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Abstract—Greenhouse gases (GHGs) are atmospheric 

constituents that absorb and emit infrared radiation, 

significantly influencing Earth’s energy balance. While 

naturally occurring GHGs such as carbon dioxide (CO₂), 

methane (CH₄), and nitrous oxide (N₂O) maintain 

habitable temperatures, anthropogenic emissions have 

elevated their concentrations beyond historical norms, 

intensifying the greenhouse effect and accelerating 

climate change. This research journal examines the 

chemical foundations of GHGs, their environmental 

effects, and the methods available for sequestration, 

emphasizing the molecular chemistry, vibrational 

spectra, and atmospheric reactions. Global Warming 

Potential (GWP) is derived and illustrated with 

examples, while emission factor methodologies are 

detailed for various sectors. Biological, geological, 

chemical, and engineered sequestration pathways are 

presented with full chemical equations, thermodynamic 

perspectives, and quantitative calculations. Biological 

sequestration from forestry is examined using 

Intergovernmental Panel on Climate Change (IPCC) 

carbon pool methodologies. Measurement, Monitoring, 

and Reporting (MRV) frameworks are evaluated, 

including spectroscopy, chromatography, and remote 

sensing techniques, alongside quality assurance/quality 

control (QA/QC) protocols. Chemistry’s central role in 

quantifying, verifying, and scaling GHG mitigation 

strategies is emphasized, with implications for 

sustainable development and climate policy. 

 

Index Terms—greenhouse gases, atmospheric chemistry, 

sequestration, global warming potential, emission 

factors, MRV, forestry carbon accounting, 

thermodynamics 

 

I. INTRODUCTION 

 

Earth’s climate is governed by a complex and dynamic 

balance of energy flowing in and out of the planet. The 

sun continuously emits energy in the form of 

shortwave radiation, primarily visible and ultraviolet 

light, which passes through the atmosphere and is 

absorbed by the Earth’s surface, warming it. To 

maintain equilibrium, the Earth’s surface and 

atmosphere emit energy back into space as longwave 

infrared (IR) radiation. The interplay between 

incoming solar energy and outgoing terrestrial 

radiation sets the stage for our planet’s climate and 

temperature stability. 

At the heart of this energy balance lies a group of 

atmospheric constituents known as greenhouse gases 

(GHGs). These gases have the remarkable ability to 

absorb and re-emit infrared radiation. This property 

creates a thermal blanket effect—commonly called the 

greenhouse effect—that traps heat in the atmosphere 

and keeps Earth’s surface warm enough to sustain life. 

Without this natural greenhouse effect, the average 

surface temperature of the Earth would plummet to 

about –18°C, rendering the planet inhospitable to most 

known life forms. Instead, thanks largely to GHGs, the 

current average global surface temperature is 

approximately +15°C, creating conditions conducive 

to oceans, vegetation, and human civilization. 

The primary naturally occurring greenhouse gases 

include water vapor (H₂O), carbon dioxide (CO₂), 

methane (CH₄), and nitrous oxide (N₂O). Each of these 

gases has distinct molecular structures and vibrational 

characteristics that govern how they interact with 

infrared radiation. For example, carbon dioxide, which 

is a linear molecule consisting of one carbon atom 

double bonded to two oxygen atoms (O=C=O), 

absorbs IR radiation strongly at specific wavelengths. 

The molecule’s asymmetric stretching vibration 

absorbs around 4.26 micrometres (μm), and its 
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bending vibration absorbs near 15 μm, making CO₂ a 

significant player in the greenhouse effect. Methane, a 

tetrahedral molecule with four hydrogen atoms bonded 

to carbon, absorbs IR radiation in bands near 3.3 μm 

and 7.7 μm, while nitrous oxide has absorption 

features around 4.5 μm and 7.8 μm. 

These gases differ not only in their chemical structures 

but also in their atmospheric lifetimes and global 

warming potentials (GWPs), a metric that compares 

the relative warming impact of different gases over a 

set timeframe, typically 100 years. Methane, for 

instance, has a much higher GWP than CO₂—about 28 

to 34 times more potent over a century—but remains 

in the atmosphere for a shorter duration (~12 years) 

compared to CO₂, which can persist for centuries to 

millennia. 

Since the dawn of the Industrial Revolution in the mid-

18th century, human activities have drastically altered 

the natural balance of greenhouse gases. The 

widespread combustion of fossil fuels such as coal, oil, 

and natural gas to power industry, transportation, and 

electricity generation has released vast quantities of 

CO₂ into the atmosphere. At the same time, 

deforestation for agriculture and urban development 

has reduced the planet’s natural ability to absorb CO₂ 

via photosynthesis. Agricultural practices, including 

rice paddies and livestock farming, produce 

substantial methane emissions, while the use of 

nitrogen-based fertilizers leads to elevated nitrous 

oxide release. 

As a result, atmospheric concentrations of these gases 

have risen sharply beyond pre-industrial levels. 

Carbon dioxide, which historically hovered around 

280 parts per million (ppm), has surpassed 420 ppm in 

recent years—a roughly 50% increase. Methane levels 

have risen to approximately 1.9 ppm, more than 

double pre-industrial concentrations, and nitrous oxide 

now stands near 334 parts per billion (ppb), 

representing a significant anthropogenic perturbation 

of the atmospheric chemical balance. 

This human-induced amplification of the greenhouse 

effect is the principal driver of contemporary global 

warming and climate change. Elevated GHG 

concentrations increase the retention of infrared 

radiation within the atmosphere, causing average 

global temperatures to rise. The consequences of this 

warming are profound and far-reaching, including 

melting polar ice caps and glaciers, rising sea levels 

threatening coastal communities, increased frequency 

and intensity of extreme weather events like 

hurricanes and droughts, disruptions to ecosystems 

and biodiversity, and adverse impacts on agriculture 

and water resources. 

Addressing these challenges requires a deep 

understanding of greenhouse gas chemistry and 

behavior. The molecular vibrational modes that 

govern IR absorption explain how different gases trap 

heat; atmospheric chemical reactions influence their 

persistence and transformation; and interactions with 

other environmental factors, such as aerosols and 

clouds, modulate their net warming effect. 

Additionally, accurate quantification of GHG 

emissions is essential to inform policy and mitigation 

efforts. Emission inventories rely on standardized 

emission factors and methodologies that relate human 

activities to greenhouse gas outputs, enabling 

comparisons across sectors and regions. 

To effectively mitigate climate change, it is not 

enough to reduce emissions alone. Active removal of 

greenhouse gases from the atmosphere—known as 

sequestration—is equally critical. Natural 

sequestration occurs in biological carbon sinks such as 

forests, wetlands, and soils, where carbon is absorbed 

through photosynthesis and stored in biomass and 

organic matter. These biological processes offer the 

advantage of co-benefits like ecosystem restoration 

and biodiversity support but require careful 

management to prevent reversal through deforestation 

or soil degradation. 

Geological sequestration involves capturing CO₂ and 

injecting it into deep underground rock formations, 

where it mineralizes into stable carbonates or remains 

trapped in porous reservoirs. This method offers long-

term storage with minimal leakage risks but depends 

heavily on suitable geological formations and 

comprehensive monitoring systems to ensure safety 

and permanence. 

Chemical sequestration techniques—such as amine 

scrubbing—capture CO₂ directly from industrial 

exhaust streams by chemically binding the gas to 

liquid solvents. This technology allows retrofit of 

existing infrastructure but faces challenges related to 

energy consumption and operational costs. 

More recently, engineered solutions like Direct Air 

Capture (DAC) technologies have emerged, which 

remove CO₂ directly from ambient air. DAC holds 

promise for achieving net-negative emissions essential 



© December 2025 | IJIRT | Volume 12 Issue 7 | ISSN: 2349-6002 

IJIRT 188728 INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 3051 

for offsetting hard-to-abate sectors but remains limited 

by high energy and capital costs. 

Complementing these efforts are sophisticated 

Measurement, Monitoring, and Reporting (MRV) 

frameworks that utilize advanced spectroscopic and 

chromatographic techniques coupled with quality 

assurance protocols to ensure transparent, accurate, 

and verifiable greenhouse gas data. Reliable MRV 

systems are critical to policy compliance, international 

carbon markets, and tracking progress toward 

emission reduction targets. 

This journal aims to provide a comprehensive 

exploration of the chemical foundations of greenhouse 

gases, the environmental impacts of elevated 

atmospheric concentrations, the diverse pathways for 

carbon sequestration, and the instrumental role of 

MRV in supporting effective climate action. By 

integrating molecular-level insights with practical 

mitigation and measurement approaches, the study 

emphasizes the pivotal role of chemistry and science-

based management in guiding global sustainability 

efforts. 

 

II. BACKGROUND 

 

Greenhouse gases (GHGs) play a pivotal role in 

shaping Earth’s climate, and their influence is deeply 

rooted in their unique chemical and physical 

properties, as well as their dynamic behavior within 

the atmosphere. A comprehensive understanding of 

these gases’ molecular structures, atmospheric 

lifetimes, sources, and global cycling is fundamental 

to developing targeted climate mitigation and 

sequestration strategies. This background section 

explores the natural greenhouse effect, molecular IR 

activity, atmospheric trends, carbon cycling, and the 

technical frameworks for measurement and reporting, 

providing the scientific foundation for effective 

climate action. 

2.1 The Earth’s Natural Greenhouse Effect 

Earth’s atmosphere is composed primarily of nitrogen 

(N₂) and oxygen (O₂), which together make up about 

99% of the volume. However, these molecules are 

homonuclear diatomic, meaning they consist of two 

identical atoms bonded together. Due to their 

symmetric nature, they lack a permanent dipole 

moment and do not absorb infrared (IR) radiation 

significantly. Consequently, they do not contribute 

directly to the greenhouse effect. 

In contrast, trace gases such as water vapor (H₂O), 

carbon dioxide (CO₂), methane (CH₄), nitrous oxide 

(N₂O), and ozone (O₃) possess molecular asymmetries 

and polar characteristics that allow them to interact 

with IR radiation. These gases absorb outgoing 

longwave radiation emitted by Earth’s surface and re-

emit it in all directions, including back toward the 

surface, effectively trapping heat near the planet. This 

natural greenhouse effect elevates the Earth’s average 

surface temperature from a frigid –18°C (without 

greenhouse gases) to a much warmer +15°C, creating 

a climate suitable for sustaining diverse ecosystems 

and human life. 

The importance of this natural warming process 

cannot be overstated. Without GHGs, the planet would 

be inhospitable, with vast ice sheets covering much of 

the surface and oceans largely frozen. This delicate 

balance has persisted over geological timescales, 

regulated by the interplay of solar radiation, 

atmospheric composition, and Earth’s surface 

characteristics. 

2.2 Molecular Structure and Infrared Activity 

The ability of a gas molecule to absorb infrared 

radiation depends on its molecular structure and 

vibrational modes. Atoms within a molecule vibrate 

about their equilibrium positions with characteristic 

frequencies. Infrared absorption occurs when a 

molecule’s vibration leads to a change in its dipole 

moment, enabling interaction with IR photons. 

• Carbon dioxide (CO₂) is a linear triatomic 

molecule with symmetric and asymmetric 

stretching and bending vibrational modes. While 

the symmetric stretch (where the two oxygen 

atoms move in and out symmetrically) does not 

change the dipole moment and is IR inactive, the 

asymmetric stretch and bending modes do induce 

dipole changes, making them IR active. These 

vibrations correspond to absorption bands near 

4.26 μm (asymmetric stretch) and 15 μm 

(bending), critical for its greenhouse impact. 

• Methane (CH₄) features a tetrahedral geometry 

with four hydrogen atoms symmetrically arranged 

around a central carbon atom. It exhibits several 

IR-active vibrational modes, including C–H 

stretching and bending, absorbing strongly near 

3.3 μm and 7.7 μm. These bands enable methane 

to trap heat effectively despite its lower 

atmospheric concentration relative to CO₂. 
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• Nitrous oxide (N₂O) is a linear molecule with a 

polar bond, allowing IR absorption primarily via 

its asymmetric stretching vibrations near 4.5 μm 

and bending modes around 7.8 μm. 

• Fluorinated gases (such as hydrofluorocarbons, 

perfluorocarbons, and sulfur hexafluoride) 

possess strong polar bonds and heavy atoms, 

resulting in intense IR absorption and 

exceptionally long atmospheric lifetimes, 

sometimes thousands of years. Despite their low 

concentrations, their high global warming 

potentials make them significant contributors to 

radiative forcing. 

Understanding these molecular characteristics is 

crucial, as the wavelength-specific absorption by 

different gases determines how effectively they 

contribute to the greenhouse effect and their potential 

for mitigation. 

2.3 Atmospheric Concentrations and Trends 

Historical records from ice cores and direct 

atmospheric measurements reveal that pre-industrial 

concentrations of CO₂ hovered around 280 ppm. Since 

the Industrial Revolution, human activities have 

pushed these levels beyond 420 ppm—a 50% 

increase—primarily due to fossil fuel combustion and 

land-use changes. Similarly, methane concentrations 

have risen from about 0.7 ppm to 1.9 ppm today, 

mainly driven by agriculture, fossil fuel extraction, 

and waste management. Nitrous oxide levels have 

increased by roughly 20% to around 334 ppb, largely 

from fertilizer application and industrial sources. 

These increases are concerning not just because of the 

quantities but also due to the longevity of these gases 

in the atmosphere. CO₂, for instance, can persist for 

centuries to millennia, making its emissions 

effectively irreversible on human timescales. 

Methane, although shorter-lived (~12 years), has a 

potent warming effect per molecule. These dynamics 

mean that immediate and sustained reductions in 

emissions are necessary to limit future warming. 

2.4 The Global Carbon Cycle 

The carbon cycle describes the continuous movement 

of carbon among Earth’s atmosphere, oceans, 

terrestrial biosphere, and geosphere. Photosynthesis 

by plants, algae, and cyanobacteria captures 

atmospheric CO₂ and converts it into organic biomass, 

forming the basis of most food chains. Respiration, 

decomposition, combustion, and ocean-atmosphere 

gas exchange return carbon to the atmosphere. 

Key carbon reservoirs and fluxes include: 

• Atmosphere: approximately 800 gigatons of 

carbon (Gt C) 

• Terrestrial biosphere (vegetation and soils): about 

2,300 Gt C 

• Oceans: roughly 38,000 Gt C stored mainly as 

dissolved inorganic carbon 

• Fossil fuels (coal, oil, natural gas): estimated 

4,000 Gt C stored underground 

Annual fluxes involve about 120 Gt C of 

photosynthesis and 119 Gt C of respiration under 

natural conditions, maintaining near balance. 

However, anthropogenic activities have added around 

9 Gt C per year through fossil fuel combustion and 1.5 

Gt C per year from land-use changes such as 

deforestation. 

The disruption of this cycle by human activities results 

in net carbon accumulation in the atmosphere, driving 

climate change. Restoration and enhancement of 

natural sinks, alongside carbon capture and storage 

technologies, are essential to rebalancing the carbon 

cycle. 

2.5 Greenhouse Gas Lifetimes and Reactivity 

Each greenhouse gas differs in how long it remains in 

the atmosphere and its chemical interactions: 

• CO₂ is chemically stable and removed primarily 

through slow processes like ocean absorption and 

rock weathering. Its atmospheric lifetime ranges 

from decades to thousands of years, meaning 

emissions today will influence climate for 

generations. 

• Methane (CH₄) has a shorter lifetime of about 12 

years, as it is oxidized mainly by hydroxyl 

radicals (OH) in the troposphere. This chemical 

reaction produces water vapor and CO₂ 

• Nitrous oxide (N₂O) persists for roughly 114 

years and is mainly destroyed in the stratosphere 

by photolysis and reaction with excited oxygen 

atoms, processes which also contribute to ozone 

layer depletion. 

• Fluorinated gases are highly stable due to strong 

C–F bonds, leading to atmospheric lifetimes from 

hundreds to thousands of years, magnifying their 

long-term climate impacts. 

Understanding these lifetimes helps prioritize 

mitigation efforts—short-lived gases like methane 

offer opportunities for rapid climate benefits, while 

long-lived gases require sustained reductions. 
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2.6 Radiative Forcing and Global Warming Potential 

(GWP) 

Radiative forcing quantifies the change in net energy 

balance of the Earth-atmosphere system caused by 

GHGs, measured in watts per square meter (W/m²). 

Positive forcing leads to warming, while negative 

forcing results in cooling. 

Global Warming Potential (GWP) is a comparative 

metric expressing how much heat a given mass of a 

gas traps over a time horizon relative to CO₂, which 

has a GWP of 1 by definition. For example: 

• Methane’s GWP₁₀₀ ≈ 28–34, meaning one tonne 

of methane traps roughly 28 times more heat than 

one tonne of CO₂ over 100 years. 

• Nitrous oxides GWP₁₀₀ ≈ 265–298. 

• Some fluorinated gases have GWPs in the 

thousands to tens of thousands. 

GWP values enable policymakers to compare and 

aggregate emissions across gases to formulate 

balanced climate strategies. 

2.7 Anthropogenic Sources 

Human activities are the main driver of increased 

GHG concentrations: 

• Fossil fuel combustion: for electricity generation, 

transportation, manufacturing, and heating is the 

largest CO₂ source. 

• Agriculture: enteric fermentation in ruminants 

produces methane, while fertilizer use releases 

nitrous oxide. 

• Land-use change: deforestation and soil 

disturbance release stored carbon. 

• Waste management: landfill decomposition 

generates methane. 

• Industrial processes: cement production, 

refrigerants, and chemical manufacturing emit 

various GHGs including fluorinated gases. 

Understanding these sources enables targeted 

mitigation through technology, policy, and 

behavioural changes. 

2.8 Measurement, Monitoring, and Reporting (MRV) 

Reliable MRV systems are essential for accurate GHG 

accounting, enabling countries and organizations to 

track progress, verify emissions reductions, and 

participate in carbon markets. 

Technologies used include: 

• Ground-based sensors employing Non-Dispersive 

Infrared Spectroscopy (NDIR) for CO₂ detection, 

utilizing absorption at 4.26 μm. 

• Tunable Diode Laser Absorption Spectroscopy 

(TDLAS) for methane, targeting absorption near 

1.65 μm. 

• Gas Chromatography with Electron Capture 

Detector (GC-ECD) for nitrous oxide, leveraging 

its electronegative properties. 

• Soil organic carbon is quantified by dry 

combustion methods, measuring CO₂ released 

upon combustion. 

Robust QA/QC protocols such as instrument 

calibration, duplicate sampling, inter-laboratory 

comparisons, and data management ensure data 

integrity and build stakeholder confidence. 

 

III. ANALYTICAL DISCUSSION 

 

3.1 Chemistry of Greenhouse Gases 

3.1.1 Molecular Vibrations and Infrared Absorption 

For IR absorption, molecular vibrations must induce a 

change in dipole moment: 

• CO₂: Linear molecule, vibrational modes: 

o Symmetric stretch (ν₁) — IR inactive 

o Asymmetric stretch (ν₃) ~2349 cm⁻¹ 

o Bending mode (ν₂) ~667 cm⁻¹ (main greenhouse 

effect contributor) 

• CH₄: Tetrahedral molecule with IR-active C–H 

stretch (~3019 cm⁻¹) and bending (~1306 cm⁻¹). 

• N₂O: Linear polar molecule with absorption bands 

near 1285 and 2224 cm⁻¹. 

3.1.2 Atmospheric Chemical Reactions 

CO₂ and Water Reaction Series 

Reaction: 

CO₂ + H₂O ↔ H₂CO₃ ↔ H⁺ + HCO₃⁻ ↔ 2H⁺ + CO₃²⁻ 

This series is essential for ocean acidification. 

Methane oxidation: 

CH₄ + OH → CH₃ + H₂O 

Subsequent oxidation steps lead to CO₂ and water. 

Nitrous oxide photolysis: 

N₂O + hν → N₂ + O(¹D) 

O(¹D) reacts with ozone, contributing to ozone layer 

depletion. 

3.1.3 Fluorinated Gases 

Compounds like SF₆ and CF₄ have very strong C–F 

bonds (~485 kJ/mol), resulting in long atmospheric 

lifetimes (thousands of years) and extremely high 

GWPs (e.g., SF₆ ≈ 23,500 over 100 years). 

3.2 Global Warming Potential (GWP) 

GWP is calculated as: 
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GWPₓ = ∫₀ᵀ aₓ Cₓ(t) dt / ∫₀ᵀ a_CO₂ C_CO₂(t) dt 

Where aₓ is radiative efficiency, Cₓ(t) is time-

dependent abundance, and T is the time horizon. 

Example: Methane GWP₁₀₀ = 28, so 2 tonnes of CH₄ 

equals: 

2 × 28 = 56 tonnes CO₂e 

3.3 Emission Factor Methodology 

Emission calculation formula: 

Emissions (t CO₂e) = Activity Data × Emission Factor 

× GWP 

Example 1: Diesel Combustion 

• Activity: 10,000 liters/year 

• Emission factor: 2.68 kg CO₂/liter 

Calculation: 

Example 1: Diesel Combustion 

10,000 × 2.68 = 26,800 kg CO₂ = 26.8 t CO₂ 

Example 2: Agricultural Nitrous Oxide 

• Nitrogen applied: 50 t/year 

• Emission factor: 0.01 t N₂O-N/t N 

Calculate N₂O emitted: 

50 × 0.01 × (44/28) = 0.7857 t N₂O 

0.7857 × 265 = 208.2 t CO₂e 

 

Table 1: Major Greenhouse Gases — Molecular Structure, IR Bands, Lifetime, and GWP 

Gas Molecular Structure 
Key IR Bands 

(cm⁻¹) 
Atmospheric Lifetime 

Global Warming Potential (GWP) (100 

years) 

CO₂ O=C=O (linear) 667, 2349 ~100 years 1 (baseline) 

CH₄ Tetrahedral 1306, 3019 ~12 years 28 

N₂O Linear N–N–O 1285, 2224 ~114 years 265 

SF₆ Octahedral Various >3,000 years 23,500 

CF₄ Tetrahedral Various >50,000 years 7,390 

 

Table 2: IPCC AR6 GWP Values for Selected GHGs Over Different Time Horizons 

Gas GWP (20 years) GWP (100 years) GWP (500 years) 

CO₂ 1 1 1 

CH₄ 86 28 7.5 

N₂O 273 265 153 

SF₆ 16,000 23,500 32,600 

 

3.4 Sequestration Pathways: Removing Carbon from 

the Atmosphere 

To effectively combat the rising levels of greenhouse 

gases, particularly CO₂, it is essential not only to 

reduce emissions but also to remove existing carbon 

from the atmosphere through various sequestration 

methods. These pathways involve chemical, 

biological, geological, and engineered processes that 

stabilize or store carbon, often converting it into less 

harmful or more permanent forms. 

 

3.4.1 Biological Sequestration 

Biological sequestration harnesses natural processes 

by which plants, soils, and wetlands capture and store 

CO₂. 

• Photosynthesis Reaction: 

6 CO₂ + 6 H₂O → C₆H₁₂O₆ + 6 O₂ 

 

Plants absorb CO₂, converting it into glucose and other 

organic molecules that build biomass (leaves, wood, 

roots). 

• Carbon Storage in Soils and Wetlands: Dead plant 

material and microbial biomass contribute to soil 

organic carbon (SOC). Wetlands also trap carbon 

in anaerobic sediments. 

Example and Calculation: 

A 100-hectare mature forest absorbs approximately 5 

tonnes CO₂ per hectare annually: 

100 ha × 5 t CO₂/ha = 500 t CO₂/year 

500 × 0.5 = 250 t C 

Assuming biomass is 50% carbon by weight: 

Forestry Carbon Accounting Example 
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Quantifying carbon sequestered by forests uses 

allometric equations relating tree dimensions to 

biomass. 

Given: 

• Diameter at Breast Height (DBH) = 0.3 m 

• Tree height (H) = 15 m 

• Wood density (\rho) = 0.6 t/m³ 

Above-Ground Biomass (AGB) calculated as: 

AGB = 0.0673 × (ρ D² H) ⁰·⁹⁷⁶ = 0.225 t biomass 

C = 0.1125 t C 

CO₂ = 0.1125 × 3.67 = 0.4125 t CO₂ 

Assuming 50% carbon content in biomass: 

Converting to CO₂ equivalent (molecular weight ratio 

44/12 ≈ 3.67): 

Advantages: 

• Low cost, naturally occurring process 

• Enhances biodiversity and ecosystem services 

• Improves soil fertility and water retention 

• Potential for co-benefits like timber and non-

timber products 

Limitations: 

• Vulnerable to land-use change, fires, pests 

• Saturation limits maximum carbon storage 

3.4.2 Geological Sequestration 

This involves injecting captured CO₂ into deep 

underground rock formations, such as depleted oil/gas 

reservoirs, saline aquifers, or basalt formations, where 

it mineralizes or remains trapped. 

• Mineral Carbonation Reaction: 

CaSiO₃ + CO₂ → CaCO₃ + SiO₂ 

Calcium silicate reacts with CO₂ to form stable 

calcium carbonate and silica, permanently locking 

carbon in solid minerals. 

Example and Calculation: 

The CarbFix project in Iceland injects ~4,000 tonnes 

CO₂/year into basalt formations. Mineralization occurs 

rapidly (~95% within 2 years), effectively 

sequestering: 

4,000 × 0.95 = 3,800 t CO₂/year 

Advantages: 

• Secure, permanent storage 

• Utilizes abundant geological reservoirs 

• Minimal environmental footprint if monitored 

properly 

Limitations: 

• High upfront costs for injection infrastructure 

• Monitoring and verification needed to ensure 

containment 

• Limited suitable sites globally 

3.4.3 Chemical Sequestration 

Amine Scrubbing 

Uses aqueous amine solvents to capture CO₂ from flue 

gases. 

• Reaction: 

2 RNH₂ + CO₂ + H₂O → RNH₃⁺ + RNHCOO⁻ 

Amine binds CO₂, forming carbamate ions. 

• Regeneration: 

Heating the solvent releases CO₂: 

RNH₃⁺ + RNHCOO⁻ + heat → 2 RNH₂ + CO₂ + H₂O 

• Example & Calculation: 

A coal plant emits 1 million tonnes CO₂/year. Amine 

scrubbers can capture 90%, i.e., 

1,000,000 × 0.9 = 900,000 t CO₂ 

• Energy Use: 

Regeneration consumes ~3.5 GJ/tonne CO₂, affecting 

net power output. 

• Advantages: 

o Mature technology. 

o Applicable at emission points. 

• Limitations: 

o High energy cost. 

o Solvent degradation and emissions. 

3.4.4 Engineered Approaches: Direct Air Capture 

(DAC) 

Removes CO₂ directly from ambient air using 

sorbents. 

• Sodium Hydroxide Capture: 

CO₂ + 2 NaOH → Na₂CO₃ + H₂O 

Sodium carbonate is processed to release CO₂ and 

regenerate NaOH. 

• Example & Calculation: 

A DAC plant processes 1 million cubic meters of 

air/day with CO₂ concentration 420 ppm. 

Moles of CO₂ in air: 

1,000,000 m³ × 420 × 10⁻⁶ = 420 m³ CO₂ 

At standard temperature and pressure (1 mole gas ≈ 

22.4 liters): 

420 m³ = 420,000 L ÷ 22.4 ≈ 18,750 mol CO₂ 

Mass CO₂: 

18,750 × 44 = 825,000 g = 825 kg CO₂ 

Advantages: 

• Removes CO₂ already emitted historically 

• Location-flexible deployment 

• Potential for negative emissions 

Limitations: 

• High capital and operational energy costs 
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• Currently limited deployment scale 

• Requires clean energy input for net benefit 

3.5. Case Studies: 

Case Study 1: India Forestry Carbon Sequestration 

A 150-hectare reforestation project in India, planting 

fast-growing species, achieved an average carbon 

stock increase of 80 tonnes C/ha over 15 years. 

• Total carbon: 

150 × 80 = 12,000 t C 

Converted to CO₂: 

12,000 × 3.67 = 44,040 t CO₂ 

The project includes periodic biomass assessments and 

soil carbon sampling, verified through IPCC 

guidelines. 

Case Study 2: Australian Soil Carbon Enhancement 

Agricultural management changes (no-till, cover 

crops) increased soil organic carbon by 20 tonnes C/ha 

over 5 years on a 3,000-hectare farm. 

• Total carbon sequestered: 

3,000 × 20 = 60,000 t C 

CO₂ equivalent: 

60,000 × 3.67 = 220,200 t CO₂ 

This carbon sink improves soil fertility and resilience. 

Case Study 3: Iceland CarbFix Geological 

Sequestration 

Injection of 4,000 tonnes CO₂/year into basaltic rock 

with rapid mineralization (~95%) within two years. 

• After 2 years: 

4,000 × 2 × 0.95 = 7,600 t CO₂ mineralized 

Long-term monitoring confirms stability and no 

leakage. 

Table 3: Comparison of Sequestration Pathways 

Pathway Reaction Example Typical Scale Advantages Limitations 

Biological 6 CO2 + 6 H2O → 

C6H12O6 + 6 O2 

Forests, soils (local 

to global) 

Low cost, co-

benefits, natural 

process 

Saturation, land-use 

vulnerability 

Geological CaSiO3 + CO2 → 

CaCO3 + SiO2 

Large-scale 

underground 

Permanent, secure, 

mineral storage 

Excessive cost, site 

dependent 

Chemical (Amine) 2 RNH2 + CO2 + 

H2O → RNH3
+ + 

RNHCOO- 

Industrial point 

sources 

High efficiency, 

retrofit potential 

Energy intensive, 

solvent issues 

Engineered (DAC) CO2 + 2 NaOH → 

Na2CO3 + H2O 

Distributed, 

modular 

Negative emissions 

potential, flexible 

location 

Excessive cost, 

energy intensive 

 

3.6. Measurement, Reporting, and Verification (MRV) 

of Greenhouse Gases 

Accurate quantification, transparent reporting, and 

rigorous verification of greenhouse gas (GHG) 

emissions and removals are pivotal to effective climate 

action worldwide. These components form the 

backbone of credible sustainability efforts, facilitating 

compliance with regulatory mandates, enabling 

participation in carbon markets, and underpinning the 

design of targeted mitigation strategies. 

Drawing inspiration from iterative management 

principles common to international standards such as 

ISO’s Plan-Do-Check-Act cycle, Dr. Abhineet Kumar 

Jha developed the IMMRA cycle—a structured, 

interactive, and cyclic process encompassing Identify, 

Measure, Monitor, Report, Act—specifically tailored 

to optimize Sustainability, ESG, and GHG reporting 

frameworks. This innovative approach bridges the 

technical rigor of Measurement, Reporting, and 

Verification (MRV) with continuous organizational 

learning and improvement, fostering accountability, 

data integrity, and proactive environmental 

stewardship. 

Detailed Explanation of IMMRA Phases Applied to 

GHG Management 

1. Identify 

The first and most critical phase requires organizations 

to systematically identify and prioritize GHG emission 

sources and carbon sinks relevant to their operations. 

This involves: 

• Mapping all potential emission categories such as 

direct emissions from fuel combustion, process 

emissions from manufacturing, fugitive 

emissions, and indirect emissions from electricity 

use. 
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• Recognizing carbon sinks like forests, soils, and 

wetlands that sequester carbon. 

• Conducting materiality assessments to prioritize 

sources with the highest impact or stakeholder 

concern. 

• Selecting an appropriate reporting boundary and 

framework (e.g., IPCC Guidelines, GHG 

Protocol). 

By focusing on relevant emission sources and sinks, 

organizations can target measurement efforts 

efficiently and set meaningful reduction or 

sequestration goals. 

2. Measure 

Measurement requires deploying scientifically 

validated, high-precision technologies to quantify 

GHG emissions and removals. Techniques are chosen 

based on the chemical properties of gases and the 

nature of the source: 

• Carbon Dioxide (CO₂): 

Measured by Non-Dispersive Infrared Spectroscopy 

(NDIR) exploiting CO₂’s absorption of IR light at 4.26 

μm. This method relies on the principle that CO₂ 

molecules absorb specific IR wavelengths 

corresponding to their asymmetric vibrational stretch, 

reducing the intensity of transmitted IR radiation in 

proportion to concentration. 

• Methane (CH₄): 

Assessed by Tunable Diode Laser Absorption 

Spectroscopy (TDLAS), which uses lasers tuned to 

methane’s absorption features near 1.65 μm. TDLAS 

achieves extremely high sensitivity, suitable for 

detecting minute leaks and continuous emission 

monitoring. 

• Nitrous Oxide (N₂O): 

Quantified through Gas Chromatography with 

Electron Capture Detection (GC-ECD). This 

technique separates N₂O molecules and detects them 

based on their strong electron affinity, allowing 

precise measurement in complex gas mixtures. 

• Soil Organic Carbon (SOC): 

Determined by dry combustion elemental analysis, 

where soil samples are combusted in an oxygen-rich 

furnace converting organic carbon to CO₂, which is 

subsequently quantified. 

The accuracy of these measurements is fundamental to 

establishing credible emissions baselines and tracking 

changes over time. 

3. Monitor 

Continuous monitoring and quality assurance ensure 

data remains reliable and reflective of actual emissions 

or sequestration. Key activities include: 

• Implementing QA/QC protocols such as regular 

calibration against certified reference gases to 

prevent instrument drift. 

• Performing inter-laboratory comparisons to 

benchmark accuracy and precision. 

• Using duplicate and blind samples to detect 

inconsistencies or biases. 

• Maintaining instrument upkeep and diagnostics to 

prevent failures. 

• Employing data management systems for real-

time data logging, secure storage, and audit trails. 

Monitoring supports ongoing detection of anomalies, 

emission trends, and performance against targets, 

facilitating timely interventions. 

4. Report 

Transparent and standardized reporting communicates 

verified GHG data to stakeholders, regulators, and 

markets. Reports include: 

• Detailed emission inventories broken down by 

gas, sector, and scope. 

• Clear documentation of measurement 

methodologies, emission factors, assumptions, 

and uncertainty estimates. 

• Compliance with international reporting 

standards such as the IPCC and GHG Protocol. 

• Use of data management platforms to ensure 

completeness, traceability, and auditability. 

Effective reporting builds trust, demonstrates 

regulatory compliance, supports carbon market 

participation, and informs strategy. 

5. Act 

The final phase focuses on implementing mitigation 

and sequestration actions based on verified data and 

insights. Actions may include: 

• Process optimisations to reduce fuel consumption 

and associated CO₂ emissions. 

• Deployment of carbon capture and storage (CCS) 

or direct air capture (DAC) technologies. 

• Enhancing biological carbon sinks via 

reforestation, afforestation, or soil carbon 

enhancement. 

• Policy revisions and investment in cleaner 

technologies. 

By feeding results back into the identification and 

measurement phases, IMMRA creates a virtuous cycle 
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of continual improvement and environmental 

performance enhancement. 

MRV Techniques and QA/QC Practices within IMMRA Framework 

IMMRA 

Phase 
GHG Management Action Key Activities and Technologies 

Identify 
Scope, source & sink 

identification 
Materiality assessment, stakeholder engagement, boundary setting 

Measure 
Quantify emissions and 

removals 

NDIR (CO₂), TDLAS (CH₄), GC-ECD (N₂O), dry combustion (SOC); 

calibration & precision 

Monitor 
Data integrity and 

performance 

QA/QC protocols, instrument maintenance, duplicate sampling, inter-

lab comparisons 

Report Transparent communication 
Standardised reporting (IPCC, GHG Protocol), emission factors, 

uncertainty documentation 

Act Mitigation and sequestration 
Operational changes, CCS/DAC deployment, forestry projects, 

continuous process improvements 

Importance of IMMRA in GHG Sequestration and 

Removal 

IMMRA is vital in ensuring that: 

• Measurement is purposeful, focusing on 

prioritised sources and sinks. 

• Data quality remains high throughout the 

emissions lifecycle. 

• Reporting is not just compliance, but a tool for 

strategic communication and transparency. 

• Action is evidence-based, targeting efforts with 

verified impact. 

• Continuous feedback drives sustainable, scalable 

improvements in emissions management. 

 

IV. IMPLICATIONS AND CONCLUSION 

 

Understanding the molecular chemistry and 

atmospheric behaviour of greenhouse gases (GHGs) is 

essential to effectively confront the challenges posed 

by climate change. The ability of gases like carbon 

dioxide (CO₂), methane (CH₄), and nitrous oxide 

(N₂O) to absorb and emit infrared radiation stems from 

their unique vibrational modes at the molecular level, 

which in turn drive the greenhouse effect and influence 

Earth’s energy balance. The lifetimes of these gases in 

the atmosphere, as well as their chemical interactions 

and transformations, directly impact how long they 

contribute to global warming and determine the most 

effective intervention points for mitigation. 

Sequestration pathways stand out as indispensable 

tools in our arsenal to reduce atmospheric 

concentrations of GHGs and mitigate climate impacts. 

These pathways differ in mechanisms, benefits, and 

limitations, but together form a comprehensive 

strategy for carbon management: 

• Biological sequestration harnesses natural 

processes such as photosynthesis, where plants 

convert atmospheric CO₂ into organic biomass, 

subsequently storing carbon in living tissues and 

soils. This pathway offers multiple co-benefits, 

including enhanced biodiversity, improved soil 

health, and ecosystem restoration. However, the 

permanence of carbon stocks requires sustainable 

land use practices, protection against 

deforestation, and management of soil 

disturbance to avoid re-release of stored carbon. 

• Geological sequestration provides a long-term, 

stable method by injecting captured CO₂ into deep 

underground rock formations where it mineralises 

into carbonate compounds or remains trapped in 

porous reservoirs beneath impermeable cap-

rocks. This approach offers significant advantages 

in terms of durability and leakage prevention but 

hinges on the availability of suitable geology and 

demands ongoing monitoring to ensure integrity 

over decades or centuries. 

• Chemical sequestration techniques such as 

amine scrubbing allow targeted capture of CO₂ at 

point sources like power plants and industrial 
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facilities. These methods chemically bind CO₂ 

molecules from flue gases, enabling their capture 

before atmospheric release. While effective, these 

processes are often energy-intensive, which 

presents challenges for cost and scalability, 

especially when aiming for large-scale 

decarbonisation. 

• Engineered technologies including Direct Air 

Capture (DAC) extend the potential for carbon 

removal by extracting CO₂ directly from ambient 

air, a crucial capability for achieving net-negative 

emissions and offsetting residual sources that are 

hard to eliminate. Despite their innovative 

promise, DAC systems face hurdles related to 

high energy consumption and economic 

feasibility that must be addressed through 

technological advances and supportive policy 

frameworks. 

Robust Measurement, Monitoring, and Reporting 

(MRV) systems form the backbone of credible GHG 

management. By integrating advanced spectroscopic 

and chromatographic methods with rigorous quality 

assurance and control protocols, MRV ensures 

transparent, accurate, and verifiable accounting of 

emissions and sequestration. This transparency is 

critical for policy compliance, participation in carbon 

markets, and fostering stakeholder trust. 

Looking forward, successful climate strategies will 

depend on the integration of diverse sequestration 

pathways, each optimised through scientific insights 

into chemistry, thermodynamics, and ecological 

interactions, and supported by strong institutional and 

policy frameworks. Continued research and 

innovation in chemical capture methods, geological 

storage technologies, biological carbon enhancement, 

and real-time monitoring will be essential to scale 

these solutions and meet global net-zero emission 

targets. 

Ultimately, this comprehensive, chemistry-informed 

approach highlights the indispensable role of 

chemistry—not only in diagnosing the fundamental 

drivers of climate change but also in enabling the 

development and deployment of sustainable 

technologies and methodologies. By advancing our 

understanding and control of GHG emissions and 

removals, chemistry provides humanity with critical 

tools for safeguarding our planet’s climate and 

securing a liveable future. 

REFERENCES 

 

[1] Atkins, P., & de Paula, J. (2018). Atkins’ physical 

chemistry (11th ed.). Oxford University Press. 

https://global.oup.com/academic/product/atkins-

physical-chemistry-9780199264354 

[2] Intergovernmental Panel on Climate Change. 

(2023a). Climate change 2023: The physical 

science basis. Cambridge University Press. 

https://www.ipcc.ch/report/ar6/wg1/ 

[3] Jha, A. K. (2023). Sustainability through forestry 

(1st ed.). ISBN: 978-93-95037-06-8. Amazon: 

https://www.amazon.in/dp/935037068X 

[4] Myhre, G., Shindell, D., Breon, F.-M., Collins, 

W., Fuglestvedt, J., Huang, J., Koch, D., 

Lamarque, J.-F., Lee, D., Mendoza, B., Nakajima, 

T., Robock, A., Stephens, G., Takemura, T., & 

Zhang, H. (2013). Anthropogenic and natural 

radiative forcing. In T. F. Stocker et al. (Eds.), 

Climate change 2013: The physical science basis. 

Contribution of Working Group I to the Fifth 

Assessment Report of the Intergovernmental 

Panel on Climate Change (pp. 659–740). 

Cambridge University Press. 

https://www.ipcc.ch/site/assets/uploads/2018/02/

WG1AR5_Chapter08_FINAL.pdf 

[5] National Oceanic and Atmospheric 

Administration. (2023). Trends in atmospheric 

carbon dioxide. https://gml.noaa.gov/ccgg/trends/ 

[6] Prather, M. J., Holmes, C. D., & Hsu, J. (2012). 

Measuring and modelling the lifetime of methane. 

Journal of Geophysical Research: Atmospheres, 

117(D5). https://doi.org/10.1029/2011JD017691 

[7] Ramanathan, V., & Coakley, J. A. (1978). 

Climate modelling through radiative-convective 

models. Reviews of Geophysics, 16(4), 465–489. 

https://doi.org/10.1029/RG016i004p00465 

[8] Ravishankar, A. R., Daniel, J. S., & Portmann, R. 

W. (2009). Nitrous oxide (N₂O): The dominant 

ozone-depleting substance emitted in the 21st 

century. Science, 326(5949), 123–125. 

https://doi.org/10.1126/science.1176985 

[9] Zeebe, R. E., & Wolf-Gladrow, D. (2001). CO₂ in 

seawater: Equilibrium, kinetics, isotopes. 

Elsevier. https://www.elsevier.com/books/co2-in-

seawater/zeebe/978-0-444-50815-4 


