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Abstract: Physics provides the fundamental understanding and tools that are necessary to develop, optimize, and

monitor sustainable materials and processes for effective carbon sequestration. An attempt has been made in
present work to throw some light on leveraging physics principles to capture CO; from concentrated sources,
utilizing waste energy, and optimizing processes with computational modelling. Incidentally, it offers the most
promising pathways for cost efficient carbon sequestration
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1. INTRODUCTION:

The process of capturing and storing atmospheric CO; to reduce its concentration in the atmosphere and mitigate
climate change is called carbon sequestration. Its occurrence is through natural biological process like photosynthesis
in plants and trees or through geological and technological methods such as storing CO; in underground reservoirs [1].

In natural and biological sequestration plants, trees and other vegetation absorb CO, from the atmospheres,
storing it as organic matter in leaves, trunks and roots. Carbon can also be stored in soils through the decomposition of
organic materials [2-5]. Oceans absorb a significant amount of carbon from the atmosphere. Geological and
technological carbon capture and storage (CCS) is a technology that captures CO, from industrial sources, like power
plants, and injects it into deep underground formations for a long — term storage [6].

Underground storage is similar to CCS. This this encompasses storing captured carbon in geological formations
like salt caverns. Enhanced natural processes focus on enhancing natural sequestration processes, for example, through
land management and forestry practices. They convert it into biofuels and then capture and store the carbon released
during combustion. Inject captured CO, deep underground into formations like saline aquifers or depleted oil and gas
reservoirs for long term storage [7]. To prevent leaks, it requires careful engineering monitoring and adherence to safety
protocols.

Mineralization is a process that uses natural chemical reactions to turn CO; into stable solid carbonates, often
with minerals like basalt or olivine. Establishment of carbon markets and providing incentives to encourage investment
and participation in carbon sequestration projects. Implementing robust systems, including Al-powered satellite
technology, to monitor the effectiveness of different methods and guide future decisions. Research, incubating new
technologies and providing training to develop the workforce needed for carbon sequestration projects is very important.
International collaboration is required to share the knowledge with the other nations to implement and improve
sequestration problem strategies as environmental remediation is a circular global issue [8-11].

2. DISCUSSION:

Bio-based materials like bio char, engineered wood and bamboo which lock carbon in their structure and novel
materials such as carbon-negative cements, bio-plastics, and mycelium-based composites are the sustainable materials
for carbon sequestration. Some industrial materials like fly ash and ionic liquids can also be useful for carbon capture
and storage.
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Physics is very useful in carbon sequestration for modelling, monitoring, and assessing potential storage sites through
the application of principles like fluid dynamics, wave physics, and geophysics. It provides the tools to understand and
predict how carbon dioxide (CO,) behaves underground by ensuring the processes’ safety and efficiency by using
methods such as seismic surveys and advanced numerical simulations [12].

Location assessment and modelling geophysics techniques like 2D (2-dimensional) and 3D (3-dimensional)
seismic surveys are used to characterize potential storage sites, evaluate the integrity of the ‘seal’ rock, and to identify
potential hazards like faults. Physics based numerical and analytical methods are used to simulate the behaviour of CO,
in deep saline aquifers, predicting how it will be trapped through processes like dissolution, mineralization, and residual
gas trapping [13-16].

Principles of rock physics are used to understand how rock properties, such as porosity and permeability affect
the storage capacity and behaviour of CO; [17]. Monitoring and verification wave physics seismic methods which rely
on the principles of wave physics, are used to monitor the movement and growth of injected CO; plumes over the time
[18]. The time lapse monitoring technique uses multiple seismic surveys at different times to calculate changes in the
subsurface, helping to track the CO, plume’s progress [19].

Advanced techniques physics — informed machine learning is developed by researchers by developing machine
learning models that incorporate physical equations into their architecture or loss function. This hybrid approach
leverages the power of Artificial Intelligence for faster simulations while ensuring the physically consistent results with
governing laws like Darcy’s law and conservation of mass [20]. Joint inversion technique combines multiple geophysical
data sets to create a more accurate and higher — resolution picture of the subsurface, helping to predict movement in a
better way and fate of the sequestrated CO,.

There is much to know about the use of Al in sustainable materials, as its application is growing across different
areas of research, development and manufacturing. Al is used to accelerate the discovery of new sustainable materials,
to decrease wastes up to 30% reduction. Al also optimizes production processes by improving energy efficiency and
enable circular economy initiatives like recycling.

Physics based sustainable materials play a significant role in carbon sequestration, primarily through
mechanisms like physical adsorption and mineral carbonation, often in engineered systems [21]. Principles from physics
are also used in modelling and monitoring the long-term behaviour of sequestered CO; in geological formations. Physics
— based materials utilize physical principles, such as surface area, porosity and molecular interactions to capture and
store CO,. Physisorption captures CO; through pores. That is, physical adsorption. Zeolites are microforms allumino
silicate materials which have large surface areas and can effectively absorb CO,, especially at low pressures and
temperatures. This capture process is driven by the physical structure and electrostatic interactions with cations in their
pores [22-23].

Activated carbon, carbon nanotubes and graphene-based materials are excellent physi sorbents due to their high

surface area and tuneable pore structures, allowing for efficient gas flow and CO; uptake [24]. Biochar, a stable form of
carbon produced from biomass pyrolysis, is a sustainable example with high surface area that is effective for carbon
capture in soil [25].
Researchers have developed hybrid foams made of gelatine and nano cellulose infused with a high concentration of
zeolites (~ 90% by weight). The material’s porous, open structure allows for high gas flows and selective CO, capture.
Mineral carbonation method involves the chemical reaction of CO; with naturally occurring minerals like CaCO3. While
the reaction is chemical the underlying processes of fluid flow and diffusion are governed by the physics principles.

The natural calcium silicate mineral wollastonite is highly efficient at carbon sequestration, reacting with CO»

in cement-based materials to form calcium carbonate. Its incorporation can also enhance the mechanical properties and
durability of sustainable concrete. In enhanced weathering projects, crushed basalt rock dust is spread on land to react
with atmospheric CO,. The process leverages the large surface area of the crushed rock to accelerate natural chemical
reactions [26].
The role of physics in development and monitoring physics principles also provide the foundation for the broader
application of carbon sequestration technologies include modelling — simulation and geophysical monitoring.
Computational physics, including molecular dynamics simulations and physics-based mechanistic models, helps in
designing new materials, predicting their performance, and optimizing carbon capture and storage (CCS) processes in
engineered reactors or geological formations. [27-28]

Physics is central to geological sequestration, governing how CO; is compressed, injected, and trapped
underground. Key physical principles include the dynamics of multiphase flow in porous rock, which determines how
the CO, moves and then displaces fluids [29]. Additionally, hydrodynamics trapping relies on the physical properties of
the rock formation, where a caprock formation with low permeability traps the dense, supercritical CO»beneath it.
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Techniques like time-lapse seismic surveys and ground surface deformation measurements (InSAR) are used to
track the movement and long-term stability of injected CO, plumes within deep saline aquifers or depleted reservoirs
[30]. These methods rely on understanding the physics of wave propagation and fluid dynamics in porous media. Physics
is also vital for monitoring storage integrity through rock physics modelling that interprets seismic data to track changes
in the reservoirs.

Cost — efficient management:
Key physical principles in carbon sequestration and their cost — efficient applications are discussed in this
section [31] as shown in the following figure 1.

Key Physical Principles and Their Cost-Efficient Applications
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Figure 1: Core Physical Principles of Carbon Sequestration.

An ultimate physics principle is the separation of a dilute substance (CO,) from a mixture (air) inherently
requires a large amount of energy to overcome entropy. A cost-efficient application approach in capturing CO, from
concentrated industrial sources like power plants (where CO; can be ~ 10 — 15 % of the exhaust) is significantly more
cost — effective than capturing it from the atmosphere (with only ~ 0.04% CO,). The energy penalty and associated costs
are substantially lower at the source.

Physics-driven design in materials engineering helps in creating highly efficient capture mediums. The use of
advanced materials like Metal-Organic Frameworks (MOFs) are specialized physic-sorbents allows for selective CO»
adsorption with lower energy input for release (desorption). Specially tailored pore structures of these materials with
the high surface area are specific designs using physical simulations, for improving performance and longevity, for
effective operational costs.

In mineral carbonation, cost-effective, naturally abundant minerals like wollastonite are used to react with CO»
to form stable carbonates, by offering a highly-efficient sequestration method when processed into a fine powder [32].
Applying the laws of energy conservation and transfer can significantly cut operational costs in energy management.
Re-using ‘cold energy’ from the processing of Liquified Natural Gas (LNG) to chill air for direct capture (DAC) allows
physi-sorbents to work more efficiently by removing water vapour, thus avoiding expensive water-removal steps and
leveraging otherwise wasted energy.

Physics-informed machine learning models and simulations can predict outcomes faster and more cheaply than
the traditional methods. Using advanced computational techniques, like physics-informed neural networks (PINNs),
which helps in cost-effectively identified and asses, that are suitable underground geological storage sites for safe, long-
term sequestration [33]. These models optimize site selection, injection rates, and monitoring programs, by reducing the
need for extensive and expensive field characterization.

Thorough understanding of the physics behind the fluid flow through porous media is essential for secure
geological storage. The physical properties of the site (high permeability, porosity) in deep saline formations can increase
CO; injection rates and storage potential that in turn reduces overall costs [34]. To ensure containment geophysical
methods like time-lapse seismic surveys are used for cost-effective, accurate monitoring of underground CO; plumes.
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3. CONCLUSION:

The most cost-efficient uses of physics in carbon sequestration leverage gets along the fundamental physical

principles like thermodynamics and material science to optimize and reduce energy consumption, by focussing primarily
on point-source capture, utilizing the by-products or baggage or waste energy, and by employing advanced
computational modelling. In summary, these techniques offer the most optimising pathways for cost-efficient carbon
sequestration.
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