amazon deforestation 
alone could preserve 37 billion tonnes of carbon (Lovejoy 
and Nobre, 2018). Integrating trees into farmland via 
agroforestry could boost this further, sequestering 1–18 
tonnes of CO₂ per hectare annually while enhancing food 
security (Zomer et al., 2016; Anderegg et al., 2015). 
 
 

Soil health and regenerative agriculture: No-till, cover 
cropping, and composting 
 
Soil, holding 2,500 gigatons of carbon globally, is a 
sequestration powerhouse revitalised by regenerative 
agriculture (Lal, 2008). No-till farming minimises soil 
disturbance,  thereby   retaining   0.1–1  tonne  of  CO₂  per  



 

 

 
 
 
hectare yearly by preserving organic matter (Derpsch et 
al., 2010). Cover crops, planted between harvests, add 
0.3–0.6 tonnes per hectare by boosting root carbon inputs. 
A meta-analysis showed up to a 15% increase in soil 
carbon stocks over a decade owing to cover cropping 
(Poeplau and Don, 2015). Composting was reported to 
sequester 0.2–0.5 tonnes C per hectare while reducing 
methane from landfills (Brown et al., 2011; Woolf et al., 
2010; Lal, 2018). 
 
 

Preserving natural carbon sinks: Wetlands and 
grasslands 
 
Wetlands and grasslands, though less heralded, are 
prodigious C sinks warranting preservation. Wetlands, 
covering 6% of land, store 30% of soil C, with coastal 
mangroves sequestering 3–5 tonnes per hectare annually, 
five times more than tropical forests, owing to waterlogged 
soil conditions that halt or lower decomposition (Nahlik and 
Fennessy, 2016; Donato et al., 2011). Peatlands hold 
500–600 gigatons of C globally and can lock C for 
millennia, yet 35% has been lost to drainage since 1850 
(Yu et al., 2010; Leifeld and Menichetti, 2018). Grasslands, 
spanning 40% of Earth’s land, store 300 gigatons in deep 
roots and soils, with restoration adding 0.5–1 gigaton 
yearly (Conant et al., 2017). Preserving these sinks, e.g., 
through wetland restoration or grazing management, could 
offset 10–15% of GHG emissions, while safeguarding 
biodiversity and flood control (Griscom et al., 2017). 
Threats like conversion to cropland or urban sprawl, 
however, demand urgent attention, as drainage or 
ploughing can release centuries of C (Sanderman et al., 
2017). 
 
 

Technological approaches to carbon sequestration 
 
While natural strategies like forests and wetlands anchor 
C sequestration efforts, technological approaches could 
offer precision, scalability, and permanence to tackle the 
36.8 billion tonnes of CO₂ emitted annually (Friedlingstein 
et al., 2022). These engineered solutions, spanning soil 
enhancement to atmospheric extraction, address the 
limitations of natural sinks, such as saturation and 
vulnerability, by integrating human innovation into the C 
cycle. From biochar’s soil synergy to industrial-scale 
capture, these methods expand sequestration’s reach, 
aligning with net-zero ambitions. 
 

Biochar application: Biochar is a C-rich material 
produced by pyrolysing biomass. Biochar bridges natural 
and technological sequestration by enhancing soil C 
storage. Unlike organic matter that decomposes within 
years, biochar’s stable structure resists microbial 
breakdown, locking C in soils for decades or even longer 
(Lehmann, 2007). When applied to fields, biochar 
increases soil C stocks by 10–20%, with global adoption 
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potentially sequestering 1–2 gigatons of CO₂ annually, 

equivalent to 3–5% of current CO₂ emissions (Woolf et al., 
2010). In practice, a tonne of biochar can sequester 2.5–3 
tonnes of CO₂-equivalent, depending on feedstock and 
soil type, while improving fertility and water retention 
(Gaunt and Lehmann, 2008; Sohi et al., 2010; Woolf et al., 
2010).  
 

Carbon capture and storage: Carbon capture and 
storage (CCS) targets CO₂ at its source, capturing 
emissions from power plants and industries before they 
reach the atmosphere, and then storing them in geological 
reservoirs. Pioneered by concepts like those outlined by 
Lackner (2009), CCS involves three steps: (i) capturing 
CO₂ via chemical absorption (e.g., amine scrubbing), (ii) 
transporting it via pipelines, and (iii) injecting it into 
formations like saline aquifers or depleted oil fields, where 
it remains trapped by impermeable caprock (Lackner, 
2009). The Sleipner project in Norway, operational since 
1996, has stored over 20 million tonnes, proving technical 
feasibility with leakage risks below 1% over millennia 
(Bickle, 2009). Globally, CCS could potentially sequester 
2–5 gigatons annually by 2050, with a theoretical capacity 
of 2,000–13,500 gigatons far exceeding current emissions 
(IPCC, 2005; Rubin et al., 2015; Global CCS Institute, 
2023; Lackner, 2006). CCS excels in permanence and 
industrial applicability but requires rapid deployment to 
match climate urgency. 
 

Innovations in atmospheric carbon removal: Direct air 
capture: Direct air capture (DAC) represents the frontier 
of C sequestration, extracting CO₂ directly from the 
atmosphere using chemical sorbents. Innovations like 
Climeworks’ solid sorbent systems and Carbon 
Engineering’s liquid hydroxide process have slashed costs 
from $600 to $100–200 per tonne, with plants like Orca 
removing 4,000 tonnes annually, offsetting emissions from 
800 cars (Keith et al., 2018; IEA, 2022). DAC’s strength 
lies in its flexibility: it targets diffuse emissions 
unaddressed by CCS, with a potential to remove 5–10 
gigatons yearly (Realmonte et al., 2019). Storage options 
include geological injection or mineralisation into stable 
carbonates, ensuring permanence (Lackner, 2009). 
However, energy demands of 1.5–2.5 GJ per tonne pose 
challenges, requiring 10–15% of global renewable 
capacity for large-scale deployment (Breyer et al., 2020). 
Pilot projects, like Iceland’s CarbFix, which mineralises 
12,000 tonnes yearly, showcase viability, but costs and 
scaling remain hurdles (Matter et al., 2016). DAC’s 
promise lies in its universality, offering a backstop for GHG 
emissions reduction shortfalls. 
 
 

BENEFITS OF CARBON SEQUESTRATION IN 
REDUCING FOOTPRINTS 
 

Carbon sequestration, whether through natural or 
technological   means,   transcends  mere  GHG  emissions  
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management, delivering a suite of benefits that directly 
shrink C footprints while fostering environmental and 
economic resilience. As global CO₂ emissions hover at 
36.8 billion tonnes annually, C sequestration’s capacity to 
mitigate GHG emissions, enhance ecosystem function and 
unlock financial incentives (Friedlingstein et al., 2022). 
These advantages amplify its role beyond offsetting GHG 
emissions, interlacing sustainability into the fabric of 
human systems. 
 
 
Reducing GHG emissions 
 
The primary benefit of C sequestration lies in its ability to 
lower GHG concentrations. Natural sinks like forests and 
soils could sequester 5–10 gigatons of CO₂ yearly, 
reducing atmospheric levels by 2–5 ppm annually if scaled 
globally, critical when concentrations exceed 420 ppm 
(Griscom et al., 2017; IPCC, 2021). Technological 
methods could amplify this via direct air DAC and CCS, 
which could potentially remove approximately 5–15 
gigatons by 2050, possibly slashing 10–20% of industrial 
GHG emissions (Realmonte et al., 2019; Rubin et al., 
2015). Real-world impacts are tangible: Climeworks’ Orca 
plant removes around 4,000 tonnes yearly, while 
Sleipner’s CCS has locked away 20 million tonnes since 
1996 (Keith et al., 2018; Bickle, 2009). This drawdown 
mitigates warming, with models suggesting that removing 
10 gigatons annually could limit temperature rise by 0.1–
0.2 °C by the end of the century, thereby buying time to 
forestall tipping points like permafrost thaw (Fuss et al., 
2018; Schuur et al., 2015). By shrinking the C footprint’s 
atmospheric legacy, carbon sequestration offers a direct 
counter to the greenhouse effect. 
 
 
Enhancing soil productivity and ecosystem health 
 
Beyond GHG emission reduction, C sequestration revives 
soils and ecosystems and enhances their productivity and 
resilience. For example, biochar application and 
regenerative agricultural practices such as cover cropping 
boost SOC by 10–20%, improve water retention by up to 
15% and crop yields by 10–30% (Woolf et al., 2010; 
Poeplau and Don, 2015). Similarly, forests and wetlands 
were reported to sequester 2.4 billion and 3–5 tonnes of C 
per hectare yearly, respectively. They were found to also 
stabilise soils and regulate hydrology, thereby reducing 
soil erosion hazards and flooding risks (Pan et al., 2011; 
Donato et al., 2011). These efforts also bolster biodiversity 
in restored peatlands to support rare plant species and 
microbial communities (in terms of richness, evenness, 
and distribution), while agroforestry systems increase 
pollinator abundance by 20–50% (Zomer et al., 2016; 
Leifeld and Menichetti, 2018). Healthier ecosystems cycle 
nutrients more efficiently, with studies showing a 25% rise  

 
 
 
 
in soil microbial activity under enhanced C sequestration 
practices (Lal, 2018). 
 
 
Economic opportunities: Carbon credits and 
sustainable farming incentives 
 
Carbon sequestration also unlocks economic potential, 
turning C removal into a marketable asset via C credits and 
farming incentives. The C markets, valued at $851 billion 
in 2023, reward C sequestration projects. For example, 
farmers adopting no-till or afforestation earned $10–50 per 
tonne of CO₂ sequestered, with global transactions 
offsetting 200 million tonnes annually (World Bank, 2023; 
Griscom et al., 2017). Companies like Microsoft purchase 
DAC credits from Climeworks, driving demand, while 
initiatives like Australia’s Carbon Farming Initiative (CFI) 
have paid farmers $1.5 billion since 2011 (Keith et al., 
2018; Evans, 2018). Sustainable farming incentives, such 
as the United States Conservation Reserve Program 
(USCRP), have already provided $2 billion annually to 
enhance soil C to boost rural economies (USDA, 2022; 
Rubin et al., 2015; Woolf et al., 2010). By monetising 
carbon, C sequestration not only cuts C footprints, but it 
also fuels green growth, thereby aligning environmental 
and economic sustainability goals. 
 
 
PRACTICAL STEPS FOR INDIVIDUALS AND 
COMMUNITIES 
 
The benefits of C sequestration in reducing GHG 
emissions, enhancing ecosystems, and creating economic 
value hinge on widespread adoption, making individual 
and community action pivotal in shrinking the 11-tonne 
annual C footprint of industrialised economies (IPCC, 
2021). While global GHG emissions reach 36.8 billion 
tonnes yearly, grassroots efforts can amplify C 
sequestration’s impact, thereby bridging the gap to net-
zero (Friedlingstein et al., 2022). From planting trees to 
advocating policies, these practical steps empower people 
to align daily choices with climate solutions. 
 
 
Sustainable land management and tree planting 
initiatives 
 
Individuals and communities can directly bolster C 
sequestration through sustainable land management and 
tree planting. Backyard or communal tree planting can 
sequester 0.02–0.05 tonnes of CO₂ per tree annually, with 
a mature oak offsetting a year’s worth of car emissions 
(Nowak et al., 2013). Community initiatives, like urban 
forestry programs in cities such as Los Angeles, have 
planted 1 million trees since 2006, capturing 50,000 
tonnes of CO₂ while cooling neighbourhoods (McPherson  



 

 

 
 
 
 
et al., 2016). On rural or suburban lands, agroforestry 
sequesters 1–18 tonnes per hectare yearly, with 
smallholders in Kenya doubling yields and C storage 
through such systems (Zomer et al., 2016). Sustainable 
practices like composting kitchen waste (0.2–0.5 tonnes 
per household annually) or adopting no-till gardening 
enhance soil C, with community gardens in the U.S. 
offsetting 10–15% of participants’ food-related emissions 
(Brown et al., 2011; Poeplau and Don, 2015). These 
efforts, costing $10–20 per tonne of C sequestered, 
democratize C sequestration, turning yards and farms into 
C sinks (Griscom et al., 2017). 
 
 
Supporting businesses and policies that promote 
carbon sequestration 
 
Collective support for sequestration-friendly businesses 
and policies amplifies individual impact. Consumers can 
choose products from companies using CCS or DAC, such 
as Microsoft’s DAC-backed C-negative pledge, which 
removed 1.3 million tonnes in 2023 via Climeworks (Keith 
et al., 2018; Microsoft, 2023). Purchasing from sustainable 
agriculture brands like those certified by the Soil C Initiative 
supports soil sequestration, with U.S. farmers earning 
$15–30 per tonne through C credits (Lal, 2018). 
Communities can advocate for policies like the U.S. 
Growing Climate Solutions Act (USGCSA), which 
streamlines C markets, or local subsidies for wetland 
restoration, as in the UK’s Peatlands Code, preserving 500 
gigatons of C (Leifeld and Menichetti, 2018; Evans et al., 
2021). Voting for urban green space funding or corporate 
tax incentives for CCS currently deployed at 40 global 
facilities drives systemic change (Global CCS Institute, 
2023). These actions leverage market and policy levers, 
embedding carbon sequestration into economic 
frameworks. 
 
 
Reducing personal emissions through sustainable 
choices 
 
Cutting personal GHG emissions complements C 
sequestration efforts and shrinks C footprints. Switching to 
public transit or biking reduces the 4.6-tonne annual car 
emissions by 50–75%, while energy-efficient appliances 
and renewable energy sources at home cut the 5.5-tonne 
household average emission by 20–30% (IEA, 2022; EIA, 
2021). Dietary shifts such as replacing beef (with 60 kg 
CO₂-equivalent per kg emission potential) with plant-
based options (with 2 kg CO₂-equivalent per kg emission 
potential) slash food emissions by up to 2 tonnes per 
person yearly (Poore and Nemecek, 2018; Scarborough et 
al., 2023). Composting waste diverts CH4-emitting 
organics from landfills, reducing 0.5–1 tonne of emissions 
per household (Bogner et al., 2008; Ivanova et al., 2020).  
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These choices often save $500–$1,000 yearly, improve 
sequestration of C by lowering the emissions baseline, 
thereby making the net-zero goal attainable (IPCC, 2021).  
 
 
CHALLENGES AND FUTURE CONSIDERATIONS 
 
Carbon sequestration holds immense promise for reducing 
the 36.8 billion tonnes of CO₂ emitted annually, yet its full 
potential remains constrained by practical and systemic 
challenges (Friedlingstein et al., 2022). As individuals and 
communities adopt carbon sequestration practices, 
scaling these efforts to match global climate goals 
demands overcoming cost barriers, securing policy 
support, and advancing innovation. Therefore, addressing 
these hurdles is essential to ensure carbon sequestration 
evolves from a niche solution into a cornerstone of net-
zero strategies. 
 
 
Scalability and cost barriers of sequestration methods 
 
The scalability and cost of carbon sequestration methods 
pose significant obstacles to widespread deployment. 
Natural approaches like reforestation, while cost-effective 
at $10–20 per tonne, are limited by land availability. 
Restoring 350 million hectares requires balancing food 
production and biodiversity, with only 1.9 billion hectares 
globally suitable (Bastin et al., 2019; Griscom et al., 2017). 
Soil carbon sequestration using biochar or no-till farming, 
at $20–50 per tonne, could offset 1–2 gigatons yearly, but 
scaling to billions of hectares demands equipment and 
training for millions of farmers (Woolf et al., 2010; Lal, 
2018). Technological methods face steeper barriers: CCS 
costs $60–120 per tonne, with just 40 facilities worldwide 
capturing 45 million tonnes annually, less than 0.1% of 
emissions due to energy-intensive capture and sparse 
infrastructure (Rubin et al., 2015; Global CCS Institute, 
2023). The DAC, at $100–200 per tonne, requires 1.5–2.5 
GJ per tonne, potentially consuming 10–15% of global 
renewable energy if scaled to 10 gigatons yearly (Keith et 
al., 2018; Breyer et al., 2020). These costs and logistical 
demands underscore the gap between current capacity 
and the 15–20 gigatons of annual removal needed by 2050 
(Fuss et al., 2018). 
 
 
Policy and regulatory support needed for widespread 
adoption 
 
Effective carbon sequestration hinges on robust policy and 
regulatory frameworks, yet gaps persist. Carbon pricing, 
covering only 23% of global emissions at $851 billion in 
2023, often undervalues carbon sequestration at $5–50 
per tonne, insufficient for CCS or DAC viability (World 
Bank,  2023;  Rubin   et  al.,  2015).   Subsidies   for   natural  
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methods like the U.S. Conservation Reserve Program 
(USCRP), $2 billion annually, reach just 1% of farmers, 
while wetland protections falter, with 35% of peatlands' C 
lost since 1850 (USDA, 2022; Leifeld and Menichetti, 
2018). International frameworks, such as the Paris 
Agreement, lack binding sequestration targets, leaving 
adoption fragmented; only 20 countries have CCS policies, 
and biochar incentives are nascent (Rogelj et al., 2016; 
Global CCS Institute, 2023). Regulatory hurdles, like 
permitting delays for geological storage or land-use 
conflicts, further slow progress, with CCS projects taking 
5–10 years to launch (Scott et al., 2015). Future policies 
must integrate carbon credits projected to offset 1 billion 
tonnes by 2030, subsidise technology deployment, and 
enforce ecosystem preservation to unlock sequestration’s 
scale (World Bank, 2023). 
 
 
The role of research and innovation in improving 
sequestration efficiency 
 
Research and innovation are critical to overcoming these 
barriers, enhancing sequestration’s efficiency and 
affordability. Advances in biochar production, such as 
mobile pyrolysis units, could cut energy use by 20–30%, 
boosting scalability while maintaining 2.5–3 tonnes of CO₂ 
per tonne sequestered (Gaunt and Lehmann, 2008). For 
CCS, novel solvents like ionic liquids reduce capture 
energy by 25%, potentially lowering costs to $40–80 per 
tonne (Haszeldine et al., 2018). DAC innovations, e.g., 
metal-organic frameworks (MOFs), slash energy needs by 
15–20%, aiming for $50–100 per tonne by 2030, as seen 
in C Engineering’s prototypes (Sumida et al., 2012; Keith 
et al., 2018). Natural methods benefit too: genetic 
engineering of plants to enhance root C storage could 
increase sequestration by 10–15%, while microbial soil 
amendments boost rates by 20–25% (Jansson et al., 
2021; Paustian et al., 2016). These breakthroughs, if 
funded global Research and Development for 
sequestration lags at $2 billion annually versus $20 billion 
needed could double removal efficiency, aligning with 1.5 
°C pathways (IEA, 2022; IPCC, 2021). Innovation thus 
holds the key to transforming sequestration into a global 
solution. 
 
 
CONCLUSION  
 
Carbon sequestration emerged as an inevitable strategy 
for mitigating GHG emissions and a drastic reduction of 
carbon footprint. As the reduction of emissions remains the 
main approach for combatting climatic change, carbon 
sequestration helps this effort by removing and storing 
atmospheric carbon (IV) oxide through natural and 
technological pathways to achieve net-zero emissions and 
a sustainable future. 
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