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Preface 

Methane is best known as a powerful greenhouse gas that accelerates global warming, 
but it is also a highly flexible molecule that is important in energy systems, the chemi-
cal industry, and microbial ecosystems. Methane – Innovations for a Sustainable Future 
examines both the risks and opportunities it presents, helping us better understand 
where this molecule is right now. The chapters bring together recent ideas and meth-
ods ranging from toxicological impacts of methane on human health to low-emission 
methanol production schemes, and from gas-hydrate-based separation technologies 
to the structure and function of methanogenic communities in soils. What sets this 
book apart is that it does not just talk about reducing methane emissions. Instead, it 
puts methane at the centre of several areas, such as energy networks, carbon cycling, 
and nature-based practices. Throughout the book, methane is discussed as both a 
harmful part of the atmosphere and a useful resource for gas-separation systems, 
cleaner fuel production, and soil biotechnology. The book presents a coherent per-
spective on the potential roles of methane in sustainable futures by integrating chemi-
cal processes with ecosystem-level microbial dynamics. In that sense, it is not really a 
collection of papers on one topic; it is more like a map of new areas for research and 
practice. 

Chapter 1 examines the gas hydrate approach, which aims to alleviate the energy 
and equipment burdens associated with the industrial-scale recovery of noble gases, 
covering both its theoretical underpinnings and practical details. While the high 
energy requirements of traditional cryogenic separation make selective separation of 
gases such as xenon, krypton, and argon, particularly when present in low amounts, 
difficult, the ability of hydrate cages to encapsulate certain gas molecules preferen-
tially makes this method an attractive option. This chapter comprehensively discusses 
the temperature-pressure ranges that determine hydrate formation, how crystalliza-
tion initiates and progresses, the role of additives in accelerating the process, and why 
the separation stage is so crucial to the resulting purity, all in light of current research. 
The limited availability of low-energy, safely scalable noble gas separation methods 
today makes gas hydrates a priority for both selectivity and efficiency. Therefore, the 
chapter provides a solid engineering framework that explains why next-generation 
separation technologies with low energy consumption will become increasingly 
important, while also providing a scientific basis for the sustainable gas management 
approach throughout the book. 

Chapter 2 provides a comprehensive overview of the matrix conversion approach, 
which aims to transform natural gas-to-methanol production into a lower-emission 
process. This method, which reuses the heat generated during the partial oxidation of 
methane within the system, offers a unique design that reduces the external energy 
requirement while converting the feedstock into synthesis gas. The section explains 
how this basic structure can be expanded into a hybrid model that combines dry 
matrix conversion, in which CO2 is directly incorporated into the process, with a 
steam reforming step. This integrated scheme allows reevaluation of heat generated 



at different stages of the process and the flexible adjustment of the gas composi-
tion required for methanol synthesis. Simulation-based flow charts and conceptual 
design steps demonstrate that the method is both industrially feasible and enables the 
chemical utilization of CO2 alongside natural gas. Thus, the study positions matrix 
conversion not only as an efficient pathway for synthesis gas production but also 
as an innovative technology that invites a rethinking of carbon management in the 
gas-chemical industry. This perspective provides a strong foundation for making 
methanol production cleaner, more economical, and compatible with future carbon-
constrained production approaches. 

Chapter 3 examines how methane, along with other airborne pollutants, can affect 
human tissues, drawing on both clinical observations and microscopic pathology. 
Rather than treating methane solely as a greenhouse gas, the authors show that it 
also alters the chemistry of the air we breathe and contributes to the overall oxida-
tive stress burden. When methane interacts with compounds such as ozone, fine 
particulate matter, or NOx, a chain of reactions is triggered that may quietly injure 
organs such as the brain, lungs, heart, liver, and kidneys. Throughout the chapter, the 
authors refer to a range of recent studies to show, often with quite detailed examples, 
how minor tissue injuries, detected through routine histopathology or various 
oxidative-stress indicators, may gradually contribute to various health problems. 
These include conditions such as asthma or vascular issues, and in some cases, even 
kidney damage and certain cancers. They also note that people in many low- and 
middle-income regions are more frequently exposed to these pollutants, so the health 
burden linked to methane and related compounds is not shared equally and can easily 
slip below the radar in everyday life. In doing so, the chapter shifts the discussion of 
methane beyond its climate implications and adds a much-needed biomedical dimen-
sion to the book’s broader sustainability perspective. 

Chapter 4 takes a broad look at how methanol can be converted into hydrogen, 
treating it not as a single reaction but as a system where several processes depend on 
one another. The authors describe how placing the reformer, the PEM fuel cell, the 
organic Rankine cycle, and the latent heat storage units within a single integrated 
system allows the considerable heat produced during steam reforming to be reused 
rather than wasted. In practice, the ORC section channels what would normally be 
excess heat into electricity production and, when conditions change, that stored heat 
can be returned to the system through phase-change materials. As a result, the overall 
efficiency rises noticeably. The chapter also points out that features such as on-site 
hydrogen production, direct conversion in a fuel cell, and gradual heat recovery from 
the exhaust stream make this arrangement both environmentally and economically 
appealing. The research investigates the correlation among cost, exergy efficiency, 
and emission reduction through multi-objective optimization techniques, and for-
mulates a high-efficiency, low-carbon design framework for residential applications. 
The chapter’s distinctive contribution to the literature lies in its integration of the 
reforming process with heat management and in its proposal of a cohesive structure 
that systematically mitigates thermal losses. The study bolsters the book’s overarching 
vision by providing a solid foundation for sustainable hydrogen production from both 
engineering and theoretical perspectives. 

Chapter 5 examines how the global climate crisis is reshaping the functioning of soil 
ecosystems and demonstrates that methane-producing archaea should no longer be 
IVVIII 



viewed solely as producers of methane. Instead, they are presented as essential ecosys-
tem engineers that help regulate carbon flow and maintain anaerobic energy networks. 
It walks the reader through the fundamental biochemistry of major methanogenesis 
pathways, then discusses how the mcrA gene has become a reliable marker for tracking 
these organisms. The chapter also provides a clearer picture of how archaeal communi-
ties differ across soil types and how their structure evolves over time. It also examines 
how these archaeal communities respond when the environment changes. Changes 
brought on by warming, prolonged dry periods that suddenly produce rain, or soils that 
consistently accumulate excess carbon dioxide all affect the structure of these com-
munities in different ways. The authors explain how these communities reorganize and 
how these changes can alter the rate and direction of methane formation. Methanogens 
may help restore parts of the soil microbiome weakened by climate stress, underscoring 
their biotechnological potential. Their contributions to biogas systems, wetland and 
peatland rehabilitation, renewable biomethane production, and other climate-sensitive 
applications are discussed. A key objective of the chapter is to integrate the molecular 
details of methanogenesis with real-world strategies for soil and ecosystem manage-
ment. Consequently, a holistic perspective emerges that reassesses methanogenic 
archaea as strategic actors bridging the gap between restoring degraded soil microbi-
omes, sustainable agricultural practices, and climate-smart energy production. 

The studies collected in this book each explore their own disciplinary depth, yet when 
read together, they form a coherent path toward sustainability in what might be called 
the age of methane. We hope that the ideas, data sets, and design approaches pre-
sented here will inspire the development of new reactor concepts, the revision of toxi-
cology guidelines, the shaping of more ambitious climate policies, and the creation of 
practices that place soil biodiversity at the centre of environmental decision-making. 
As methane continues to exert growing pressure on the climate system, our sincere 
wish is that Methane – Innovations for a Sustainable Future will offer researchers and 
students not only practical solutions but also new opportunities for collaboration as 
they work toward a more resilient and sustainable future. 

Dr. Sevcan Aydin 
Professor, 

Faculty of Science, 
Division of Biotechnology, 

Biology Department, 
Istanbul University, 

Istanbul, Turkey 
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Chapter

Gas Hydrate Technology for 
Sustainable Separation and 
Purification of Noble Gases
Phakamile Ndlovu, Saeideh Babaee, Hamid Hashemi, 
Paramespri Naidoo and Nomcebo Mthombeni

Abstract

There is an urgent need for sustainable engineering in the processing sector, 
focusing on waste management, with chemical separation playing a key role in 
handling chemicals based on their physical properties. Noble gases, found in small 
amounts in the atmosphere, are essential for daily life, making their separation and 
purification crucial for practical use. Cryogenic distillation is traditionally used to 
separate noble gases from gas mixtures, but its high operational costs and high energy 
demands have prompted the search for alternative methods. This chapter reviews gas 
hydrate technology as an alternative method for separating and purifying noble gases, 
emphasizing its lower energy requirements. Details of various studies that report the 
use of gas hydrates with noble gases are presented, with the limitations of gas hydrate 
technology and future research directions. Overall, gas hydrate technology, due to 
its lower energy requirement, has the potential to be utilized in the separation of 
noble gases.

Keywords: noble gases, gas hydrate, gas storage, gas separation, phase equilibrium

1. �Introduction

Noble gases, helium (He), neon (Ne), argon (Ar), krypton (Kr), xenon (Xe), and
radon (Rn) are a set of gases that are chemically inactive or stable, meaning they are 
not prone to reacting easily with other substances. Their chemical stability results 
from having a complete set of electrons in their outer shell. Although these gases are 
rare in the Earth’s atmosphere, their applications are widespread and continue to grow 
with the advancement of new technologies. Their use has been gradually rising and is 
now widespread across multiple areas of daily life, including medicine, technology, 
industry, and science. In the medical field, noble gases like xenon and argon are espe-
cially utilized in anesthesia and imaging [1]. These gases find other uses in space and 
scientific research, especially xenon, which is used in space exploration and radiation 
detection [2]. Moreover, noble gases are also important in environmental technologies 
such as Carbon Capture and Storage (CCS), where xenon and krypton can be used as 
tracer gases [3, 4].

1
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Efficient separation and recovery of the noble gases from industrial gas mixtures 
is very important for applications such as medical purposes where high-purity gases 
are required. Moreover, the ability to selectively separate and store these gases could 
be valuable for space missions, where efficient storage and recovery of noble gases is 
essential as fuel for life support systems and certain propulsion systems [5]. Several 
techniques have been employed in the separation and purification of noble gases, with 
the selection of methods depending on the targeted contaminants. These techniques 
include the use of zeolites, polymetric membranes, cryogenic distillation, metal-
organic frameworks, absorption, adsorption, and gas hydrate technology. Generally, 
separating industrial gases from gas mixtures is challenging because of the high 
capital costs related to energy consumption and the stringent purity requirements for 
the products [6]. Moreover, most of the available separation technologies suffer from 
the lack of regeneration of the materials used in the process, making them uneco-
nomic to apply in continuous large-scale operations. Processes such as cryogenic 
distillation have complex equipment requirements such as cryogenic heat exchangers, 
liquefaction units, and compressors, which require specialized materials capable of 
withstanding low temperatures, leading to high costs [7]. A promising technique for 
stable, compact storage of noble gases is provided by gas hydrates. Gas hydrate tech-
nology has been proposed and/or investigated for potential use in processes such as 
carbon capture and storage [8], treatment of vinasse [9], the concentration of juices 
[10], desalination of seawater [11], methane gas storage [12], and subsea flow assur-
ance [13]. In addition, the increasing interest in gas hydrates is driven by their large 
storage capacity, with one volume of methane gas capable of storing 160 volumes of 
gas at standard temperature and pressure (STP) [14]. This storage capacity surpasses 
that of compressed or liquid petroleum gases under similar conditions.

Gas hydrates are clathrate compounds created when small gas molecules are 
trapped within a three-dimensional water lattice, forming a solid structure similar 
to ice. The formation of gas hydrates depends on specific pressure and temperature 
conditions [15]. Hydrate-forming gases have their own unique phase diagrams 
(hydrate stability zones), which illustrate the temperature and pressure ranges where 
their hydrate is stable. Figure 1 shows the phase diagram for the xenon-water system 
with a stable hydrate region at high pressures (0.153–9.91 MPa) and low temperatures 

Figure 1. 
Xenon temperature-pressure phase diagram [16].
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(273.15–310.85) using the plotting range in the figure presented. This complicates 
the use of gas hydrate technology, as its stability conditions differ from those of 
room temperature and pressure. Additionally, an important factor in solid-liquid 
crystallization processes is nucleation, which is crucial for the formation and growth 
of gas-hydrate crystals. The time required for the first gas hydrate crystal to form 
is referred to as the induction time. This period is longer in homogeneous systems, 
making the gas hydrate formation process more time-consuming. The crystallization 
process takes place at the gas-water interface, meaning that interface-active agents 
like promoters and additives can have a greater impact on gas hydrate formation than 
bulk-active agents. The growth of gas hydrate at the interface is limited by diffusion 
resistance, which results in low mass transfer across the interface [17]. The gas hydrate 
crystalline has three unit cages that accommodate different gases; these are the sI, 
sII, and sH structures. The sI hydrate structure has two pentagonal dodecahedral 
(512) cages as well as six tetrakaidecaheral (51262) cages. The sII hydrate contains 16 
pentagonal dodecahedral (512) as well as eight hexakaidecahedral (51264) cages, while 
the sH hydrate structure is formed by three pentagonal dodecahedral (512) cages, two 
dodecahedral (435663) cages as well as one icosahedral (51268) cage [18]. Each unit cell 
of a gas hydrate can accommodate specific types of gases, but its storage capacity can 
be enhanced through the introduction of various additives.

Noble gases, such as xenon or krypton, can be safely and effectively stored at 
relatively low pressures and temperatures in hydrate frameworks [19]. In fields like 
medicine, industry, or science where noble gases must be transported or stored under 
strict control, gas hydrate technology shows potential solutions as it is solid and is 
stable within certain conditions of temperature and pressure. Gas hydrate technol-
ogy has a low energy penalty, and the raw material requirements for the process are 
very low [20]. Furthermore, gas hydrate technology possesses a unique property of 
selective gas separation and removal over a range of pressures, temperatures, and pH 
conditions of the gas compositions. The encapsulation of gas molecules such as H2, 
N2, CH4, CO2, Xe, and other small gases in gas hydrates has proven to be an effective 
way of concentrating and separating various gases [14]. This technique can be applied 
to nuclear waste gas streams to separate the noble gases. This reversible technique is 
a potentially helpful technology for recycling or capturing gases from mixes since it 
enables the recovery of noble gases from the hydrate structure [21]. Moreover, gas 
hydrate systems serve to separate and capture these gases from emissions, helping 
to reduce the environmental impact of industrial processes. Current research focus 
can delve into ensuring process sustainability through the use of renewable energy 
sources as power sources for hydrate formation. Furthermore, techniques such as life-
cycle assessments and techno-economic analysis can be carried out to give an overall 
and complete view of the process.

2. �Separation and purification of noble gases

A radioactive form of Xe (127Xe), released from the exhaust gases originating from 
nuclear fuel, is a key area identified as critical in achieving its separation from the gas 
mixture to attain sustainability in nuclear waste management [22]. Processes such as 
adsorption, membrane separation, absorption, and cryogenic distillation have been 
used to capture and separate radioactive gas streams containing iodine, krypton, 
and xenon. Krypton has been captured by cryogenic distillation, though this process 
needs pre-treatment steps involving the use of a scrubber to remove nitrogen [23]. 
3



Methane – Innovations for a Sustainable Future

4

The remaining gases containing Kr, Ar, H2, Xe, O2, and NOx are then reduced to N2 
and H2O by passing the gas through a rhodium catalyst at a temperature of approxi-
mately 900 K. The gas stream in contact with liquid nitrogen in the countercurrent 
absorption column results in the transfer of Kr, Xe, and Ar into the liquid nitrogen 
phase. This is a high-pressure process reaching up to 15 MPa, which poses safety risks 
due to the elevated concentration of radioactive materials. Exacerbated by the energy-
intensive nature of distillation processes, which also incur high operational costs [24]. 
Another technique for krypton and xenon absorption is fluorocarbon absorption, 
where a precooled flue gas stream is bubbled through the fluorocarbon-12 (CCl2F2) 
with the Xe and Kr molecules being transferred to the liquid phase. This separa-
tion process has selectivity for Kr/Xe, resulting in higher gas waste volumes [25]. 
Furthermore, Nandanwar et al. [24] considered the treatment of the used nuclear fuel 
(UNF) gaseous radioactive nuclides, which include krypton, xenon, carbon, iodine, 
and tritium. The capture of the two volatile isotopes, iodine (129I) and krypton (85Kr), 
is of high environmental concern, as they are very detrimental to both humans and 
the environment.

Adsorption using solid sorbents has been in operation for a while. Metal-organic 
frameworks (MOFs) have been gaining attention due to their promising capacity. 
Experimental adsorbent data collection and vacuum pressure swing adsorption 
(VPSA) simulations were carried out for purifying and recovering xenon from 
semiconductor waste gas containing 0.1 mol% Xe and 99 mol% N2. Adsorption of 
Xe was carried out by the use of a fluorine-doped metal-organic framework (MOF) 
containing copper (Cu) (FMOFCu) with the adsorption data collected through 
isotherm and breakthrough experiments using Xe and N2. Experimental data was 
used in the gPROMS simulations, and approximately 99.99% of the Xe product was 
obtained through a two-stage VPSA process. Moreover, based on the economic and 
environmental evaluations, the proposed VPSA process was deemed environmentally 
and economically sustainable [26]. The use of different metal-organic frameworks 
(MOFs) are highly selective solids for the absorption of Xe, a significant semicon-
ductor. Small-pore MOFs have been applied as well in the noble gas absorption and 
separation of Xe using microporous materials, and it was observed that optimal 
Xe-selective material must possess a pore size with the kinetic diameter of the Xe 
molecule. The absorption capacity of these MOFs was lower than the well-established 
MOFs as the separation potential was dependent on the channel shape and size as 
well as the interaction between the pore surface and the adsorbate [16]. In addition, 
activated carbon, a low-cost, stable solid with high surface area, has shown a capacity 
of approximately 50 wt.% at one bar and 298 K. Moreover, zeolites have been success-
fully utilized in the Xe/Kr selectivity. At relatively low pressures, an adsorption capac-
ity of 520 ppm Xe and 60 ppm Kr was reported in a study using a zeolite-supported 
silver nanoparticle matrix under simulated nuclear processing conditions [24].

2.1 Fundamentals of gas hydrates as a method of separation

Gas hydrate technology has potential uses in the separation of gases since it utilizes 
different factors like molecular structure, size, temperature, and pressure. Hence, by 
manipulating these conditions, selective uptake in the gas hydrate can be achieved 
[27]. Khan et al. [28] utilized Figure 2 to explain the mechanism through which gas 
hydrate technology is applied in the separation of gases. As depicted in the figure, 
a two-component mixture (HF-1 and HF-2; these are generic terms to illustrate the 
process) can be separated by exposing it to water and then adjusting the temperature 
4
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and pressure conditions to induce the formation and dissociation of hydrates. In this 
case, the pressure and temperature conditions were selected to ensure the uptake of 
HF-2, which preferentially forms the gas hydrate, thus getting trapped in the hydrate 
lattice. This leads to the separation of HF-2 from the gas mixture, resulting in the 
gas mixture being richer in HF-1. Thereafter, the solid gas hydrate was subjected to 
higher temperature and pressure conditions, leading to the dissociation of the solid 
gas hydrate, resulting in liquid water and gas phases comprising mainly of HF-2. Using 
this approach, it is possible for the two components to be taken into the gas hydrate 
phase; however, their concentration in the gas phase and the hydrate phase will be 
different, leading to their separation. In other applications, multiple hydrate forma-
tions and dissociations are necessary to achieve the desired separation of components. 
Therefore, using the hydrate technique, it is imperative for the temperature and pres-
sure conditions to be selected carefully to achieve the desired or maximum attainable 
separation [28, 29].

2.2 Mechanisms of hydrate growth in gas separation

Hydrate crystallization occurs in two main stages (refer to Figure 3). The initial 
stage, called nucleation, involves the formation of a crystalline phase from molecules 
in a disordered or liquid state. The second stage, known as crystal growth, refers to 
the process where particles increase in size, resulting in the development of a crystal-
line structure [30]. The formation kinetics of hydrates in a gas mixture are influenced 
by both nucleation and growth processes. For effective use of gas hydrate technology 
in gas separation, one gas must be within its hydrate stability zone, while the others 
should be outside of it. In the presence of water, the gas within its stability zone does 
not instantly form a hydrate. Rather, the crystallization process relies on the mass 
transfer of components to the nucleation site and the chemical reactions occurring 
on the crystallization surface [31]. Hydrate nucleation takes place at a macroscopic 
scale, where tiny hydrate crystals form and expand until they reach the critical size 

Figure 2. 
Illustration of gas-hydrate based-gas separation process using two generic gases, HF-1 and HF-2 [28].
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necessary for ongoing growth. During this process, subcooling occurs to overcome the 
surface energy required for hydrate formation. Impurities present in the system help 
facilitate both nucleation and subcooling. The formation of a larger crystal is referred 
to as the induction period, which is the time elapsed from when a system reaches 
conditions suitable for hydrate stability until the actual onset of hydrate formation 
[32]. Hydrate growth begins soon after the nucleation process. It is a combination of 
mass transfer from the bulk solution to the hydrate growth-liquid interface around 
the crystal and the reaction at the crystal surface. Overall, the growth is driven by the 
difference in fugacity of dissolved gas [33]. Utilizing molecular dynamics (MD) simu-
lations, it was conclusively noted that gas dissolved in water and formed amorphous 
segments, which are precursors of the hydrate nucleation [34]. Figure 3 illustrates the 
hydrate formation stages. Understanding these gas hydrate mechanisms is imperative 
in understanding the application of gas hydrate in noble gas separations.

Barrer et al. [35] performed a study on the energetics and kinetics of noble gases 
(xenon, krypton, and argon) occupying hydrate cage cavities, focusing on their 
formation kinetics, energy profiles, and equilibrium properties. The rates of forma-
tion differed among the gases, with xenon exhibiting the fastest hydrate forma-
tion, followed by krypton and argon. The energetic analysis indicated that xenon 
released the greatest amount of heat during formation due to its larger molecular 
size, whereas argon, being smaller, resulted in a lower heat release. The equilibrium 
findings demonstrated that xenon hydrates formed under the most extreme pres-
sure and temperature conditions, while krypton and argon required progressively 
milder conditions. Additionally, statistical thermodynamic models of clathrate phases 
assume that the occupancy of guest molecules in the cavities is determined by the 
potential energy within fully formed cavities. However, it is suggested that clathrate 
hydrate forms via a surface reaction, where guest molecules occupy partially formed 
cavities. At the surface, some cavities only need one more water molecule to seal the 
entrance, preventing guest molecules from entering or escaping. These partial cavities 
have an equilibrium occupancy based on the potential energy for the guest. As water 
molecules complete the cavities, they integrate into the bulk phase, maintaining the 

Figure 3. 
Schematic illustration of hydrate growth sequence [30].
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same occupancy as before sealing [35]. Yang et al. [36] conducted a study on CO2 
hydrate formation in a multiphase flow regime for He/CO2 and Ar/CO2 under indus-
trial conditions with high gas phase volume fractions and fluid velocities. The study 
found that the apparent rate constant for hydrate formation in the annular flow region 
was 0.45 s−1, but this decreased significantly to 0.01 s−1 when the flow became slug or 
plug flow, highlighting the importance of good inter-phase mixing. The CO2 hydrate 
formation was limited by heat transfer in the tubular reactor, especially under vigor-
ous mixing conditions. Predictions based on kinetic and heat transfer analyses were 
consistent [37]. Heat transfer was found to be more important than kinetic rates when 
designing reactor dimensions. Using high thermal conductivity carrier gases like H2 
can enhance heat transfer and improve hydrate formation. Additionally, adding trace 
impurities like C3, H2S, and C2 can stabilize the CO2 hydrate cage, reducing the partial 
pressure needed for hydrate formation at a given temperature.

2.3 Separation of noble gases using gas hydrate technique

The separation of two noble gases, xenon and krypton, is an industrial challenge, as 
these two gases have similar physical properties as well as closely sized molecules. An 
experimental investigation on the use of gas hydrate technology for the separation of 
xenon from krypton, argon, and xenon through a multi-stage process was conducted 
experimentally in a 52 cm3 equilibrium cell. Using a gas feed mixture with 40.7 mol% 
argon, 25.7% xenon, and 33.6% krypton, it was observed that the concentration of 
xenon increased to 80.4% through the use of a two-staged hydrate formation and dis-
sociation process. Moreover, it was noted that in comparison to the cryogenic distilla-
tion process, which requires very low cooling temperatures and variable pressures, the 
gas hydrate method for the present study reported a 20% energy cost reduction [38]. 
An experimental study to prove that gas hydrate technology was an excellent alterna-
tive to cryogenic distillation for the separation of the noble gas mixtures. The Kr and 
the Xe gas distribution in the resulting gas hydrate were identified using powder X-ray 
diffraction solid state, gas chromatography, and 129Xe NMR spectroscopy. It was also 
observed that regardless of the Xe concentration in the feed vapor ranging from 3 to 
100%, the sI hydrate selectively captured Xe from the feed mixture. This was possible 
even though Xe has a larger atomic radius of 1.08 angstroms compared to that of Kr, 
which is 0.88 angstroms. This might be due to the stability that a larger particle will 
bring to the hydrate structure [39]. These studies exhibit the capacity of gas hydrates 
to separate noble gases as well as increase their purity. In both an experimental and 
model-based study, the Newton numerical method was used to determine composi-
tions of adjacent phases, a solid-based theory of van der Waals and Platteeuw with the 
Valderrama-Patel-Teja (VPT) equation of state, as well as the Non-Density-Dependent 
(NDD) mixing rules were used to predict the experimental data with a high degree of 
accuracy. Moreover, the experimental results from a single hydrate formation stage 
showed that the xenon was purified from 0.2 to 0.97 mole fraction from a mixture with 
argon [32]. In another computational study using molecular dynamics (MD) simula-
tions, the final occupancy of the guest molecules and empty cages within 512, and 51264, 
as well as the other cages, was investigated. Through the examination of the specific 
cages. The increase in the temperature and pressure improved the occupancy rate of 
Xe in both 512 and 51264 cages, while at elevated pressure occupancy of Kr in 51264 cages 
was improved while the occupancy in 512 cages was not affected by the changes in 
temperature and pressure. Overall, Xe preferentially occupied 51264, while Kr occupied 
the 512 cages. Moreover, the increase in the simulated pressure improved the occupancy 
7
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from 0.37 to 0.41 at a simulation temperature of 260 K [40]. Additionally, this study 
demonstrated how the formation of Xe and Kr gas hydrates occurs (Figure 4). 
Temperature and pressure were varied to ascertain how they affected the inclusion 
rate and final occupancy. Beginning from the initial stage where liquid water does not 
contain any dissolved Xe and Kr molecules. The various stages of hydrate development 
are illustrated. These stages include the diffusion of gas into the liquid, the encapsula-
tion of the gas molecules within the hydrate structure, and the eventual consumption 
of the liquid phase/gas phase, leading to the completion of hydrate formation.

2.4 Incorporation of additives in gas hydrate processes for noble gases

The additives, such as surfactants or promoters, can accelerate the kinetics of 
hydrate formation, leading to faster formation rates and larger hydrate volumes 
with lower energy requirements, ultimately allowing for more gas to be stored in the 
hydrate structure [41]. General hydrate promoters tend to reduce the hydrate forma-
tion pressure as well as increase the temperature, enhancing hydrate formation. Two 
types of promoters have been observed, one that does not alter the structure of the 
hydrogen-bonded networks, such as tetrahydrofuran (THF) and Sodium Dodecyl 
Sulfate (SDS), as well as the ones that are involved in the water networks, such as 
tetra-n-butylammonium (TBAB) [42]. Structural modifiers can further improve 
the stability of the hydrate, enabling it to hold a greater volume of gas. Additionally, 

Figure 4. 
(i) Configuration of the gas Xe/Kr gas mixture, sII hydrate, and water (ii) Snapshots of Xe/Kr hydrate growth 
at 500 bar and 260 K (a, b) gas molecules diffusing into the liquid leading to hydrate cage growth (c, d) and 
continuous growth of the hydrate [40].

8
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larger guest molecules (krypton and xenon in the case of noble gases) can increase 
the gas storage capacity by allowing the hydrate to trap more gas within its crystal-
line structure, resulting in higher storage densities [43]. The use of dual-guest 
molecules can also further boost the overall storage capacity of the gas hydrate 
lattice [44]. The capacity to build gas hydrates with particular guest molecules 
(such as noble gases) can improve the separation process’s selectivity. This process 
could entail fine-tuning the hydrate’s lattice with additions or structural modi-
fiers to selectively catch particular noble gases and maximize separation efficiency 
through a process known as hydrate lattice tuning [45]. The effects of quaternary 
ammonium salts (QAS) such as tetra-n-butyl ammonium acetate (TBAA), tetra-
n-butyl ammonium fluoride (TBAF), tetrabutylphosphonium bromide (TBPB), 
tetrabutyl ammonium nitrate (TBANO3) and TBAB on the stability conditions of 
CO2 and Ar were assessed through experimental generation of hydrate dissociation 
data for the aforementioned systems. It was observed that the hydrate dissociation 
data for these systems with the Ar/CO2 + water system showed that the quaternary 
salts could enlarge the hydrate stability zone for these gases [46]. In a separate study, 
Argon gas has been utilized in a CH4-CO2 replacement reaction as a secondary gas/
co-encapsulation gas with the intent of improving the sequestration of CO2 gas in 
the CH4 gas hydrates. In this case, the dual-guest hydrate systems were used in order 
to improve the storage of or the amount of carbon captured in the hydrate structure, 
with both gases being encapsulated within the same lattice. The incorporation of Ar 
did not improve the total amount of CO2 being stored in the hydrate lattice as the 
one obtained with N2 gas [47].

In recent years, porous media materials such as silica sand and activated carbon, 
as well as clay, have been utilized in gas hydrate experimental work and have shown 
great potential in improving the storage capacity of the gas hydrate. The porous mate-
rial utilizes the inter-tertial spaces where the gas and water interact on the pores and 
enhances gas hydrate nucleation and growth [48]. A theoretical study on the energy 
storage aspects was carried out on the molecular-level phase diagram of the clathrate 
hydrates on the methane and xenon gas hydrates. The results obtained agreed with 
experimental data, and self-preservation of gas hydrates was observed, which was 
linked to differences in thermal expansions [49]. The use of nanoparticles in hydrate 
research has shown promising outcomes in improving gas storage and accelerating 
hydrate formation kinetics. Due to their small size (less than 100 nm), nanoparticles 
significantly enhance mass and heat transfer between gases, the hydrate phase, and 
liquids. This improvement boosts the transfer of gas into the hydrate phase and 
increases the heat produced during hydrate formation, leading to a notable enhance-
ment in both the gas volume consumed and the rate of hydrate formation [12, 50].

The noble gases in gas hydrates have been investigated in the presence of various 
additives and secondary gases to assess their effect on the hydrate phase equilibrium 
curve. Table 1 gives a summary of the various studies and applications of noble gases 
in gas hydrate formation. It is evident from the tabulated studies that most investiga-
tions have focused on Xe and Kr gases, as these are the most commonly applied noble 
gases. Moreover, much focus has been placed on their phase equilibrium diagrams, as 
this area of study is very crucial in the uptake of the technology for various applica-
tions. It should be noted that gas hydrate technology has not been extensively utilized 
in industrial applications for the large-scale separation of noble gases. However, it has 
demonstrated potential in research and laboratory studies. The concept of employing 
gas hydrates for the separation of noble gases, including xenon, krypton, neon, and 
argon, remains a subject of ongoing investigation.
9
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Reference Noble gas/
Gas hydrate 
former

Study scale - Nature of 
study

Study outcome Application of 
the study

[51] Xe Laboratory scale - 
Computational and 
experimental study 
on thermodynamic 
stabilization of 
Xe + large molecule guest 
substance (LMGS). 
Three LMGS used 
were neohexene (NH), 
methylcyclopentane 
(MCP), and 
methylcyclohexane 
(MCH) at a pressure of 
0.1–1.0 MPa.

Observed that the equilibrium 
curve of Xe + MCH and 
Xe + NH hydrates shifted away 
from that of pure Xe hydrate 
under low pressure, while 
at high pressure it coincided 
with that of pure Xe. The 
equilibrium curve of Xe + MCP 
hydrate was superimposed 
on that of pure Xe hydrate 
throughout the pressure range.

Critical in the 
development 
of gas hydrate 
technology, 
noble gas 
capture, and 
storage.

[39] Xe, Kr Laboratory scale - Phase 
equilibrium of the Xe + Kr 
hydrate mixture for 
separation applications.

It was confirmed that the 
hydrate-based separation of 
the Xe-Kr separation process 
requires a temperature of 
around 250–273 K, which 
is higher than temperatures 
for cryogenic distillation 
(approx. 165.05 K). Xe 
was trapped in the hydrate 
clathrate, producing Kr-rich 
vapors.

Potential use 
of hydrate-
based Xe-Kr 
separation 
process as a 
replacement 
for cryogenic 
distillation.

[38] Xe, Ar, Kr, Laboratory scale - 
Experimental and 
simulation study on the 
separation of Xe from a 
gas feed mixture with Xe, 
Ar, and Kr.

The concentration of xenon 
was increased from 25.7 mol 
% to 80.4 mol % using a two-
stage gas hydrate formation 
and dissociation process.

Separation of Xe 
from the noble 
gas mixture.

[47] Ar/CH4 Laboratory scale - 
Utilization of Ar to 
improve the CH4-CO2 
replacement in the CH4 
gas hydrate.

When approximately 9.8 mol% 
Ar was incorporated into the 
replacement gas, it resulted 
in the CO2 sequestration of 
approximately 16%.

Carbon 
capture and 
sequestration.

[52] Ar Laboratory scale - Study 
of the hydrate formation 
kinetics for argon in the 
presence of TBAB and SDS 
aqueous system.

Decrease in the induction 
time with the increase in the 
initial pressure while the 
consumption of the gas and the 
kinetic constant increase. The 
increase in the concentration 
of the TBAB led to an increase 
in the gas consumption and 
rate of hydrate formation with 
a decrease in the induction 
time. The addition of SDS 
at concentrations of 100 
and 200 ppm at an initial 
temperature of 285 K and 
pressure of 6.1 and 8.1 MPa 
resulted in an increase in the 
induction time.

Kinetic 
improvement 
of gas hydrate 
formation.
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Reference Noble gas/
Gas hydrate 
former

Study scale - Nature of 
study

Study outcome Application of 
the study

[53] Kr Laboratory scale - 
Experimental and 
modeling of hydrate 
equilibrium conditions 
for Kr + TBAB aqueous 
solution.

TBAB aqueous solution with 
concentrations of 0.2, 0.10, 
and 0.05 mass fraction had the 
most pronounced effect on the 
krypton hydrate, resulting in 
a shift of the P-T equilibrium 
line to higher temperature and 
lower pressure.

Shifting of Kr 
equilibrium 
curve for 
separation 
processes.

[54] Kr Laboratory scale - Phase 
transition of TBAB 
hydrates with Kr at 
0.06–1.0 MPa and 
280–290 K.

A new hydrate structure 
was observed in the higher-
pressure conditions; with 
the Raman spectrum, it was 
confirmed that it was similar to 
pure TBAB.38H2O.

Kr hydrate phase 
transition.

[55] Xe Laboratory scale - 
Experimental 
measurement and 
modeling of tetra-n-butyl 
ammonium bromide 
(TBAB) + Xe + water 
phase equilibrium data at 
a pressure of 10.09 MPa 
and temperature of 
282.9–310.6 K on the 
hydrate equilibrium data.

At higher pressure, no 
observables were noted of 
TBAB on the xenon hydrate 
phase equilibrium. Good 
agreement was observed 
between experimental and 
modeling data.

Xe hydrate 
equilibrium 
diagram 
transition.

[56] Ar Laboratory scale - 
Experimental and 
thermodynamic 
modeling of hydrate 
dissociation conditions 
for the Ar + TBAB + water 
system. Experiments were 
carried out at 274–293.6 K 
and a pressure of 
0.34–12.32 MPa.

The TBAB had a pronounced 
effect on the formation 
of the argon gas hydrate, 
which increased with the 
increase in its concentration. 
A thermodynamic model 
was developed to predict the 
hydrate dissociation of the 
argon + TBAB + water with 
good agreement obtained with 
experimental data.

Lowering 
pressure and 
temperature 
increase of the 
phase diagram 
for separation 
purposes.

[57] Xe, Ar Laboratory scale - 
Experimental 
phase equilibrium 
measurements for TBAB 
and TBAC hydrates with 
Xe and Ar as former gases 
at pressure values of up 
to 266–6114 kPa and 
temperature of 284–303 K.

At the investigated 
temperature and pressure 
ranges with the TBAB and 
TBAC with the two noble 
gases the required pressure 
was lower to form the pure gas 
hydrates.

Hydrate 
equilibrium 
phase transition.

[58] Xe Laboratory scale - 
Enclosing of Xe in tetra-n-
butyl ammonium bromide 
(TBAB) hydrate -Xe-water 
system with TBAB mass 
fraction of 0.40 at 0.3 MPa 
and 283.6–287.4 K.

Using Raman spectral analysis, 
it was observed that no lattice 
vibration shift was observed 
with TBAB 26H2O hydrate 
enclosing the XE while the 
lattice vibration of the TBAB 
38H2O enclosing the Xe shifted 
to a lower wavenumber.

Xe phase 
transitions to 
lower pressure 
and higher 
temperatures.
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3. �Challenges and limitations

One main limitation and challenge in the application of gas hydrates in the separa-
tion process is the specific conditions under which the gas hydrate forms. This limits 
the range of conditions under which this technology can be applied. Another factor 
that affects the application of gas hydrates is the stability of the lattice structure 
formed with the noble gases. The stability of the gas hydrate is a critical parameter 
as it informs whether or not the structure formed will be able to accommodate the 
gas within the lattice structure. It must be noted that the stability of the gas hydrate 
is dependent on the temperature and pressure conditions; hence, the variation in 
these conditions leads to the dissociation of the gas hydrate. As shown in Figure 1, the 
stability zone for Xe gas hydrate exists at high pressure and low temperatures, mak-
ing it challenging to achieve, as these conditions differ significantly from standard 
room temperature and pressure. The storage capacity of the gas hydrate is the main 
parameter essential for its utilization as a means of storing gases. Various additives 
and porous media materials have been utilized to attempt to increase the capacity of 

Reference Noble gas/
Gas hydrate 
former

Study scale - Nature of 
study

Study outcome Application of 
the study

[43] Xe, Kr Laboratory scale - 
Thermodynamic phase 
boundary for noble 
gas (Xe and Kr) gas 
hydrates at a pressure of 
445 MPa and temperature 
(324.4–345.3).

With the Kr, a structural 
phase-transition point exists at 
414 MPa and 390.20 K, while 
for Xe, hydrate structure sI did 
not exhibit phase changes over 
the region studied.

Structural phase 
transition.

[59] Xe Laboratory scale - The 
phase transition of the 
methylcyclohexane system 
from s-H to s-I structure at 
281.5 K.

An overall enthalpy of s-H 
hydrate formation It was 
reported that neither cis-1,3-
dimethylcyclohexane nor 
cis-1,4-dimethylcyclohexane 
has the capability of generating 
the s-H hydrate in the presence 
of Xe.

Structural phase 
transition.

[60] Xe Laboratory scale - 
Investigation of the 
thermodynamic stability 
of phase diagrams for the 
Xe hydrate system at a 
pressure of 70 MPa and a 
temperature range from 
290 to 320 K.

It was observed that a three-
phase curve coexists (hydrate + 
liquid Xe + gas), terminating at 
a critical endpoint of (289.76 K 
and 5.6 MPa).

Phase diagram 
thermodynamic 
analysis.

[61] Xe Laboratory scale - 
Investigated the 
composition dependence 
of thermodynamic 
properties of Xe hydrate.

Heat capacity in the 
temperature range 150–230 K, 
enthalpy of dissociation at 
273.15 K, and pressure of 
1 bar for hydrate clathrate of 
Xe.29H2O.

Determination 
of physical 
properties.

Table 1. 
Summary of experimental laboratory scale testing on noble gas equilibrium phase data and separation via gas 
hydrate studies.
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the gas hydrate to enable it to accommodate more gas. Currently, the Department 
of Energy has set a target of 180 cm3 under 35 bars and 298 K using CH4 gas. This 
parameter is defined as the volume of gas delivered per volume of the storage con-
tainer and is also denoted by v/v or cm3 (STP) cm−3 [62]. The other challenge with 
the application of gas hydrates in the separation process is the purity of the resultant 
gas. Contamination may result from incomplete separation during dissociation or 
the presence of other gases in the hydrate lattice, which would lower the process’ 
efficiency and purity.

4. �Future research

The gas hydrate research field is evolving and has great potential to be applied on 
a larger scale with improved efficiency as a cost-effective means of separating and 
storing noble gases. The key focus area that must be addressed is the integration of 
the gas hydrate method with the existing technologies. The hybrid can be created 
with technologies such as membrane filtration and cryogenic distillation to produce 
a process with various techniques for operation at varying temperatures and pressure 
conditions. In this instance, the gas hydrate technology can be utilized as a separation 
step while the cryogenic distillation or the membrane filtration can be a subsequent 
step for the purification of the gas. Moreover, this setup would be a scalable and 
energy-efficient solution for noble gas separation.

The use of emerging materials such as nanomaterials and nanostructured surfaces 
can be very essential in facilitating the nucleation process due to enhanced surface 
area, which improves the rate of gas hydrate formation. Moreover, these nanomateri-
als can serve to improve the selectivity and the stability of the lattice structure, hence 
improving the overall storage capacity of the gas hydrate clathrate. Porous materials, 
fluorocarbons, and metallic organic frameworks could be investigated as means of 
performance enhancement in the separation of noble gases. All these materials can be 
used as hydrate stabilizers or promoters for gas hydrate formation under mild or high 
temperatures and low-pressure regions.

It is also imperative to invest in research on the development of novel additives 
and guest molecules to enhance the optimization of the lattice structure for the 
accommodation of noble gases. In this case, larger molecules could be developed and 
incorporated into the hydrate structure to enhance the encapsulation of specific noble 
gases. These developments could enhance the selectivity of gas separation. Moreover, 
surfactants, structural modifiers, and co-solvents can serve to improve the selectivity 
and stability of the noble gas hydrates. All these additives will serve to stabilize the 
hydrate structure in temperature and pressure conditions outside the stability region 
for real-world conditions. This might entail developing low-cost materials for the 
hydrate formation and separation process, moreover optimizing energy usage as well 
as improving equipment efficiency.

5. �Conclusions

The study of gas hydrates in the separation and purification of noble gases is still 
in its infancy. Notable strides have been made in experimental work on improving 
the kinetics and in the production of phase diagrams with the addition of various 
additives. These additives serve to shift the equilibrium curves to regions of higher 
13
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temperature and lower pressure, hence serving as promoters to the hydrate equilib-
rium phase diagram. Simulation and modeling studies have paved the way for the 
assessment of various systems with conditions that would not be easily investigated 
experimentally. In industrial operations, gas hydrate can be applied in the separation 
of Xe and Kr from the nuclear waste stream, as it is a more economical process than 
the cryogenic distillation that is currently being applied. Future research should focus 
on scaling up existing studies, integrating them with emerging technologies, and 
developing methods to reduce induction time while enhancing the nucleation process. 
Overall, numerous possibilities are available in the application of gas hydrate technol-
ogy for the separation and purification of noble gases. These research avenues need 
to be given research and industrial support, as outcomes from these investigations 
could be beneficial to the industrial players in improving the overall process of gas 
separation.
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Chapter 2

Low-Emission Production of 
Methanol on the Base of the Matrix 
Conversion of Natural Gas with the 
Addition of CO2
Vladimir Arutyunov, Aleksey Nikitin, Valeriy Savchenko 
and Igor Sedov

Abstract

Ammonia and methanol production, which use natural gas to produce synthesis 
gas, play an important role in greenhouse gas emissions. This generates huge amounts 
of carbon dioxide, much of which is released into the atmosphere, thereby creating 
a greenhouse effect. One of the most effective ways to reduce CO2 emissions is to use 
it as a feedstock for petrochemical large-scale production. In this work, we present 
a fundamentally new autothermal process for methanol production based on non-
catalytic matrix conversion of methane, the main component of natural gas, and CO2 
into syngas. It shows the real possibility of utilizing a significant amount of CO2 in 
the production of demanded petrochemical products and organizing gas chemical 
processes with almost zero CO2 emissions. This is the most economically feasible 
approach to reducing the emission of this major greenhouse gas in technological 
processes.

Keywords: carbon dioxide, synthesis gas, methanol, natural gas, matrix conversion

1. �Introduction

Methane is the most abundant gas source of energy and hydrocarbon feedstock on
our planet, the vast resources of which can provide humanity for more than one cen-
tury [1]. Since methane is in all respects an environmentally cleaner fuel than other 
hydrocarbons, its wider use facilitates the solution of global environmental problems 
[2]. Moreover, even in the distant future, it is the artificial production of methane and 
other hydrocarbons from carbon dioxide and water in abundance in the environment 
based on thermonuclear energy and known electrocatalysis processes that can ensure 
sustainable and carbon-locked production of hydrocarbon materials and fuels [3–5].

However, the use of methane as a feedstock for the production of a huge variety of 
modern petrochemicals is a much more difficult task than the use of traditional hydro-
carbon feedstock. Since methane is the most thermodynamically stable hydrocarbon 
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under normal conditions, its conversion into other less stable products requires high 
energy consumption and, as a rule, complex multi-stage technologies [6–8].

The situation is escalated by a growing problem of the global warming due to 
the increase of the atmospheric concentration of greenhouse gases such as carbon 
dioxide, which is considered to be one of the greatest environmental threats of our 
times. Anthropogenic carbon dioxide emissions come from combustion of carbon 
containing fuels and most technological and, first of all, chemical processes. Thus, the 
increased use of methane as a petrochemical feedstock should not be accompanied by 
a significant increase in energy consumption and CO2 emissions.

Currently, the capture and utilization of CO2 from the emission sources is con-
sidered as the main direction of solving this problem. Sequestration and subsequent 
use of carbon dioxide as a reagent could help mitigate its impact on the climate. 
Unavoidably produced CO2 can be captured to be sequestered or be processed in many 
ways. CO2 separation methods are absorption, adsorption, or membrane separation 
[9]. Adsorption of CO2 is mostly used currently which is also called carbon amine 
scrubbing. Even though the underground CO2 storage can be a large-scale capturing, 
sequestering in various forms other than underground storage is important in reduc-
ing CO2 in the atmosphere because of its safety: leakage through tank or rock fissure 
can happen as a result of geological movement [10]. Therefore, it is preferable to 
involve sequestered CO2 in technological processes.

Since it is very difficult to use extremely stable molecule of carbon dioxide as an 
oxidizer, for widespread use of methane as a petrochemical raw material, it is neces-
sary from the very beginning to create a new generation of gas-chemical processes that 
ensure minimal energy consumption for methane processing and the ability to use 
in this processing the resulting carbon dioxide. These possibilities are opened up by 
non-catalytic autothermal processes based on partial gas-phase oxidation of natural 
gas [10]. The paper presents one of the most successful examples of such processes, 
demonstrating the possibility of producing such a high-demand petrochemical product 
as methanol with minimal CO2 emissions. The technology uses the innovative principle 
of matrix conversion of natural gas [11], described in more detail in the next section.

2. �Principles of matrix reforming

2.1 Principles of matrix reforming of methane

Matrix reforming is a type of non-catalytic gas-phase partial oxidation of hydro-
carbons into syngas with internal heat recuperation from heated conversion products 
back into the stream of fresh reagents directly during the conversion [11]. This is one 
of the variants of the implementation of the so-called “superadiabatic” combustion 
[12], in which, due to the heat recuperation of the products, the temperature in the 
flame front can exceed the adiabatic burning temperature of a mixture of this compo-
sition, another example of which is filtration combustion [13].

The scheme of the matrix block is shown in Figure 1. In matrix reforming, recuper-
ation of heat is realized by organizing flameless surface combustion, in which the com-
bustion front is stabilized at a distance of 2–4 mm from the surface of a matrix made 
of heat-resistant material permeable to a mixture of hydrocarbon gas and oxidizer. 
Such materials can be perforated ceramics, foam metals, metal felt, or pressed metal 
wire. Recuperation of heat occurs due to intensive convective and (in the presence of 
a screen or in a geometrically closed matrix) radiative heat transfer between the flame 
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front and the solid matrix. As a result, the temperature of the outgoing conversion 
products is reduced by 600–700°C, and the working surface of the matrix is heated to 
900–1000°C. Due to this, the fresh reaction mixture, passing through the matrix, heats 
up and enters the flame front already preheated. Preheating significantly expands 
the combustion limits of hydrocarbons and allows stable conversion of their very rich 
mixtures with an oxidizer, thereby significantly increasing the yield of syngas.

Heat recuperation from conversion products allows stable conversion of very rich 
mixtures of methane with atmospheric air, oxygen-enriched air, and oxygen at very 
low values of the oxygen excess coefficient α = [O2]/2[CH4], up to α = 0.30 [11]. 
However, the most complete conversion of methane and the maximum yield of syn-
gas components H2 and CO are achieved at values, which are optimal for this process. 
At lower values of α, the syngas yield decreases due to a decrease in methane conver-
sion. The H2/CO ratio, which is very important for the subsequent use of syngas, 
depend on the value of α and is in the range of 1.7–1.8 (α = 0.34–0.36). The process of 
conversion, with the exception of the thermal regime of the matrix, practically does 
not depend on the presence of nitrogen, the concentration of which in the oxidizer 
affects only the concentration of the components of the resulting syngas (Figure 2).

It is worth noting that with an increase in the concentration of oxygen in the 
oxidizer, the concentration of CO and hydrogen increases, not only due to a decrease 
of the nitrogen concentration in the synthesis gas but also due to an increase of the 
selectivity of their formation (Figure 2). When oxidized by atmospheric air, the 
following concentrations of syngas components are achieved: [H2] ~23%, [CO] ~14%, 
[CO2] ~ 3.6%. The conversion of both reagents is almost complete, over 95–97%. 
When oxidized with oxygen, similar values reach the values: [H2] ~54%, [CO] ~28%, 
[CO2] ~3.5%; oxygen conversion is complete, methane conversion is 84–88%.

Figure 1. 
The scheme of the matrix reformer block. 1 – preheating chamber; 2 – input aperture; 3 – permeable matrix;  
4 – combustion front; 5 – reaction volume; 6 – radiation screen.
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2.2 Carbon dioxide (dry) matrix conversion of hydrocarbons

Kinetic and thermodynamic modeling of non-catalytic carbon dioxide conver-
sion of methane under conditions close to matrix conversion demonstrated that CO2 
has practically no effect on the rate and mechanism of thermal pyrolysis of methane 
mainly into acetylene [14]. Under these conditions, CO2, interacting with a hydrogen 
atom, was converted into CO and OH• radical. The accumulation of OH• radicals in 
the system contributed to the further conversion of the resulting acetylene. The stage 
of acetylene conversion in dry and steam reforming plays an important role. Because 
in this processes, acetylene is both an intermediate product of the thermal conversion 
of any hydrocarbon and a precursor of soot [15].

Thus, for any type of non-catalytic oxidative process, such as matrix conversion, 
oxidation in porous media or superadiabatic reactors, high-temperature pyrolysis 
of hydrocarbons, and others, where pyrolysis of hydrocarbons to acetylene plays a 
significant role, the addition of CO2 to the reaction mixture can successfully solve a 
number of tasks, including CO2 utilization, increasing the yield of syngas, and reduc-
ing soot formation [14].

Experimental tests of oxidative dry methane conversion in a matrix converter 
demonstrated, that, as expected, with an increase in the CO2 concentration in the ini-
tial mixture, the matrix conversion temperature decreased until the process stopped. 
Figure 3 shows the dependence of the temperature of the oxygen oxidative carbon 
dioxide conversion on the amount of CO2 added to the initial mixture, relative to the 
concentration of methane, at various values of α.

At α = 0.4–0.5, even the addition of 50% CO2 to methane practically does not lead 
to a decrease in the process temperature. With an increase in the methane content 
in the initial mixture (decrease in α), the conversion temperature decreased, and at 
α = 0.36, with the addition of CO2 more than 20%, the conversion ceased.

Figure 2. 
Dependence of the concentration of main components of syngas on the concentration of oxygen in the oxidizer. 
α = 0.34–0.36.
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As noted earlier, the optimal conditions of matrix conversion of methane by 
oxygen are reached at α = 0.34–0.36. This ratio of reagents ensures a stable mode 
of methane oxidation and maximum syngas yield. However, in order to involve a 
significant amount of CO2 in the conversion process, it is necessary to increase the 
initial oxygen content in the mixture to α ≥ 0.38 (Figure 3). The Figure 4 shows the 
concentration of the main syngas components of the carbon dioxide matrix conver-
sion of methane at α = 0.38.

Figure 3. 
Dependence of the temperature of the matrix conversion of methane and CO2 on the concentration of CO2 in the 
initial mixture at various α.

Figure 4. 
Dependence of the concentration of syngas components on the concentration of CO2 in the initial mixture at α = 0.38.

25



Methane – Innovations for a Sustainable Future

6

The increase of the CO2/CH4 ratio to 25% in the initial mixture leads to linear 
increase of CO concentration in the products, but at the same time the concentration 
of H2 decreases. Despite the changes in the concentration of the main conversion 
products – H2 and CO, the concentration of unconverted methane does not change. 
This may indicate that methane itself does not undergo dry conversion and the depth 
of its conversion is determined by the temperature of the process and the value of 
α. With a CO2 content of more than 25%, a significant decrease in the process tem-
perature was observed (Figure 3), which led to a decrease of methane conversion 
(Figure 4).

In contrast to the thermal carbon dioxide conversion of methane [14], in which a 
noticeable decrease of acetylene was observed with the addition of CO2, in this case 
the acetylene concentration decreases slightly. The process temperature and the initial 
methane/oxygen ratio determine the acetylene yield, as well as the methane conver-
sion. When adding CO2 to the initial methane oxygen mixture H2/CO ratio decreases 
from ~1.8 to ~1.5. An increase in the hydrogen content in the syngas can be achieved 
in the subsequent catalytic stage of steam conversion of the resulting CO.

Despite the demonstrated possibility of practical implementation of carbon diox-
ide matrix conversion of methane, the option of combined conversion using steam 
conversion, which is discussed in the next section, is more attractive.

2.3 Combined matrix and steam conversion of methane and CO2

One of the problems of all reforming processes based on partial oxidation or dry 
methane conversion is the relatively low H2/CO ratio, usually not exceeding 1.8 for 
partial oxidation and 1.0 for dry conversion [16]. Traditionally, this is solved by the 
subsequent partial catalytic steam reforming of part of the formed CO into hydrogen 
by the water gas shift reaction. The advantage of matrix reforming in this regard is 
that the process remains autothermal even taking into account the heat consumption 
for steam generation in a volume sufficient for the complete conversion the formed 
carbon monoxide into hydrogen.

The gas-phase nature of the matrix reforming makes it stable and easy to control, 
and the design of the converters is extremely simple and easily scalable. Compared 
with traditional catalytic steam reforming, matrix reforming has a very high specific 
volumetric capacity, since it proceeds at a distance of less than 1 cm compared to the 
length of tubes with catalyst in catalytic reformers, usually exceeding 10 m. This 
makes it possible to create compact low-tonnage installations with low gas capacity 
starting from several cubic meters per hour.

The high temperature of the syngas after matrix reforming makes it possible 
to add an additional amount of fresh natural gas and steam to it and direct the 
resulting gas mixture to the catalytic stage, in which, as the temperature gradu-
ally decreases from 950 to ~500°C, the endothermic processes of steam reforming 
of methane and partial steam reforming of CO to produce hydrogen sequentially 
proceed. The conceptual scheme of the reactor for the implementation of such a 
combined autothermal process is shown in Figure 5a. There is no need for a com-
plete conversion of CO, since the remaining part of it is used in the subsequent 
synthesis of methanol.

Natural gas and CO2 are preheated in a heat recovery boiler. Then, the first part of 
the natural gas is mixed with CO2 and oxygen, and this gas mixture is fed to the reac-
tor at the matrix conversion stage. The matrix conversion takes place at temperatures 
of 900–950°C and the second part of natural gas is added to the resulting synthesis 
26



Low-Emission Production of Methanol on the Base of the Matrix Conversion of Natural Gas…
DOI: http://dx.doi.org/10.5772/intechopen.1014157

7

gas along with water steam. Steam generation takes place in the first section of the 
heat recovery boiler. The natural gas/steam ratio is selected in such a way that not 
only the steam conversion of methane takes place but also the subsequent for steam 
conversion of CO formed at the matrix conversion stage.

The mixture of syngas, methane, and steam is then fed to the second part of the 
reactor – to catalytic steam conversion of methane and CO. The resulting syngas 
enters first into the intertubular space of the steam conversion section of the reactor, 
and then into the recovery boiler for heating the initial gases and generating steam.

The first series of tests conducted at the pilot plant (Figure 5b) showed that with 
combined air matrix and steam conversion of methane (without CO2 additives), the 
temperature of the frontal catalyst layer was 900–920°C, and the upper catalyst layer 
was 500–550°C. The composition of the resulting dried syngas at a pressure of 12 bar, 
α =0.38, and a molar ratio of methane/steam = 3 is shown in Table 1.

The tests have shown that the combination of matrix and steam conversion of 
methane allows you to change the ratio of H2/CO in the resulting syngas in a wide 
range. The main parameter affecting the hydrogen yield is the amount of steam sup-
plied to the steam conversion stage. The syngas (without N2) produced at the stage of 
combined oxygen matrix and steam conversion of methane, in addition to hydrogen, 
contains 25–30 vol. % of carbon oxides that can be used for the production of metha-
nol and, thus, practically avoid their emission.

Figure 5. 
a) Conceptual scheme of the autothermal reactor of combined oxygen matrix and catalytic steam conversions of 
natural gas and CO2. b) Photo of the autothermal reactor of combined air matrix and catalytic steam conversions 
of natural gas.

Component CH4 O2 H2 CO CO2 N2

Stream III, vol. % 0.4 0 35.5 3.6 12.1 48.4

P = 10 бap, α = 0.38.

Table 1. 
Composition of dry syngas produced at the combined air matrix and catalytic steam conversions of natural gas.

27



Methane – Innovations for a Sustainable Future

8

3. �Conceptual technological scheme of methanol production based on the 
matrix conversion of methane and CO2

To obtain methanol, one of the most common multi-tonnage products of basic 
organic synthesis, it is required that the ratio of H2/CO in the resulting syngas was 
at least 2. Earlier in [17], a conceptual technological scheme for the production of 
methanol from natural gas was proposed, including the stages of matrix conversion of 
methane and subsequent catalytic steam conversion to increase the hydrogen content 
in the syngas. The proposed combination of non-catalytic exothermic matrix conver-
sion with endothermic catalytic conversion of methane and CO can also be used in 
the production of methanol from methane and CO2 (Figure 6).

The material and energy balances of the proposed methanol production process 
from methane and CO2 were calculated with the Aspen HYSYS program. To model the 
thermodynamic properties of the system components, we used the Peng–Robinson 
method, which is widely used for such systems [18]. The process of matrix conver-
sion of methane is determined by detailed kinetics of gas-phase reactions [11, 14, 
15]. Aspen HYSYS does not adequately describe the kinetics of non-catalytic partial 
oxidation process. For this reason, the stage of matrix conversion was not calculated, 
and the composition of the syngas of matrix conversion of methane and CO2 was set 
manually, based on the results of earlier experimental studies. As it was shown earlier, 
matrix conversion at α < 0.38 does not allow to involve a significant amount of CO2 
in the process, therefore, the calculation of the technological scheme was carried out 

Figure 6. 
The scheme of the methanol production process from methane and CO2. Streams: Ia, Ib – natural gas (methane); 
II – CO2; III – oxygen; IV – raw water; IV – synthesis gas after matrix conversion; Va, Vb – synthesis gas after 
combined conversion; VI – water; VII – dried synthesis gas; VIII – heated synthesis gas to methanol synthesis; IXa, 
IXb, IXc – synthesis gas with methanol; X – synthesis gas for recycling; XI – methanol; XII – hydrogen-containing 
gas (exhaust gas.)
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for the value α = 0.38. Table 2 presents the composition of the syngas obtained at the 
stage of oxygen matrix conversion of methane and CO2 (Figure 6).

The catalytic reforming unit provides two processes, one of which is the steam 
methane conversion (stream Ib) and the subsequent steam conversion of CO obtained 
at the matrix stage (stream III) and during the catalytic steam methane conversion. 
The temperature linear gradient of the reaction in the reforming unit is set from 
900°C at the beginning to 500°C at the end of the reactor. Pressure in the reformer is 
10 bar. When calculating the catalytic steam conversion in the Aspen HYSYS program, 
we used the Gibbs reactor with the option “calculation of phase equilibrium and 
chemical equilibrium”.

As in [17], the consumption of natural gas (methane) supplied at the stage of 
exothermic matrix and endothermic steam conversion was selected in such a way as to 
ensure the autothermal mode of the entire process when calculating the energy balance, 
considering the heat generated at the stage of methanol synthesis. It was also taken 
into account that, for efficient methanol synthesis and maximum COx conversion, it is 
desirable that the syngas functional f = ([H2] – [CO2])/([CO] + [CO2]) be 2.0–2.2 [19].

Table 3 shows the main chemical reactions that take place in the catalytic reactor 
of methanol production, which are the hydrogenation of CO (Eq. (1)); the reverse 
water-gas shift reaction (Eq. (2)); and the hydrogenation of CO2 (Eq. (3)) [19, 20]. 
Kinetics of these reactions are also presented in [21, 22]. It has been shown [23, 24] 
that the content of higher alcohols and ethers in the resulting methanol is low, less 
than 2 wt. %; therefore, their formation was neglected in this calculations.

Table 4 shows the parameters that we used to calculate the performance of the 
successive stages of the proposed method for methanol producing from methane 
and CO2.

Component CH4 O2 H2 CO CO2 H2O

Stream IV, vol. % 5.1 0 46.4 30.3 13.2 5.0

Table 2. 
Composition of syngas produced at the stage of oxygen matrix conversion of methane with CO2 (Figure 6).

No. Chemical reaction Reaction kinetics

1 + ↔2 32CO H CH OH ( )( )
( ) ( )( )

−
=

+ + +

1.5 0.5 0
1 2 3 2 1

1 0.50.5
2 2 2 2 2 2

/

1 /

CO CO H CH OH H p

CO CO CO CO H H O H H O

k K p P p P K
r

K p K p p K K p
ρ

2 + ↔ +2 2 2CO H CO H O ( )( )
( ) ( )( )

−
=

+ + +

0
2 2 2 2 2 2

2 0.50.5
2 2 2 2 2 2

/

1 /

CO CO H H O CO p

CO CO CO CO H H O H H O

k K p p p p K
r

K p K p p K K p
ρ

3 + ↔ +2 2 3 23CO H CH OH H O ( )( )
( ) ( )( )

−
=

+ + +

1.5 1.5 0
3 2 2 2 3 2 2 3

3 0.50.5
2 2 2 2 2 2

/

1 /

CO CO H CH OH H O H p

CO CO CO CO H H O H H O

k K p p p p P K
r

K p K p p K K p
ρ

ri – reaction i (1–3) reaction rate [mol/(m3s)]; ki – reaction rate kinetic constants i (1–3) of methanol synthesis; 
p – partial pressure of components (bar); K – adsorption equilibrium constant of components (1/bar); ρ – gas species 
density [kg m−3].

Table 3. 
The main chemical reactions taking place in catalytic reactor of methanol synthesis and their kinetic parameters.
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When calculating the flow-circulation stage of methanol synthesis, the conversion 
of CO was set to 25% per pass [25]. The resulting material balance is presented in 
Table 5.

According to calculations, the functional of the resulting syngas is 2.1. This is the 
optimal value for methanol synthesis, which makes it possible to radically reduce the 
content of carbon oxides in the gas after the methanol production stage compared to 
their content in the initially produced hydrogen-containing gas [19]. The methanol 
concentration in the resulting raw methanol is more than 82 wt. %.

According to the preliminary material balance of the process, with a complete 
flow of incoming methane of 3111 m3/h (2701 kg/h), the yield of methanol will be 
6479 kg/h, when the COx output is less than 50 kg/h. Thus, the proposed method 
for producing methanol makes it possible to recycle up to 0.23 kg of CO2 per 1 kg of 
methane.

4. �Conclusions

The presented material shows the real possibility of utilizing a significant amount 
of CO2 in the production of demanded petrochemical products from methane. The 
real possibility of organizing gas chemical processes with almost zero CO2 emissions 

Parameter Matrix conversion stage
(combined oxidative-carbon 

dioxide conversion of methane)

Steam conversion of 
methane and CO stage

Methanol 
synthesis stage

Temperature, °C 1100–1200 900–500 250

Pressure, bar 10 10 50

C/steam mole ratio — 1:3.0 —

Circulation — — 1:5

Table 4. 
Initial data for calculating the process of methanol synthesis from methane and CO2.

Component Matrix 
conversion

(streams Ia + II)

Steam 
conversion
(stream Ib)

Dry syngas
(stream VII)

Methanol
(stream

XI)

Exhaust gas 
(stream XII)

V, 
m3/h

V, 
kg/h

V, 
m3/h

V, 
kg/h

%vol V, 
kg/h

V,
kg/h

%vol V, 
kg/h

CH4 1311 861 2800 1840 0.1 16.6 6.6 17

O2 0 0 0 0

H2 58.2 1075 86.1 27

CO 15.6 4032 1.9 8.3

CO2 328 644 8.5 3464 5.4 37.3

H2O 1417

CH3OH 6479

Table 5. 
Material balance of the methanol production based on matrix conversion of natural gas with CO2 addition.
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Chapter 3

Histopathological Consequences 
of Methane and Associated Air 
Pollutants: Linking Oxidative 
Stress to Organ Toxicity and 
Carcinogenesis
Akinpelu Moronkeji and Temidayo Daniel Adeniyi

Abstract

Anthropogenic human activities like mining, fertilizer production as well as various 
industrial processes have been linked to the rising prevalence of non-communicable 
diseases, including cardiovascular disease, diabetes, lung cancer and leukemia. These 
activities significantly contribute to the increasing levels of methane and associated 
air pollutants, which play a critical role in cellular dysfunction, toxicity, and cancer 
development. Air pollution remains a major global health challenge, accounting for 
substantial morbidity and mortality worldwide. Methane and its associated air toxi-
cants have been shown to induce oxidative stress, genotoxicity, hepatorenal toxicity 
and haematotoxicity, leading to histoarchitectural alterations in vital organs such as 
the brain, lungs, heart, liver and kidneys. These pollutants disrupt cellular homeostasis 
and promote inflammation, DNA damage and tumourigenesis. This chapter explores 
the mechanisms underlying methane-associated oxidative stress and histological 
changes in mammalian cells, highlighting their oncogenic potential and the broader 
implications of air pollution on public health.

Keywords: cancer, pollution, toxicity, oxidative stress, histopathology

1. �Introduction

Air pollution is a significant environmental and public health issue characterized
by the presence of harmful or excessive levels of substances in breathable air [1, 2]. 
These pollutants are either naturally occurring or anthropogenic and can exist in 
the form of gases, particulate matter, or biological [3–5]. Particulate matter (PM), 
nitrogen oxides (NOx), sulfur dioxide (SO2), carbon monoxide (CO), ozone (O3), 
volatile organic compounds (VOCs) and heavy metals such as lead (Pb) and mercury 
(Hg) are important pollutants associated with various diseases [6–8]. These pol-
lutants originate from both natural events such as volcanic eruptions and wildfires, 
as well as human activities like industrial operations and transportation [9–11]. 
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Air pollution significantly increases the risk of respiratory conditions, including 
asthma and chronic obstructive pulmonary disease (COPD), with long-term exposure 
to pollutants such as SO2, NO2 and PM impairing lung function, elevating respira-
tory disorder prevalence while also driving up hospital admission levels [12–14]. Fine 
particulate matter (PM2.5) remains one of the most dangerous airborne contaminants 
that can penetrate deep into the lungs and traverse into the bloodstream, adversely 
affecting the cardiovascular system [15]. Exposure to PM2.5 has been linked to 
elevated blood pressure, thrombosis, insulin resistance, vascular injury, and acceler-
ated atherosclerosis [16–19]. These effects are largely mediated through mechanisms 
involving oxidative stress, inflammation and autonomic nervous system dysregula-
tion, ultimately increasing the risk of heart failure, ischemic heart disease and stroke 
[20]. Additionally, emerging evidence also supports a strong association between air 
pollution and neurological disorders. Specifically, long-term PM2.5 exposure has been 
correlated with increased risks of stroke, dementia, Alzheimer’s disease, Parkinson’s 
disease and autism spectrum [21–24].

Globally, air pollution remains a critical public health problem, contributing to 
an estimated 5.2 million premature deaths annually, with 7.3 billion people exposed 
to unsafe PM2.5 levels. Low- and middle-income countries, where nearly 80% of the 
affected population resides, bear the greatest burden due to the widespread use of 
polluting technologies [25, 26]. This review provides a mechanistic histopathological 
insight into the health impacts of methane and associated air pollutants, highlighting 
their disproportionate burden on vulnerable populations and the urgent need for 
action to advance global health equity and achieve sustainable development goals.

1.1 Methane as an air pollutant: Sources, production, and global significance

Methane (CH₄) is a potent greenhouse gas with a high global warming potential, 
contributing approximately 30% to global warming [27]. It originates from both 
natural and anthropogenic sources, including wet forest soils, fuel combustion, 
agriculture, and landfills [28, 29]. The production of methane primarily occurs in 
anaerobic environments through microbial decomposition of organic matter. In 
deep aquifers, such as those in accretionary prisms, syntrophic interactions between 
fermentative bacteria and methanogenic archaea are critical for methane generation 
[30]. The main methanogenic pathways, aceticlastic and hydrogenotrophic, vary in 
dominance depending on factors like temperature and substrate availability [31].

Methane’s significant impact on climate change stems from its higher global warm-
ing potential compared to CO2 over short timeframes, contributing about 15–20% to 
the enhanced greenhouse effect [32, 33]. Reducing methane emissions offers a “win-
win” benefit by mitigating climate change and decreasing air pollution, as methane 
is a precursor to ground-level ozone [32]. The Global Methane Pledge aims to cut 
emissions by 30% by 2030, which could yield greater near-term cooling than compa-
rable CO2 reductions [34]. Although advances in methane detection and mitigation, 
especially within the oil and gas sectors, have progressed, widespread implementation 
remains limited [35].

1.2 �Environmental interactions: How methane contributes to air pollution 
dynamics

Methane plays a complex role in air pollution by contributing to the formation 
of secondary pollutants and affecting climate, ecosystems, and human health. As 
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a precursor to tropospheric ozone, methane indirectly affects the respiratory and 
cardiovascular systems [6]. Through multiphase atmospheric chemical reactions, 
methane contributes to the formation of secondary organic aerosols (SOAs) and other 
harmful compounds [36, 37]. Despite its significance, methane’s governance under 
climate frameworks primarily considers its CO2-equivalent impact over 100 years, 

Figure 1. 
Interaction of methane and associated air pollutants on the mammalian system. Methane photochemically reacts 
with sunlight and NOx in polluted industrial and urban areas leading to the formation of SOAs, O3, PM2.5/10, and 
NO2. In mammalian cells, these pollutants generate ROS, disrupting redox balance and eliciting oxidative stress, 
inflammation, DNA damage, and chromatin alterations. The resulting expression of chemokines (TNF-α, IL-1β, 
IL-6, IL-17, IL-8, IFN-γ, MCP-1), alongside protein and lipid peroxidation with reduced antioxidant.
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overlooking its potent near-term climate effects and role in air pollution [32]. 
Tropospheric ozone forms when methane undergoes photochemical reactions with 
sunlight and nitrogen oxides (NOx), especially in urban and industrial regions where 
NOx emissions are high [38]. Elevated methane levels increase ground-level ozone 
concentrations, contributing to respiratory illnesses, agricultural damage, and eco-
system disruption. Globally, ozone-related respiratory deaths attributable to methane 
emissions are estimated at 760 per million metric tons, potentially doubling methane’s 
social cost [39]. Although methane is not a direct source of particulate matter, its 
atmospheric oxidation produces volatile organic compounds like formaldehyde, 
which contribute to the formation of secondary organic aerosols and PM2.5, thereby 
indirectly increasing fine particulate matter concentrations [40, 41]. Methane’s 
atmospheric lifetime and climate impact are strongly influenced by hydroxyl radicals 
(OH), the primary atmospheric oxidant. Since 1980, global OH levels have risen by 
about 9%, driven by changes in anthropogenic emissions [42, 43]. Under carbon 
neutrality scenarios, continued OH increases could shorten methane’s lifetime and 
reduce its radiative forcing, whereas declining OH levels in unmitigated scenarios 
would intensify methane’s climate impact. This interaction introduces significant 
uncertainty in global methane budget estimates comparable to uncertainties in emis-
sion inventories (Figure 1) [43, 44].

2. �Histopathological effects of air pollution on organ system

2.1 Neurotoxicity and neuroinflammation associated with air pollutants

The blood-brain barrier (BBB) is a specialized system composed of endothelial 
cells, pericytes, astrocytes, and other components that regulate exchange between the 
bloodstream and brain tissue, protecting the central nervous system (CNS) from toxic 
agents and maintaining neural homeostasis [45, 46]. The BBB dysfunction is character-
ized by disruption of tight junctions (TJs) between endothelial cells and is implicated 
in aging and neurological disorders such as stroke, Alzheimer’s disease, and multiple 
sclerosis [47]. The reduced expression of TJ proteins like claudin-5 has been linked to 
psychiatric conditions including depression and schizophrenia [48]. Similarly, neonatal 
hypoxic-ischemic encephalopathy and brain injury result in TJ degradation, increased 
BBB permeability, and elevated inflammatory cytokines and oxidative stress [49].

Air pollutants such as PM and O3 compromise the blood-brain barrier, facilitating 
the influx of neurotoxic substances and inflammatory mediators into the CNS. This 
triggers microglial activation, leading to the production of reactive oxygen species 
and proinflammatory cytokines, resulting in oxidative stress and neuronal damage. 
This chronic neuroinflammation contributes to the development of neurodegenera-
tive disorders such as Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, 
stroke, and cognitive decline [50]. Growing evidence also indicates that air pollution 
adversely impacts CNS development and aging, disrupting neurodevelopmental 
trajectories and accelerating neurodegeneration [51].

2.1.1 Potential links to neurodegenerative diseases

Methane’s impact on neurodegenerative diseases is likely indirect, primarily through 
its role in forming other harmful air pollutants rather than direct neurotoxicity. Notably, 
tropospheric ozone (O3), which is produced from methane, is strongly linked to 
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neurodegenerative pathology. Chronic low-dose exposure to O3 induces oxidative stress, 
leading to dendritic spine loss, impaired synaptic plasticity, and neuronal death [52]. O3 
can penetrate the blood-brain barrier (BBB), causing oxidative damage, mitochondrial 
dysfunction, and lipid peroxidation in neuron processes central to dementia pathol-
ogy, especially Alzheimer’s disease [53]. O3 exposure also exacerbates oxidative stress, 
disrupts metabolic pathways, and promotes amyloid plaque accumulation, contributing 
to Alzheimer-like pathology [10]. Chronic exposure to air pollutants further promotes 
neuropathological markers of neurodegeneration, especially in genetically susceptible 
individuals. The hippocampus is particularly vulnerable due to its limited antioxidant 
defenses and direct anatomical connectivity with the olfactory epithelium, a potential 
route for pollutants to enter the brain [54].

2.2 Synergistic effects of methane in worsening pulmonary conditions

Although traditionally considered inert, emerging evidence indicates that methane 
exhibits bioactive properties capable of modulating oxidative stress responses and 
mitochondrial function upon inhalation [55]. While not directly toxic at typical envi-
ronmental concentrations, methane plays a critical role in atmospheric chemistry by 
contributing to the formation of ground-level ozone (O3), a well-established respiratory 
irritant [32]. Methane-driven ozone, formed when methane and nitrogen oxides (NOx) 
react under sunlight, exacerbates respiratory conditions such as asthma and chronic 
obstructive pulmonary disease (COPD) by inducing airway inflammation and dysfunc-
tion [56, 57]. This methane-derived ozone, combined with particulate matter, synergisti-
cally worsens respiratory health by impairing mucociliary clearance and promoting lung 
tissue fibrosis [58, 59]. Additionally, non-methane hydrocarbons (NMHCs) contribute 
alongside methane to air pollution’s respiratory toxicity, with tropospheric ozone recog-
nized as a critical mediator of pulmonary irritation and inflammation [32].

2.3 Impact on endothelial function and vascular inflammation

Environmental stressors such as air pollution substantially contribute to the global 
burden of cardiovascular diseases, with oxidative stress being a central pathway 
mediating these effects [6, 11, 60, 61]. Endothelial dysfunction, typically marked by 
reduced nitric oxide (NO) bioavailability, is pivotal in cardiovascular pathologies [62]. 
Pollutants, including heavy metals and metal oxide nanoparticles, induce oxidative 
stress, endothelial apoptosis, and activation, disrupting vascular tone, triggering 
inflammation, and altering platelet activity [63, 64]. Activated endothelial cells 
upregulate adhesion molecules, such as ICAM-1 and VCAM-1, facilitating leukocyte 
adhesion and migration, which propagate vascular inflammation [65]. These effects 
are mediated by proinflammatory cytokines, oxidized lipoproteins, and nuclear 
factor-κB [NF-Κb] signaling pathways [66]. Epigenetic mechanisms including DNA 
methylation and histone modifications regulate adhesion molecule expression, 
further complicating endothelial activation [67]. Such activation fosters a pro-throm-
botic state that accelerates atherosclerosis progression, making ICAM-1 and VCAM-1 
promising biomarkers and therapeutic targets in cardiovascular disease [65, 66].

2.4 Evidence of pollutant-induced kidney damage

Air pollution, even at low to moderate exposure levels, can induce chronic inflam-
mation and oxidative stress, thereby contributing to the onset and progression of 
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kidney [68–71]. Methane itself is not directly nephrotoxic but may indirectly contribute 
to renal injury through mechanisms involving renal hypoxia, oxidative stress, and meta-
bolic disturbances [72]. Renal hypoxia is a key driver in chronic kidney disease (CKD) 
progression. Oxidative stress, arising from an imbalance between ROS and antioxidant 
defenses, plays a central role in kidney injury [73]. The kidney’s high mitochondrial 
density, responsible for about 90% of cellular ROS production, makes it particularly 
susceptible to oxidative damage [74]. Mitochondrial dysfunction disrupts metabolism 
and dynamics, activating redox-sensitive pathways that promote inflammation and 
apoptosis, accelerating CKD [75, 76]. Long-term ozone exposure is associated with 
reduced estimated glomerular filtration rate (eGFR) in middle-aged and elderly adults, 
with acute and chronic exposures linked to kidney function decline, potentially medi-
ated by hyperglycaemia and insulin resistance [77, 78]. Proinflammatory cytokines, par-
ticularly TNF-α, contribute to renal damage through TNF receptor signaling pathways 
[79]. Cellular senescence and the senescence-associated secretory phenotype (SASP) 
exacerbate chronic inflammation in CKD, further driving disease progression [80].

3. �Oxidative stress and cellular damage mechanism

3.1 Mechanism of oxidative stress: Role of ROS and RNS

Oxidative stress results from an imbalance between the generation of ROS and 
RNS and the body’s antioxidant defenses, causing damage to proteins, lipids and DNA 
[11, 81, 82]. ROS are produced endogenously primarily by mitochondria and NADPH 
oxidases and exogenously from sources such as UV radiation and environmental pol-
lutants [83]. Both ROS such as superoxide anion, hydrogen peroxide, hydroxyl radical 
and RNS like nitric oxide, and peroxynitrite are critical in cellular signaling and stress 
responses [84, 85]. While physiological levels of ROS/RNS support normal biochemi-
cal pathways, their excess leads to oxidative damage [86].

Mitochondria maintain redox balance through enzymes that degrade hydrogen 
peroxide and negative feedback mechanisms [87]. Excessive ROS/RNS generation 
causes oxidative modifications like lipid peroxidation and protein/DNA damage, 
contributing to diseases such as cancer, cardiovascular, and neurodegenerative 
disorders [88, 89]. The antioxidant defense system includes enzymatic components 
like superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and 
non-enzymatic antioxidants such as vitamins C and E, which serve as defenses and 
neutralize ROS to maintain the cellular redox homeostasis [90–92]. However, chronic 
oxidative stress can overwhelm these systems, leading to pathological conditions like 
diabetes, cancer, and neurodegeneration [93].

3.2 �Biomolecular damage and associated oxidative biomarkers: Lipid 
peroxidation, protein oxidation, and DNA damage

Lipid peroxidation, protein oxidation, and DNA damage are interrelated processes 
that compromise cellular integrity and contribute to aging and the pathogenesis of 
various diseases. Among these, lipid peroxidation is a hallmark of ferroptosis, which 
is a regulated form of cell death marked by the oxidative degradation of polyunsatu-
rated fatty acids in cellular membranes, leading to the accumulation of lipid hydro-
peroxides (LOOH) [88, 94]. Oxidative stress-induced lipid peroxidation generates 
reactive aldehydes, such as 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA), 
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with 4-HNE forming adducts with proteins and DNA that disrupt cellular function 
and signaling. These adducts are key biomarkers of oxidative damage in conditions 
like neurodegenerative diseases and cancer [95, 96]. Mitochondria are both sources 
and targets of 4-HNE, with adduct formation impairing respiratory complexes and 
promoting apoptosis [97]. ELISA assays for 4-HNE-protein adducts have demonstrated 
elevated levels in patient samples, underscoring their clinical relevance [98]. Protein 
oxidation results from ROS/RNS-mediated modifications that alter protein structure 
and function [99]. Advanced oxidation protein products (AOPPs) and 3-nitrotyrosine 
are widely recognized biomarkers reflecting oxidative protein damage [100]. These 
oxidative changes can disrupt cellular homeostasis through protein dysfunction and 
aggregation. However, some oxidative modifications serve physiological roles in redox 
signaling and metabolism [101]. 8-Hydroxy-2′-deoxyguanosine (8-OHdG) is a primary 
biomarker of oxidative DNA damage, formed via ROS oxidation of guanine bases 
[102]. Elevated 8-OHdG levels correlate with cancer, neurodegenerative diseases, and 
aging [103]. High-performance liquid chromatography with electrochemical detection 
(HPLC-ECD) is commonly employed for sensitive and selective quantification [102]. 
Urinary 8-OHdG provides a non-invasive measure of oxidative stress, with smoking 
linked to higher levels, while no gender differences have been noted [104].

Glutathione peroxidase 4 (GPx4) plays an integral role in mitigating lipid peroxi-
dation by reducing LOOH; however, ferroptosis is triggered when this antioxidant 
defense is compromised, typically due to iron overload and glutathione depletion 
[94, 105, 106]. The accumulation of oxidized lipids disrupts organelle function and 
promotes non-apoptotic cell death [106].

The oxidation of protein involves ROS/RNS-mediated modifications of amino 
acids such as tyrosine, methionine, cysteine, and tryptophan, leading to carbonyl-
ation, nitration, structural changes, and functional loss [101, 107]. Some oxidative 
modifications are reversible and modulate protein function, whereas others cause 
aggregation and proteotoxicity [101]. Redox-sensitive proteases maintain homeostasis 
by mediating pro-survival or cell death pathways in response to oxidative stress [108]. 
Oxidative DNA damage contributes to genomic instability and neurodegenerative 
disease progression. ROS alter DNA bases, causing mutations and impairing genome 
function, sometimes serving as epigenetic marks [109]. Age-related decline in DNA 
damage response exacerbates this damage, playing a role in disorders like Alzheimer’s 
and Parkinson’s diseases [110]. Protein aggregates can disrupt chromatin and seques-
ter DNA repair proteins, increasing genomic instability [111]. ROS-induced lipid 
peroxidation generates reactive carbonyl species (RCS) that further damage DNA and 
proteins, promoting misfolding and aggregation characteristic of neurodegeneration 
[89, 112]. The accumulation of oxidized biomolecules overwhelms cellular clearance 
mechanisms, leading to organelle dysfunction and cell death.

Chronic oxidative stress is implicated in cancer, cardiovascular diseases, and neu-
rodegeneration, while antioxidants mitigate damage by scavenging free radicals and 
chelating metals [106, 113]. Methane-associated air pollution may exacerbate oxidative 
stress indirectly by generating secondary pollutants that increase systemic ROS levels, 
promoting DNA damage, mitochondrial dysfunction, and redox imbalance, which are 
key factors that heighten the risks of neurodegenerative and chronic diseases.

3.3 Antioxidant enzyme biomarkers

Key antioxidant enzymes like superoxide dismutase (SOD), catalase (CAT), and 
glutathione peroxidase (GPx) constitute the frontline defense against ROS-mediated 
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damage [114, 115]. Altered activities of these enzymes serve as biomarkers in dis-
eases such as cancer and depression, aiding diagnosis and prognosis [116, 117]. The 
enzymatic antioxidant system, including thioredoxin and paraoxonase, maintains redox 
homeostasis across pathological conditions like diabetes, autoimmune disorders, and 
neurodegeneration [118]. Reduced expression of antioxidant enzymes is associated with 
increased oxidative damage and worsened disease outcomes. For example, lower GPX1, 
SELENOP, and CAT expression correlates with poor survival in hepatocellular carcinoma 
[119, 120]. Conversely, in multiple sclerosis, the upregulation of antioxidant enzymes 
in microglia/macrophages may reflect protective responses to oxidative injury [121]. 
Chronic oxidative stress disrupts the balance between oxidants and antioxidants, contrib-
uting to the progression of cancer, atherosclerosis, and neurodegenerative diseases [122].

3.4 Histopathological techniques in oxidative stress assessment

Histopathological methods are essential for detecting and quantifying oxidative 
stress biomarkers within tissues. Immunohistochemistry (IHC) is widely employed to 
localize oxidative stress markers at the cellular level, particularly in neurodegenera-
tive disease models and postmortem samples [123]. Quantitative assessment is often 
achieved via Western blotting and enzyme-linked immunosorbent assays (ELISA), 
with ELISA commonly used for clinical sample analysis and oxidative stress evalua-
tion [124]. Fluorescence-based imaging techniques provide enhanced visualization of 
reactive oxygen species (ROS) and oxidative damage at subcellular resolution [125]. 
Emerging analytical approaches such as DNA damage sequencing, chemical isotope 
labelling and mass spectrometry imaging offer advanced capabilities for the compre-
hensive analysis of oxidative stress biomarkers (Table 1) [126].

S/N Organ system Pathological features Histopathological techniques Output

1. Brain 
(neurotoxicity)

Neuronal degeneration, 
pyknosis

Hematoxylin and eosin (H&E) Necrotic/degenerative 
neurons.

Demyelination Demyelination Luxol fast blue (LFB) for selective 
myelin staining, with loss of 
myelin indicating demyelination

Demyelination

Reactive gliosis Astrocytic proliferation 
(gliosis)

Glial fibrillary acidic protein 
(GFAP) immunostaining
Astrocytic proliferative marker 
(gliosis marker).

Reactive gliosis

Microglial 
activation

Activated microglia Immunostaining (IHC) 
techniques for highlighting 
activated microglia using the 
Ionized calcium-binding adaptor 
molecule 1 (Iba 1).

Microglial activation

Oxidative stress DNA/RNA oxidative 
damage.

DNA/RNA oxidative damage 
markers using IHC. 8-Hydroxy-
2′-deoxyguanosine (8-OHdG).

Oxidative stress

2 Liver 
(hepatotoxicity)

Hepatic steatosis Frozen section using the Oil Red 
O staining protocol.

Identifies neutral lipids 
and fatty changes

Ballooning, necrosis H&E. Detects hepatocyte 
damage and apoptosis

Inflammation IHC for CD68 Kupffer cell infiltration
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4. �Carcinogenic effects of methane and air pollutants

4.1 Mechanisms of pollutant-induced carcinogenesis

Carcinogenesis resulting from environmental pollutants involves intricate genetic 
and epigenetic alterations that disrupt cellular homeostasis. Epigenetic mechanisms 
such as DNA methylation, histone modifications, and regulation by non-coding 
RNAs are critical in lung cancer development and progression [127]. These epigenetic 
changes can be modulated by environmental exposures, transforming normal cells 

S/N Organ system Pathological features Histopathological techniques Output

Fibrosis Sirius Red, Masson’s trichrome. Collagen fiber 
deposition associated 
with chronic exposure to 
toxicants.

3. Kidneys 
(nephrotoxicity)

Tubular necrosis H&E General morphology 
and necrosis

Basement membrane 
thickening

Periodic acid-schiff (PAS), Jones 
silver stain

Glomerular and tubular 
basement membrane 
changes

Interstitial fibrosis Masson’s trichrome Highlights fibrotic 
changes and collagen.

Oxidative injury IHC for 8-OHdG and nuclear 
factor erythroid 2-related factor 
2 (Nrf2).

DNA oxidative damage 
and antioxidant 
response marker

4 Lungs (pulmonary 
toxicity)

Fibrosis Masson’s trichrome or Van Gieson Collagen deposition and 
fibrotic thickening

Inflammatory 
infiltration

H&E, CD45 IHC Identification of 
immune cells (e.g., 
lymphocytes, 
neutrophils)

Mucus production Periodic acid-schiff [PAS] Highlights goblet cell 
metaplasia and mucus

Epithelial hyperplasia H&E, Ki-67 IHC General cell 
proliferation and 
hyperplasia marker

5 General 
(multi-organ)

Lipid peroxidation Immunostaining for 
4-hydroxynonenal (4-HNE), 
malondialdehyde (MDA)

Detects products of lipid 
peroxidation

DNA damage Immunostaining of 
γ-phosphorylated form of the 
histone H2AX (γ-H2AX), Comet 
Assay.

DNA double-strand 
breaks and genotoxic 
stress

Inflammation CD3 (T cells), CD68 
(macrophages)

Immune cell profiling

Hypoxia Immunostaining for hypoxia-
inducible factor 1 alpha (HIF-1α).

Marker of cellular 
response to hypoxia

Table 1. 
Histopathological features and diagnostic techniques in pollution-exposed organ system.
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into malignant phenotypes. The exposome concept, encompassing all environmental 
exposures throughout life, interacts dynamically with individual genetic and epigenetic 
profiles to influence disease risk [128]. Particulate matter (PM) exposure induces oxida-
tive stress, DNA damage, and genotoxicity, facilitating malignant transformation [129]. 
Both PM and polycyclic aromatic hydrocarbons (PAHs) contribute to carcinogenesis 
by forming DNA adducts and disrupting DNA repair pathways including base excision, 
nucleotide excision, and homologous recombination repair [130]. Cytochrome P450 
enzymes bioactivate many carcinogenic chemicals found in pollutants, producing reac-
tive intermediates that covalently bind to DNA, forming mutagenic adducts [131, 132]. 
The ROS generated by pollutants is a key mediator of oxidative stress, leading to DNA 
damage, genomic instability, and mutations associated with cancer and neurodegenera-
tive diseases [7, 109]. ROS also induce lipid peroxidation, generating reactive carbonyl 
species that form adducts with DNA and proteins, disrupting critical cellular signaling 
pathways [89]. PM exacerbates oxidative damage by promoting DNA adduct formation, 
double-strand breaks, and impairing DNA repair mechanisms [130]. Chronic inflam-
mation induced by environmental agents such as asbestos fosters a pro-tumourigenic 
microenvironment. This involves the release of proinflammatory cytokines, chemo-
kines, growth factors, and ROS [133, 134]. ROS act as a critical link between inflamma-
tion and tumorigenesis by causing DNA damage and regulating cellular processes like 
proliferation, differentiation, and apoptosis [134]. The inflammatory milieu activates 
oncogenic signaling pathways including STAT3, NF-κB, and PI3K/Akt, stimulating the 
secretion of pro-angiogenic factors that support tumor vascularization and growth 
[135]. Oxidative stress also modulates epigenetic machinery, contributing to cancer 
progression and therapeutic resistance [136]. Epigenetic silencing of tumor suppressor 
genes or activation of oncogenes drives malignancy in various cancers [137].

4.2 Role of methane in potentiating the mutagenic effects of other pollutants

Emerging evidence highlights complex interactions between methane and other 
environmental pollutants in exacerbating adverse health effects [32, 110, 138]. 
Although methane is generally considered less reactive, it modulates oxidative stress 
responses and mitochondrial function, thereby potentiating the carcinogenic effects 
of more reactive contaminants [55, 139]. Methane contributes indirectly to carcino-
genesis by participating in photochemical reactions with volatile organic compounds 
(VOCs) and PAHs, forming ground-level ozone, which is a potent oxidant that 
damages DNA and impairs cellular repair mechanisms [140]. These atmospheric 
oxidation processes can generate compounds capable of causing direct DNA damage 
without the need for metabolic activation [141]. While PAHs have been extensively 
studied for their genotoxicity, both the parent PAHs and their metabolites can exert 
non-genotoxic effects by activating diverse cellular pathways implicated in carci-
nogenesis [142]. The interplay between environmental pollutants, oxidative stress, 
and carcinogenesis is strongly linked to particulate matter exposure, which induces 
oxidative stress leading to genotoxicity and potential malignant transformation [11, 129]. 
Environmental mutagens collectively shape the mutational landscape in tissues, influ-
encing cancer development [143]. Various mutagens induce DNA damage, triggering 
genetic and epigenetic alterations that may progress to cancer if DNA repair path-
ways fail [144, 145]. Interestingly, methane production occurs endogenously across 
all living organisms, including human cells, often as a response to oxidative stress 
[146, 147]. This intrinsic methane generation may influence cellular redox balance 
and contribute to the biological effects of environmental pollutants (Table 2).
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4.3 �Histopathological evidence of cancer in the brain, liver, lungs, heart,  
and kidney

Glioblastomas (GBM) are aggressive primary brain tumors, exhibiting distinct 
histopathological features such as nuclear atypia, cellular pleomorphism, necrosis, 
and pseudopalisading necrosis [148]. These morphological abnormalities correspond 
to underlying molecular and cellular dysfunctions, including mutations, dysregula-
tion of critical signaling pathways, and alterations in nuclear envelope proteins 
[149]. GBMs display profound genetic, transcriptomic, and cellular heterogeneity 
both within and between tumors, contributing to their malignancy and resistance to 
treatment. The tumor microenvironment is composed of various cell types, including 
tumor cells, immune infiltrates, and cancer stem cells that interact through complex 
signaling networks, promoting tumor growth and invasion [150].

Hepatocellular carcinoma (HCC) is the predominant primary malignancy 
of the liver, frequently associated with chronic liver disease and cirrhosis [151]. 
Histologically, HCC is characterized by atypical hepatocytes arranged in trabecular 
patterns, nuclear pleomorphism, and vascular invasion [152]. Although imaging 
modalities are primarily used for diagnosis, biopsy remains essential in atypical or 
ambiguous cases [153, 154]. Advances in genomics and transcriptomics have revealed 
recurrent genetic mutations and molecular subtypes correlated with histopathologi-
cal variations, enhancing our understanding of HCC pathogenesis and prognostic 
stratification [155].

Lung cancers, predominantly adenocarcinomas and squamous cell carcinomas 
(SCC), exhibit distinct histological and molecular signatures. SCC is typified by 
keratinization and intercellular bridges [156]. Biomarkers such as Desmoglein 3 
(DSG3) and Desmocollin 3 (DSC3) have been identified as key transcriptional 
features of SCC, with their expression levels correlating with patient prognosis 
[157–159]. Keratin 14 (KRT14) is also proposed as a biomarker distinguishing lung 
cancer subtypes and is associated with poorer outcomes in SCC patients [160]. These 
genes function in pathways involving the p63 transcription factor network and trail 
signaling, impacting tumor behavior and prognosis.

Cardiac angiosarcomas are rare but highly aggressive malignancies arising from 
endothelial cells lining cardiac blood vessels [161]. Histologically, they exhibit infil-
trative growth with abnormal vascular channels and marked anaplasia [162]. These 
tumors often present at advanced stages, carrying a poor prognosis with a 5-year 
survival rate of 35% [163]. Diagnosis involves a multimodal approach, including 
echocardiography, CT, MRI, histopathology, and immunohistochemistry [161, 164]. 
Clinically, they may mimic other cardiac conditions and present symptoms such as 
cardiac tamponade, pleural effusion, and dyspnea [165, 166].

Mechanisms Consequences associated with air pollutants

Oxidative stress Lipid peroxidation, DNA damage, mitochondrial dysfunction.

Inflammation Cytokine cascade, neutrophilic infiltration, and chronic immune cell 
presence.

Hypoxia Neuronal and myocardial injury, tubular necrosis.

Secondary pollutants (e.g., O3 and NO2) Epithelial/endothelial damage, fibrosis, oedema.

Table 2. 
Pathological drivers associated with environmental pollutants.
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Clear cell renal cell carcinoma (ccRCC) is the most common subtype of kidney 
cancer, characterized histologically by nests of clear cells with abundant cytoplasm 
and a prominent vascular network [167]. ccRCC is frequently associated with the 
inactivation of the VHL gene. Single-cell RNA sequencing has uncovered substan-
tial tumor microenvironment heterogeneity, including a vascular subpopulation 
linked to epithelial-mesenchymal transition, which may contribute to tumor 
progression and metastasis [168].

5. �Conclusion

Although traditionally considered inert and non-toxic, methane undergoes atmo-
spheric oxidation to generate volatile organic compounds (VOCs), which contribute 
to the formation of secondary organic aerosols, fine particulate matter, and ground-
level ozone (O3), a highly reactive pollutant. These pollutants interact with cellular 
structures and compromise multiple organ systems, notably the central nervous 
system, by disrupting the integrity of the blood-brain barrier. This interaction 
facilitates the uptake of neurotoxic substances, which in turn promotes neuroinflam-
mation, dendritic spine loss, impaired synaptic plasticity, mitochondrial dysfunction, 
neuronal lipid peroxidation, and amyloid plaque formation which are hallmarks 
associated with neurodegenerative diseases. Furthermore, the reactive intermediates 
generated through these atmospheric chemical reactions elevate reactive oxygen spe-
cies (ROS) levels, triggering pro-inflammatory cytokine release and driving oxidative 
modifications such as lipid peroxidation, protein oxidation, and DNA adduct forma-
tion. These molecular events act as precursors to a spectrum of chronic metabolic and 
degenerative conditions, including renal injury, chronic kidney disease, cardiovascu-
lar and respiratory disorders, and various forms of cancer. Collectively, these findings 
underscore the significant histopathological and systemic health risks associated with 
methane-derived air pollutants and emphasize the urgent need for integrated envi-
ronmental and public health strategies to reduce exposure and disease burden.
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Chapter 4

Methanol-To-Hydrogen Conversion 
with Integrated Heat Recovery: 
A Pathway to Sustainable Energy 
Systems
Kun Cheng, Yunlin Shao and Weidong Chen

Abstract

This chapter explores the innovative integration of methanol reforming and 
heat recovery technologies for sustainable hydrogen production, building on the 
techno-economic and multi-objective optimization framework presented in the 
author’s prior research. The focus is on converting methanol-to-hydrogen efficiently 
while maximizing energy utilization through cascading heat recovery systems. The 
chapter highlights the role of proton-exchange membrane fuel cells in enhancing 
system performance and reducing carbon emissions. By leveraging advanced opti-
mization techniques, the proposed system demonstrates significant improvements 
in energy efficiency and cost-effectiveness, offering a viable pathway for decarbon-
izing energy systems. The discussion also addresses the challenges and opportunities 
in scaling up methanol-to-hydrogen technologies, emphasizing their potential to 
contribute to a sustainable energy future. This work aligns with global efforts to 
innovate methanol utilization and transition toward cleaner energy solutions.

Keywords: methanol reforming, hydrogen production, heat recovery, proton-exchange 
membrane fuel cell, techno-economic assessment, multi-objective optimization, 
sustainable energy systems, cascading energy utilization, carbon emissions reduction, 
energy efficiency

1. �Introduction

1.1 Background and rational of methanol-to-hydrogen conversion

The continued reliance on fossil fuels intensifies global energy shortages while wors-
ening environmental problems like climate change, caused by increasing greenhouse gas 
emissions [1]. In response, nations worldwide are prioritizing renewable energy solu-
tions, building low-carbon energy systems, and improving energy utilization efficiency. 
Hydrogen has become a key energy vector in this transition, valued for its exceptional 
energy density (120–142 MJ/kg—almost triple that of gasoline) and its clean combus-
tion properties, producing only water when used in fuel cells or burned [2, 3].
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Among hydrogen-based technologies, fuel cell combined heat and power 
(FC-CHP) systems have gained prominence for their exceptional efficiency (reach-
ing 80–90% in combined generation mode) and suitability for distributed energy 
applications. FC-CHP systems generate both electricity and usable heat from a single 
fuel source, typically natural gas, using a fuel cell [4]. Leading economies, including 
China, the U.S., and the EU, have endorsed FC-CHP systems as a strategic solution 
for achieving carbon neutrality and strengthening energy security [5]. This shift 
underscores the necessity of replacing fossil fuels with hydrogen, a clean, storable, 
and adaptable energy carrier [6].

A major obstacle to hydrogen adoption, however, is its storage and transportation, 
complicated by its low volumetric energy density, high flammability, and the expen-
sive processes required for compression or liquefaction. To address these challenges, 
decentralized hydrogen production has emerged as a practical solution. Current 
small-scale hydrogen generation methods include solar-driven processes [7–9], 
electrolysis (electrocatalytic water splitting) [10, 11], and fossil-derived feedstocks 
like methanol and methane [12]. Notably, methanol-to-hydrogen conversion—espe-
cially through steam methanol reforming (SMR)—is the most advanced and widely 
adopted method, responsible for nearly 95% of global hydrogen production [13]. 
Enhancing this process with improved energy recovery, lower emissions, and cost-
effective operations is essential for advancing sustainable energy systems.

1.2 Literature review of methanol-to-hydrogen conversion systems

The fuel reforming unit (FRU) serves as a critical component in localized hydro-
gen generation, transforming hydrocarbon (CnH₂n₊₂) and alcohol-based (CnH₂n₊₂On) 
feedstocks—whether renewable or fossil-derived—into hydrogen, reducing the 
hazards linked to its large-scale transport [14]. To achieve high-purity hydrogen, puri-
fication techniques such as pressure swing adsorption (PSA) and palladium-based 
membrane (Pd-M) separation are widely utilized [15, 16]. For instance, Rodriges et al. 
[17] designed a combined methanol/dimethyl ether reforming system paired with a 
proton-exchange membrane fuel cell (PEMFC), incorporating a Pd-M for hydrogen 
refinement. Similarly, Wang et al. [18] proposed an SMR-PEMFC setup where metha-
nol combustion provided the necessary heat for reforming, while a Pd-M maintained 
hydrogen purity. In another study, Zhang et al. [19] incorporated a PSA-based CO₂ 
removal system into a PEMFC to minimize CO₂-induced performance degradation. 
Nevertheless, the overall electrical efficiency of FRU-FC configurations remains 
constrained (40–60%) due to substantial heat dissipation during hydrogen synthesis, 
purification, and electricity generation.

1.2.1 Integration of waste heat recovery for enhanced system efficiency

To enhance system efficiency, recent studies have investigated waste heat utiliza-
tion and cogeneration strategies, demonstrating significant performance gains. For 
instance, Perna et al. [20] developed an ammonia-based CHP configuration that 
attained 81% overall energy efficiency by effectively capturing thermal output, 
compensating for modest electrical conversion rates. Similarly, Chang et al. [21] 
demonstrated a thermally integrated PAFC-methanol reformer setup with enhanced 
vaporization, achieving 277 mW/cm2 power density through sophisticated thermal 
management. Another innovative approach by Li et al. [22] combined a gas turbine 
with MSR and PEMFC technologies, where exhaust gases simultaneously powered the 
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reformer and provided domestic hot water, resulting in 81.8% combined and 50.5% 
electrical efficiency.

Alternative thermal sources have also been explored to optimize hydrogen produc-
tion. Chen’s team [23] incorporated geothermal energy into a micro-CCHP system 
for methanol reforming, achieving 66.3% system efficiency. Meanwhile, Wang et al. 
[24] developed a solar-enhanced MSR-PAFC configuration with thermal absorption 
capabilities, delivering seasonal efficiencies of 73.7% (cooling) and 51.7% (heating). 
Addressing diverse operational needs, Wu et al. [25] integrated hybrid heat pumps 
with PEMFC-CHP systems, improving electrical output by 7.9–20.3% depending 
on thermal mode. While conventional reformers still predominantly use fossil fuel 
combustion—producing moisture-laden (10–20% water content) exhaust streams 
[26]—the substantial latent energy in these emissions remains largely unexploited. 
Current advancements highlight the efficacy of heat-integrated methanol-to-hydro-
gen systems while underscoring the necessity for cleaner thermal inputs and innova-
tive heat recovery methods to meet environmental objectives.

1.2.2 Integration of waste heat recovery for power generation

Cutting-edge research has turned to advanced thermal recovery methods to 
enhance the power output of methanol-based hydrogen generation systems. Among 
the most promising solutions is the incorporation of Organic Rankine Cycle (ORC) 
units, which effectively transform waste heat into supplemental electrical energy. For 
example, Li’s research’ team [27] created an integrated MSR-PEMFC-ORC configura-
tion that harnesses thermal energy from heat transfer oil, reaching 38.52% exergetic 
efficiency after system refinement. Parallel work by Chang and colleagues [28] exam-
ined a tri-generation setup merging PEMFC with ORC and refrigeration components, 
revealing that strategic fluid choice (such as R601) could push exergy efficiency to 
46–47% across seasonal variations. These findings emphasize how precise thermal 
management can extract maximum value from process waste streams.

The scientific community has investigated complementary heat recovery approaches 
to push efficiency boundaries further. Sulaiman et al. [29] conducted empirical tests on 
TEG-enhanced PEMFC arrangements, discovering that recovering even 1% of dissipated 
heat demands 45 thermoelectric modules, highlighting the difficulties in low-grade ther-
mal energy conversion. Conversely, Lu’s group [30] reported a 4.3% electrical efficiency 
boost by combining PEMFC with ORC technology, while Lee’s innovative design [31] 
achieved a 10% system-wide improvement through coordinated heat capture from both 
the fuel cell and reformer. The inherent temperature constraints of PEMFC operation 
(typically 60–80°C) [32] present fundamental limitations for ORC performance, driving 
research toward novel thermal conversion methods or multi-technology integrations.

This body of work demonstrates that strategic heat recovery implementation, 
particularly through ORC solutions, can substantially increase electrical yields from 
hydrogen production systems. However, the effective utilization of low-temperature 
waste streams continues to pose technical hurdles. Emerging research directions 
emphasize the development of combined recovery systems and the adoption of high-
temperature fuel cell variants to optimize energy extraction from thermal byproducts.

1.2.3 Economic analysis and optimization for improved system configurations

Economic considerations have become paramount in advancing methanol-based 
hydrogen production systems toward commercial feasibility. Contemporary studies 
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reveal how intelligent system design and optimization can dramatically improve 
cost-effectiveness while boosting operational performance. A breakthrough study by 
Sarabchi’s team [33] achieved dual benefits by combining a Kalina cycle with high-
temperature PEMFC technology, utilizing waste heat to drive the thermodynamic 
cycle. Their EES software-assisted optimization yielded impressive results—a 17.72% 
decrease in production costs coupled with a 29.3% gain in exergetic performance 
versus conventional setups. Parallel research by Zheng et al. [34] implemented com-
prehensive process integration in methanol-reforming PEMFC systems, delivering 
4.5% lower electricity costs and 2.22% better exergy efficiency than standard CCHP 
configurations.

Modern optimization techniques have shown particular promise in economic 
enhancement. Xi and collaborators [35] applied multi-objective genetic algorithms 
to refine a 5 kW residential PEMFC-CCHP system, achieving an optimized annual 
operating cost of $29,337 with 39.9% exergy efficiency. Zhao’s research group 
[36] demonstrated additional gains by incorporating thermal recovery through 
adsorption chillers and dehumidifiers, ultimately reaching $143,000 annual cost 
at 33.97% exergy efficiency after algorithmic optimization. Further advancements 
came from Li’s work [27], combining ORC with HT-PEMFC, where optimization 
reduced energy costs by 6.47%, while Yu’s innovative Organic Flash Cycle (OFC) 
integration [37] identified R245fa and isobutene as optimal fluids with hourly 
costs below $31.

Current system configurations still face energy utilization challenges. ORC 
subsystems typically capture just 10–20% of PEMFC waste heat, while substantial 
thermal energy remains untapped in reformer exhaust streams. These limitations 
highlight critical opportunities for improving primary energy conversion efficiency 
through more sophisticated heat recovery approaches.

2. �Case study presentation for methanol-to-hydrogen conversion with 
integrated heat recovery systems

2.1 System descriptions

Figure 1(a) presents the integrated MSR-PEMFC-ORC-LTES tri-generation sys-
tem, which synergistically combines methanol steam reforming with organic Rankine 
cycle and latent thermal energy storage technologies. The system architecture 
transforms waste heat from both the reformer and fuel cell into valuable electricity, 
thermal energy, and distilled water. At the core of hydrogen production lies a network 
of heat exchangers, catalytic reactors, combustion chambers, and pressure swing 
adsorption units. The process initiates with preheating and vaporization of methanol 
solution through thermal exchange with hot reformate gases. Subsequent superheat-
ing occurs via combustion exhaust, elevating the vapor temperature to the optimal 
280°C reforming condition. The resulting hydrogen-rich stream undergoes progres-
sive cooling before entering the purification stage, where pressure swing adsorption 
isolates high-purity hydrogen for PEMFC operation. Electrochemical conversion in 
the fuel cell generates power while producing exhaust streams that pass through the 
thermal storage unit before emission. The energy recovery subsystem features an 
organic Rankine cycle with standard components, including vaporization chambers, 
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Figure 1. 
(a) Process flow diagram of the MSR-PEMFC-ORC-LTES tri-generation system; (b) structure of LTES coupled 
dew point condenser; (c) energy conversion schematic of the tri-cogeneration system.



Methane – Innovations for a Sustainable Future

6

expansion turbines, and condensation equipment. Thermal energy from exhaust 
streams drives the working fluid through its phase changes, producing additional 
electricity via the turbine-generator set. Fluid selection critically influences both 
thermodynamic performance and environmental compliance, with current options 
including R600, R152a, and R245fa—chosen for their favorable environmental 
profiles and established commercial availability as referenced in studies [38, 39], as 
shown in Table 1.

The thermal recovery system incorporates a phase-change energy storage unit 
integrated with a condensation heat exchanger, as illustrated in Figure 1(b). This 
configuration captures residual thermal energy from the ORC subsystem, transferring 
it to a composite phase-change material blend of expanded graphite and paraffin wax 
for storage. During colder periods, the accumulated thermal energy is utilized for water 
heating applications. The system employs water as the thermal transfer medium due to 
its favorable thermal properties, safety characteristics, and economic viability. The con-
densation process continues until the exhaust gases reach saturation temperature, yield-
ing substantial quantities of distilled water through condensation. Figure 1(c) presents 
the comprehensive energy flow diagram for the integrated tri-generation system.

2.2 Mathematical model and experiment

This section presents integrated mathematical frameworks that simultaneously 
address thermodynamic performance, economic viability, and environmental fac-
tors for both the ORC subsystem and the phase-change thermal storage integrated 
condensation unit. The developed analytical models enable systematic evaluation 
of capital expenditures, ecological footprint, and exergetic performance of the 
thermal recovery system. Reaction kinetics modeling for the reforming process is 
implemented through computational tools, with governing equations solved using 
MATLAB coupled with REFPROP NIST thermodynamic libraries, while process 
simulation leverages the Aspen Plus platform. Critical operational parameters for the 
thermal recovery components are specified in Table 2. A genetic algorithm-based 
multi-criteria optimization approach, previously validated in our research [43], is 
applied to determine optimal system configurations.

Mathematical formulation incorporates several simplifying considerations to 
enhance computational efficiency. The analysis assumes continuous steady-state 
operation throughout the tri-generation system [44]. Fluid transport phenomena 

Working fluids Environmental data Physical data

ODP GWP Critical temperature (K) Critical pressure (kPa)

R245fa 0 1030 427.16 3651.00

R600 0 ~20 425.13 3796.00

R152a 0 124 386.41 4516.75

R113 1 6130 487.23 3436

R500 0.738 8100 378.65 4455

R12 1 10,890 385.15 4114

Table 1. 
Properties of the working fluids.

66



Methanol-To-Hydrogen Conversion with Integrated Heat Recovery: A Pathway to Sustainable…
DOI: http://dx.doi.org/10.5772/intechopen.1011625

7

neglect both frictional pressure losses and thermal dissipation in distribution net-
works [45]. The energy balance equations exclude contributions from macroscopic 
motion and positional energy terms [45]. For the thermal storage subsystem, the 
thermodynamic analysis disregards temperature variations in the heat transfer fluid 
during pumping operations [46].

2.2.1 Model development methanol steam reforming reaction

The methanol steam reforming process involves three interrelated chemical trans-
formations occurring simultaneously: steam reforming (SR), thermal decomposition 
(MD), and water-gas shift (WGS) reactions. These transformations are represented 
by the following stoichiometric relationships [26]:

	 ( )→ ∆ 9 8KCH OH+H O 3H +CO H = 49.4 kJ / mol₃ ₂ ₂ ₂ ₂ 	
(1)

	 ( )→ ∆ 98KCH OH 2H +CO H =90.5 kJ /mol₃ ₂ ₂ 	
(2)

	 ( )↔ ∆₂ ₂ ₂ ₂98KCO+H O H +CO H =-41.1 kJ /mol 	
(3)

The product stream contains not only hydrogen but also residual CO, CO₂, water 
vapor, and unreacted methanol. The CuO/ZrO₂ catalytic system enhances reaction 
kinetics while suppressing undesirable side reactions [47]. Reaction conditions, par-
ticularly temperature and the molar ratio of water-to-methanol, critically influence 
conversion efficiency. Studies indicate that elevated water-to-methanol ratios enable 

Symbol Definition Unit Value

exm Mass flow of exhaust gases g/sk

4T Initial temperature of exhaust gases K

exP Pressure of exhaust gases kPa

4d Initial moisture of exhaust gases / ( )g kg dryair

cinT Cold water inlet temperature of the condenser K 298.15

12T PCM tank outlet temperature K 325.15
13T PCM tank inlet temperature K 338.15

0T Air temperature K 301.15 [40]

0P Air pressure kPa 101 [40]
n Life time years 20 [41]
pc Specific heat capacity of water at constant pressure 11KkJ kg −− 4.2 [42]

k Heat transfer coefficient of the heat exchanger W
- 2m  K−1 800

Table 2. 
Operating and design conditions of the heat recovery system.
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satisfactory conversion even at reduced temperatures [14]. However, insufficient 
water content may lead to catalyst deactivation through coking.

Process simulation employs a Gibbs reactor approach within UniSim Design 
software [48], where system thermodynamics are governed by minimization of total 
Gibbs free energy. This is mathematically described by:

	 ( ) ( )( )ln /o o
total i i msr i i iG nG RT N f f= Σ + Σ

	
(4)

Here, Gtotal represents the system’s total Gibbs free energy, Gi
0 denotes standard-

state Gibbs free energy for component i, while ni and fi correspond to molar quantity 
and fugacity, respectively. The term fi

0 indicates standard-state fugacity, and N 
represents the total number of system components.

2.2.2 Thermodynamic model of ORC

The thermodynamic analysis of the ORC subsystem models the evaporator and 
condenser as countercurrent heat exchange devices. Thermal energy from exhaust 
streams is transferred to the working fluid in the evaporator, producing superheated 
vapor that drives the expansion turbine to generate electrical power. The system’s 
thermal performance is quantified through fundamental energy balance equations 
[46], where the heat recovery capacity (qo rc) relates to exhaust enthalpy change, 
while the working fluid mass flow (mo rc) depends on the evaporator’s energy input. 
Electrical output (We) derives from the turbine’s isentropic expansion of the working 
fluid, with an assumed turbine efficiency of 85%.

Pumping requirements account for the working fluid’s pressure elevation, 
expressed as a function of mass flow, pressure differential, fluid density, and pump 
efficiency (83% assumed). Net power production considers both turbine output and 
pumping work. The condenser’s thermal load (q⊂on) is determined by the working 
fluid’s enthalpy change during phase transition, dictating the required cooling water 
flow rate.

Heat exchanger sizing follows conventional thermal design methodology [49], 
where required surface areas (Ae va, A⊂o n) are calculated using logarithmic mean tem-
perature differences (ΔTm) and overall heat transfer coefficients. The temperature 
correction factor (F) incorporates heat capacity ratios and heat transfer effectiveness 
through the number of transfer units (NTU) parameters, ensuring accurate thermal 
performance prediction under varying operating conditions.

2.2.3 LTES coupled dew point condenser stage

The thermal storage system employs a cylindrical PCM containment structure 
with height-to-diameter unity to minimize environmental heat dissipation [43]. The 
integrated dew point condenser captures residual thermal energy from ORC exhaust 
streams, with total recoverable heat being a function of enthalpy changes in both 
reformer and fuel cell exhaust flows. Water circulation requirements for heat extrac-
tion are determined by the system’s thermal load and temperature differentials across 
the storage unit.

Pumping energy consumption depends on water flow characteristics and pres-
sure requirements, incorporating fluid density and pump efficiency parameters. 
The condenser’s heat transfer surface area is sized according to thermal performance 
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criteria involving overall heat transfer coefficients and logarithmic mean tempera-
ture differences [46]. The PCM tank’s energy storage capacity accounts for charging 
duration while deducting environmental thermal losses, which are calculated using 
tank surface area, thermal resistance, and temperature gradients. Geometric relation-
ships determine the tank’s surface area based on its volume, while the required storage 
volume itself is derived from the PCM’s thermophysical properties, including phase-
change characteristics, density, specific heat capacities, and latent heat of fusion. The 
condensation process yields distilled water as exhaust gases cool to saturation condi-
tions, with production rates determined by moisture content differentials and inert 
gas flow rates. Water collection quantities are calculated based on humidity ratios at 
condenser inlet and outlet conditions, considering the mass flow of non-condensable 
gases in the exhaust stream.

2.2.4 Exergy analysis

Thermodynamic limitations dictate that heat-to-work conversion processes 
inevitably incur energy degradation. Practical systems experience exergy destruction 
through various irreversibilities, making exergy analysis essential for determining 
maximum achievable work output. The specific exergy at any state (Ex i) is expressed 
in terms of enthalpy and entropy deviations from ambient reference conditions 
(ho, so), incorporating both thermal and entropic components. For open systems 
operating under steady-state conditions, the exergy balance relates input and output 
exergy flows to work interactions and system losses. This fundamental relationship 
accounts for all exergy transfers across system boundaries, including both thermal and 
mechanical energy contributions. System performance is ultimately characterized by 
the exergetic efficiency metric, which quantifies the fraction of available energy that 
avoids destruction during the conversion process.

The efficiency expression normalizes the avoidable losses against the net exergy 
input to the system, providing a meaningful measure of thermodynamic perfec-
tion. This formulation properly accounts for all work interactions while isolating the 
irreversible components of energy conversion.

2.2.5 Economic model

A comprehensive techno-economic assessment requires evaluating both ther-
modynamic performance and financial feasibility. Beyond exergy analysis, this 
study incorporates capital and operational expenditure models to determine system 
viability. The annual operating expenses account for electricity consumption dur-
ing off-peak charging periods, calculated as a function of power input and regional 
electricity tariffs. Power requirements aggregate all pumping demands within the 
thermal recovery subsystems.

Capital investments are annualized using standard financial engineering methods, 
incorporating interest rates and equipment lifespans through capital recovery fac-
tors. Maintenance costs are proportionally estimated relative to initial investments. 
The total capital outlay comprises the sum of individual component costs, with 
detailed cost functions for each major subsystem provided in Table 3. This dual-focus 
approach enables simultaneous optimization of both thermodynamic and economic 
performance metrics [44, 46]. The complete economic evaluation combines these 
annualized capital and operational expenditures into a unified metric representing 
the system’s total yearly cost. This integrated approach enables direct comparison 
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between different system configurations and facilitates identification of the cost-
optimal design.

2.2.6 Environmental model

The environmental benefits of the integrated energy system are quantified 
through a comparative analysis of greenhouse gas emissions. The assessment focuses 
on carbon dioxide reduction achieved by displacing conventional fossil fuel-based 
electricity and heat production. Emission savings are determined by applying stan-
dardized conversion factors to the net energy output, accounting for both electrical 
generation and recovered thermal energy after compensating for system parasitic 
losses. The analysis employs a baseline emission coefficient of 0.7 kg CO₂ equivalent 
per kilowatt-hour derived from regional grid averages [46].

System performance is evaluated through comprehensive energy utilization 
metrics that consider multiple output streams. The overall efficiency calculation 
incorporates net electrical production from both power generation subsystems, useful 
thermal energy stored in the phase-change materials, and the recovered latent heat 
from water condensation. These outputs are normalized against the total chemical 
energy input from methanol combustion, represented by its lower heating value. 
The thermal contribution of distilled water production is included through enthalpy 
difference calculations relative to ambient conditions [22].

2.3 Results and discussions

This analysis presents the comparative multi-objective optimization results for the 
heat recovery system using three candidate working fluids under uniform operating 
conditions. The optimization framework balances three key performance indica-
tors—total annualized cost, exergetic efficiency, and carbon reduction potential—as 
visualized in the three-dimensional Pareto frontiers shown in Figure 2. The optimiza-
tion targets simultaneously maximize system efficiency (η) and emission reductions 
(mGHG) while minimizing expenditures (Ctotal), with the theoretical ideal solution 
and practical optimum clearly marked.

System component Cost function Reference

Expander
( )

η

   = × − × +    −  

3

exp
exp

0.053.380 1
1orc conC q q

[49]

Flat plate heat exchanger = + ×268 517hx hxC A [50]

Pump

η

 
= × +  − 

0.71 0.2705 1
1pump pump

pump

C W
[50]

PCM tank
( )2.92 exp 0.143 log

8.67 10 1.19LTESV
tank LTES pcmC V ρ

 × × = ×× + ε× × ×
[50]

Dew point condenser = × 0.81379dew dewC A [51]

Table 3. 
The cost function for the entire components.
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Table 4 reveals comparable exergetic performance across all working fluids 
(R600: 0.388, R245fa: 0.39, R152a: 0.41) due to effective heat recovery in the con-
densation subsystem. However, the ORC subsystem demonstrates notable fluid-
dependent variations, with R600 achieving 67% higher exergy efficiency than R152a. 
Economic analysis shows modest cost differences (9% variation) between options, 
while emission reductions remain within 3.6% of each other. Power generation 
capacity exhibits more significant divergence, with R152a producing 33% less elec-
tricity than R600 and R245fa, making the latter two clearly preferable for electrical 
output.

The integrated system achieves 81% overall energy efficiency—a 22% improve-
ment over conventional alternatives. Component-level cost breakdowns in 
Figure 3(a) and (c) reveal that the thermal storage subsystem requires two to three 
times greater capital investment than the ORC unit. Remarkably, the condensation 
process contributes 95% of the system’s total emission reductions by effectively 
capturing exhaust gas latent heat, though this comes with increased cost implica-
tions. Distilled water production reaches 216.03 kg/h, further enhancing the system’s 
resource recovery capabilities (Table 4).

Figure 2. 
Pareto frontier of the heat recovery system with (a) R600, (b) R152a, and (c) R245fa.
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2.4 Key conclusion points of the case study analysis

This study presents an innovative hybrid energy system that synergistically 
combines proton-exchange membrane fuel cell technology with methanol steam 
reforming, augmented by organic Rankine cycle and latent thermal energy storage 
components. The integrated configuration enables simultaneous production of 

Figure 3. 
(a) Cost distribution, (b) exergy efficiency of each stage, (c) CO2 emission reduction of each stage, (d) electricity 
of ORC system and energy efficiency of tri-generation system.

R600 R152a R245fa

Design parameters
5T  (K) 377.35 376.92 374.55

eT∆  (K) 1 1 1

cT∆  (K) 8.69 7.24 7.61

coutT  (K) 303.15 303.15 303.15
11T  (K) 334.96 336.15 335.14

Performance variables η (−) 0.388 0.41 0.39

GHGm  (kg/h) 191.61 184.85 188.84
totalC  ($/year) 36,108 32,794 36,196

eW  (kW) 15.34 10.54 15.64

Table 4. 
Results of multi-objective optimization.
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electrical power, thermal energy, and distilled water while addressing key chal-
lenges in renewable energy integration. A novel composite phase-change material, 
engineered through the combination of expanded graphite and industrial paraffin, 
demonstrates exceptional thermal conductivity properties for efficient energy stor-
age applications. The system’s performance is rigorously optimized across economic, 
environmental, and thermodynamic dimensions using advanced multi-objective 
genetic algorithms, with detailed parametric analysis conducted on both the hydro-
gen production and energy recovery subsystems. Key findings from this comprehen-
sive investigation include:

The methanol reforming process achieves optimal performance at specific operat-
ing parameters, delivering sufficient hydrogen output to meet the fuel cell’s power 
generation requirements. Comparative analysis of working fluids reveals marginal 
differences in cost and emissions performance but significant variations in electrical 
output capacity, with certain refrigerants demonstrating superior thermodynamic 
characteristics. The thermal storage subsystem contributes disproportionately to the 
system’s environmental benefits while exhibiting different efficiency characteristics 
compared to the power generation components.

The developed composite thermal storage material exhibits remarkable ther-
mophysical properties that significantly enhance system performance. When 
implemented in the complete tri-generation configuration, the system demonstrates 
exceptional energy conversion efficiency and output capacity, substantially outper-
forming conventional geothermal-assisted systems in terms of overall energy utiliza-
tion. These results validate the technical and economic viability of the proposed 
integrated energy solution for residential-scale applications.

3. �Conclusions

This section examines recent advancements in methanol-based hydrogen 
generation systems incorporating thermal energy recovery technologies, 
highlighting a novel proton-exchange membrane fuel cell configuration with 
multi-stage energy utilization. The proposed system architecture shows marked 
improvements across multiple performance metrics including energy conversion 
efficiency, environmental impact reduction, economic viability, and sustainable 
energy integration.

3.1 Challenges

Significant technical obstacles must be addressed to realize the full potential 
of these integrated energy systems. Maintaining optimal thermal conditions for 
the heat-intensive reforming process while ensuring stable operation under vari-
able loads presents considerable engineering difficulties. The intricate thermal 
balancing required for effective cascading energy recovery becomes particularly 
challenging when adapting to real-world fluctuating demand patterns, where even 
minor thermal inefficiencies can substantially diminish overall energy recovery 
capabilities.

Catalyst development remains a pivotal area requiring innovation, as current 
materials face persistent issues with thermal degradation, carbon accumulation, and 
chemical contamination. These challenges are compounded by the need to maintain 
stringent hydrogen purity standards for fuel cell operation, necessitating complex 
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and energy-intensive gas purification processes. Parallel economic challenges stem 
from the substantial capital requirements associated with high-performance system 
components, underscoring the need for innovative financing approaches and stan-
dardized modular designs to facilitate commercial adoption.

3.2 Future perspectives

Future progress in this field appears promising through several key development 
pathways. The integration of renewable methanol synthesis with efficient reform-
ing technologies could enable a carbon-neutral hydrogen infrastructure. Emerging 
computational techniques and artificial intelligence applications offer transformative 
potential for optimizing system performance across multiple scales, from molecular-
level catalyst design to full-scale thermal management. Concurrent advances in 
materials science may yield breakthrough components with enhanced durability and 
efficiency. Realizing these technological possibilities will require complementary 
policy support and international cooperation to establish unified standards and 
accelerate technology deployment. The successful transition from research prototypes 
to commercial systems will depend on coordinated efforts spanning technical innova-
tion, economic modeling, and regulatory framework development across multiple 
sectors.
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Nomenclature

A		  area ( 2m )
C		  cost ($ /year )
CRF		  CAPITAL recovery factor
CP		  specific heat ( ( )/ KkJ kg )
CPCM		  composite phase-change material
CHP		  combined heat and power
d		  moisture content ( ( )g / kg dry air )
E		  energy efficiency
F		  correction factor
FC-CHP	 hydrogen fuel cell cogeneration system
FRU		  fuel reforming unit
GT		  gas turbine
h		  enthalpy (kJ)
HTES		�  HIGH-temperature thermal energy storagek	 heat transfer 

coefficient(W/( 2m ⋅K))
KC		  Kalina cycle
LTES		  latent-thermal energy storage
m		  mass flow rate ( / skg )
M		  fuzzy judgment matrix
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MSR		  methanol steam reforming
MSR-PAFC	 phosphoric acid fuel cell
NTU		  heat transfer unit
n		  life time ( years )
OF		  objective function
OFC		  Organic Flash Cycle
ORC		  Organic Rankine Cycle
P		  pressure ( kPa )
PSA		  pressure swing absorption
PEMFC		 proton-exchange membrane fuel cell
Q		  stored energy (kWh)
q		  time rate of heat transfer
s		  entropy (J/ (kg K))
T		  temperature (K)
TEG		  thermoelectric generator
V		  volume
W		  power (kJ)
w		  weight
EG		  expanded graphite
Greek letters
ρ		  density ( 3/mkg )
ε		  PCM volume fraction
η		  efficiency
ã 		  latent heat (kJ/kg)
δ		  maintenance factor
Δ		  difference
Subscripts
cin		  condenser cold side inlet
cout		  condenser cold side outlet
con		  condenser
cap		  capital cost
cm		  capital and maintenance costs
dew		  dew point condenser
e		  electricity (kJ)
ex		  EXHAUST steam
eva		  evaporator
exp.		  expander
f		  fluid
hx		  heat exchanger
in		  inlet
max		  maximum
min		  minimum
net		  net power (kJ)
nor		  normalization
op 		  operational cost
orcin		  inflow to ORC
orcout		  outflow ORC
pump		  pump
s		  solid
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Chapter 5

Methanogens in Soils and Climate 
Mitigation: Community Dynamics, 
Functional Markers, and 
Applications
Gamze Gürerk and Sevcan Aydin

Abstract

The global climate crisis is reshaping ecosystem functioning, and methane exerts a 
disproportionately high warming influence. Methanogenic archaea, the sole biological 
producers of methane, operate under anoxic conditions and mediate carbon conver-
sion processes that regulate both energy flow and the global carbon cycle. Much of 
the existing literature has focused on methane accounting or on the mitigating roles 
of methanotrophic bacteria, whereas comprehensive syntheses that jointly address 
methanogen diversity, adaptive responses to climate stressors, and biotechnological 
applications remain limited. The conceptual novelty of this work lies in redefining 
methanogens not merely as methane producers but as climate-mitigating ecosystem 
engineers that regulate carbon fluxes and climate feedback. Within this framework, 
the chapter outlines the biochemical pathways of methanogenesis, highlights the 
diagnostic value of the mcrA gene, and synthesizes patterns of community diversity, 
distribution, and succession across soil ecosystems. It further examines physiological 
and community-level adaptations to warming, moisture variability, and CO2 enrich-
ment, and evaluates opportunities and risks related to renewable biomethane produc-
tion, wetland and peatland restoration, and greenhouse gas management. Framed 
within an interdisciplinary and sustainability-oriented perspective, the chapter links 
microbial ecology with environmental policy, offering a timely and comprehensive 
integrative synthesis rarely achieved in a single work. It also emphasizes the need to 
incorporate molecular-level microbial processes into broader climate and sustainability 
discussions. Ultimately, this chapter highlights the strategic roles of methanogens in 
clean energy, ecosystem resilience, and climate mitigation, and proposes research, 
monitoring, and policy priorities to ensure their ecological and technological potential 
is harnessed responsibly.

Keywords: methanogenic archaea, soil microbiome, climate change impacts, 
sustainable agriculture, microbial adaptation, methanogenesis
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1. �Introduction

The twenty-first century is witnessing one of the most pressing ecological chal-
lenges, defined largely by a global climate crisis triggered by human activity. This 
crisis is not limited to shifts in average temperatures; it is reshaping the very function-
ing of ecosystems. Methane (CH4), which holds a central position in the global carbon 
cycle, is particularly noteworthy. Despite its lower atmospheric concentration com-
pared to carbon dioxide, methane has nearly 84 times the global warming potential 
over a 20-year period [1–3]. According to NOAA data, the global average atmospheric 
methane concentration reached 1922.6 ppb in 2023, marking the highest level since 
measurements began. More recent observations indicate that by April 2025, methane 
concentrations had risen further to 1934.9 ppb [4, 5]. Climate modeling suggests that 
even a mere 1% increase in methane could drive a measurable rise in global surface 
temperatures [6]. These findings indicate that understanding the methane cycle is not 
simply a matter of academic curiosity, but a strategic necessity for addressing climate 
change.

At the biological core of this potent greenhouse gas lie methanogenic archaea, 
among the planet’s oldest and most resilient microorganisms. From rice paddies and 
thawing permafrost layers to wetlands and lake sediments, these strict anaerobes 
thrive in oxygen-free habitats, carrying out methanogenesis, the only known biologi-
cal pathway for methane production [7, 8]. Over their 3.5 billion year evolutionary 
history, they have consistently shaped Earth’s carbon balance, acting as key agents in 
the long-term trajectory of the climate system.

The ecological role of methanogens, however, extends far beyond the methane 
production alone. At the final stage of anaerobic decomposition, they establish sym-
biotic relationships with fermentative bacteria and acetogens, converting hydrogen, 
acetate, and methyl compounds into methane. This metabolic cooperation ensures the 
thermodynamic viability of fermentation and stabilizes energy flow across ecosys-
tems. In this sense, methanogens are not merely passive producers of methane but can 
also be seen as microbial ecosystem engineers that regulate the energy economy of 
their habitats [9].

This delicate balance is becoming increasingly fragile, as climate change reshapes 
the very environmental factors (temperature, moisture, pH, and substrate avail-
ability) that determine the structure of methanogenic communities. For instance, the 
rapid colonization of newly exposed soils by pioneer methanogens in thawing per-
mafrost, the tendency of rising agricultural temperatures to favor hydrogenotrophic 
pathways, or the swift recovery of methanogenic activity within days after drought 
stress all indicate that these microorganisms are not merely the passive indicators of 
climate change. Instead, they respond dynamically to shifting conditions and, in some 
cases, may even influence those conditions themselves [10, 11].

This chapter explores methanogenic archaea across a broad spectrum from their 
biochemical mechanisms to their diversity in soil ecosystems, their strategies for 
adapting to climate stressors, and their potential in biotechnological applications. 
Unlike previous syntheses that primarily focused on methane fluxes or on the mitigat-
ing roles of methanotrophic bacteria, this chapter distinguishes itself by emphasizing 
soil-based methanogenic communities and using the mcrA gene as a unifying frame-
work that links molecular mechanisms to ecosystem-scale processes. By integrating 
biochemical, ecological, and biotechnological perspectives, it offers a holistic and 
interdisciplinary understanding of methanogens, bridging microbial ecology with 
sustainability and climate mitigation research.
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In doing so, this work represents one of the few integrative syntheses that connect 
molecular-level processes to ecosystem functioning and biotechnological applications.

The aim here is to fill this gap by evaluating methanogens not only in terms of their 
ecological functions but also as strategic players in climate solutions, approached from 
an interdisciplinary perspective. The conceptual novelty of this chapter lies in redefin-
ing methanogens not merely as methane producers but as climate-mitigating ecosys-
tem engineers that regulate carbon fluxes and climate feedback. They are described 
as “engineers” because their metabolic activities and ecological interactions actively 
shape biogeochemical cycles and help maintain the functional stability of ecosystems. 
The literature synthesis in this chapter follows a narrative review approach combining 
insights from microbiology, soil science, and biotechnology. Sources were gathered 
from Scopus, Web of Science, and Google Scholar, focusing on peer-reviewed works 
published between 2006 and 2025. The search used keywords such as “methanogenic 
archaea,” “mcrA gene,” “soil ecosystems,” and “biomethane production.” Emphasis was 
placed on studies addressing soil-based methanogenic communities, environmental 
stress responses, and biotechnological applications. This approach provides a transpar-
ent and integrative framework consistent with the sustainability-oriented scope of the 
chapter. Ultimately, the chapter seeks to reposition these ancient microorganisms, not 
simply as methane producers, but as ecological actors capable of shaping the course of 
the climate crisis and serving at the core of sustainable biotechnological solutions.

2. �Biochemical, genetic, and ecological foundations of methanogens

Methanogens occur in a wide range of environments, from deep-sea sediments to 
permafrost layers, and they are the only microorganisms that convert carbon com-
pounds into methane under anaerobic conditions. This metabolic capacity sustains 
their energy metabolism and defines their function as important ecosystem engineers 
that shape the global carbon cycle [7, 8]. Methane is produced through three main 
biochemical pathways: hydrogenotrophic, acetoclastic, and methylotrophic methano-
genesis. The hydrogenotrophic route involves the reduction of CO2 by H2 and com-
monly prevails in nutrient-poor or frozen environments, including the permafrost and 
oligotrophic wetlands [9]. The acetoclastic pathway involves the cleavage of acetate 
into CH4 and CO2, playing a central role in carbon-rich wetlands, rice paddies, and 
agricultural soils where acetate accumulates through plant residue decomposition 
[12]. In contrast, methylotrophic methanogenesis utilizes substrates like methanol or 
methylamines as electron donors and typically dominates under the saline or alkaline 
conditions [13]. These pathways differ biochemically but frequently coexist within 
the same environment, and their relative importance changes with factors such as 
temperature, pH, and nutrient levels. The varying prevalence of these pathways 
across ecosystems underscores how environmental conditions shape carbon flux and 
ultimately influence methane emissions. The last step in methanogenesis is catalyzed 
by the enzyme methyl-coenzyme M reductase (MCR), which is responsible for the for-
mation of methane. The gene encoding this enzyme, mcrA, is widely regarded as the 
most reliable molecular marker for detecting both the presence and activity of metha-
nogenic archaea [13, 14]. Molecular ecology studies show that mcrA-based quantitative 
PCR and metagenomic approaches reveal the strong correlations between methanogen 
abundance and methane emissions in different habitats [8]. As such, mcrA serves not 
only as a phylogenetic tool but also as a critical instrument for  
long-term monitoring of ecosystems sensitive to climate change.
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Methanogenic archaea occupy the final step of anaerobic organic matter degrada-
tion through symbiotic interactions with fermentative bacteria and acetogens. This 
cooperation secures the thermodynamic sustainability of fermentation and maintains 
energy flow across ecosystems [9]. At the same time, methanogens face competi-
tion from sulfate-reducing bacteria, with the outcome of this balance shaped by the 
environmental variables such as substrate availability, pH, redox potential, and salin-
ity [15]. For example, in rice paddies, pH and organic carbon levels are the decisive 
ecological factors that determine which methanogen groups will dominate [16, 17]. In 
permafrost thaw environments, hydrogenotrophic taxa often emerge first as pioneer 
colonizers, followed by a rise in acetoclastic groups [18, 19]. These observations show 
that methanogens are more than methane producers; their responses to climatic 
pressures play an active role in shaping ecosystem processes.

3. �Diversity and distribution in soil ecosystems

At first glance, soil ecosystems may appear to be static matrices of mineral 
particles and organic matter. However, they are dynamic habitats where billions of 
microorganisms interact in complex ways. Among the most important engineers of 
this hidden world are methanogenic archaea. With their habitat-specific adaptation 
strategies and metabolic flexibility, they play a pivotal role in the global methane 
cycle. Recent advances in high-resolution metagenomic techniques and mcrA-based 
molecular monitoring have revealed that methanogen communities can rapidly 
restructure across both spatial and temporal scales [20–22]. For example, seasonal 
shifts in water levels in wetlands may lead to dramatic changes in community 
composition within just a few weeks.

The diversity of methanogenic archaea is shaped by a combination of physico-
chemical and climatic factors. Foremost among these is pH. In acidic environments, 
species composition changes markedly, often accompanied by shifts in the dominant 
methanogenic pathways [23]. Substrate availability is another decisive factor. The 
balance between acetate, hydrogen, and methyl compounds influences which meta-
bolic pathway prevails. For instance, Methanothrix (formerly Methanosaeta) can thrive 
under low acetate concentrations, whereas Methanosarcina tends to dominate when 
acetate levels are high [24]. Water regime is equally critical, as it dictates the degree 
of anaerobiosis. A lowering of the groundwater table alters both redox conditions 
and substrate availability, triggering reorganization within the community [25]. 
Thermal tolerance also plays a defining role. Some hydrogenotrophic groups adapt to 
the elevated temperatures, while others function only within narrow thermal ranges 
[23]. These factors rarely act in isolation; rather, they interact. For example, during 
extended droughts, the persistence of hydrogenotrophic taxa helps sustain methane 
production, preventing a complete collapse of ecosystem functionality [26].

Methanogens express their diversity through distinct strategies across different 
habitats. In wetlands, for instance, the upper soil layers may contain oxygen at times, 
yet field data suggest that these layers can still account for up to 80% of net CH4 flux 
[27]. In contrast, in arid regions, methanogenesis can become active in biological soil 
crusts even under light and oxygen exposure. In such cases, the choice of metabolic 
pathways shifts depending on whether conditions are oxic or anoxic [28]. These eco-
logical examples make it clear that methanogens are not passive organisms confined 
to fixed niches. Instead, they are strategic actors capable of responding to environ-
mental fluctuations and directly influencing the carbon cycle. Understanding how 
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their diversity manifests across different ecological scenarios not only enriches basic 
microbial ecology but also provides essential insights for predicting climate response 
capacity and designing effective management strategies.

4. �Responses to climate stressors and adaptation dynamics

As frozen soils in the Northern Hemisphere thaw or rice paddies in Asia undergo 
seasonal warming, methanogens respond rapidly to these environmental changes. 
Continuing climate change is reshaping methanogen communities, modifying their 
functional traits and their broader influence on ecosystem processes. Environmental 
factors such as temperature increase, elevated atmospheric CO2, and cycles of drought 
and rewetting influence not only the amount of methane produced but also which 
methanogenic pathways become dominant. Each of these stressors imposes distinct 
selective pressures on methanogen communities, directly affecting ecosystem pro-
cesses and greenhouse gas balances [10, 11, 23, 29]. Table 1 summarizes the main 
methanogenic pathways, their representative Archaeal taxa, and how these groups 
respond to key environmental stressors such as temperature, moisture, and pH. 
It provides a concise overview that links biochemical mechanisms with ecological 
responses across diverse soil systems.

Of all stress factors, temperature and thermal tolerance are the strongest influ-
ences on methanogen activity. While mesophilic taxa typically thrive at 35–40°C, 
hyperthermophiles can remain metabolically active at temperatures above 80°C, and 
psychrophiles are capable of growth in the 15–25°C range. These physiological dif-
ferences explain how temperature functions as a selective factor that influences both 
species distribution and the prevalence of specific methanogenic pathways within 
ecosystems. Experimental studies indicate that short-term warming tends to acceler-
ate substrate turnover and CH4 production, whereas long-term warming reduces 
diversity and favors a narrower set of dominant groups [23]. Field trials in Chinese 
rice paddies show that even a modest 2–3°C increase can favor hydrogenotrophic 
methanogens while reducing the abundance of acetoclastic groups [10]. However, it 
should be noted that while numerous studies report the associations between tem-
perature, CO2 enrichment, and the dominance of specific methanogenic pathways, 
these relationships are largely correlational rather than strictly causal, and further 
controlled experiments are needed to confirm the underlying mechanisms. Such find-
ings suggest that under global warming scenarios, hydrogenotrophic pathways may 
increasingly take precedence.

Carbon dioxide enrichment and the resulting shifts in carbon availability act 
as equally powerful stressors. Elevated CO2 levels enhance root exudation, driving 
more carbon into the soil. This often increases acetate availability, giving acetoclas-
tic methanogens a competitive edge. Meta-analyses confirm that groups such as 
Methanosarcinales expand under these conditions [11]. When CO2 enrichment occurs 
alongside warming, both methanogen abundance and methane production rates 
increase, further amplified by plant-microbe interactions in the rhizosphere [19, 30].

Repeated cycles of drought followed by rewetting create some of the most chal-
lenging environmental conditions for methanogens. During drought, anaerobic 
conditions collapse, and methanogen activity is strongly suppressed. Yet soil aggre-
gates can maintain micro-anoxic niches, allowing hydrogenotrophic taxa to persist. 
This persistence provides the basis for rapid functional recovery once soils are rewet-
ted. Field studies in the Zoige Plateau found that hydrogenotrophic methanogens 
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Methanogenic 
pathway

Representative Archaeal 
taxa

Primary substrates Typical habitats Response to key environmental stressors Key references

Hydrogenotrophic Methanobacteriales, 
Methanococcales, 
Methanomicrobiales

H2 + CO2 Wetlands, rice paddies, 
permafrost soils

Activity rises with moderate warming and H2 
availability but declines under drought due to 
moisture-driven redox shifts

[7, 8, 10, 24, 30]

Aceticlastic Methanosarcinales 
(e.g., Methanothrix 
(=Methanosaeta), 
Methanosarcina)

Acetate Peatlands, sediments, 
anaerobic digesters

Inhibited by temperature fluctuations and 
ammonium (NH4

+) accumulation; more 
stable near neutral pH and steady moisture; 
gains competitive advantage when acetate 
accumulates.

[9, 11, 12, 24]

Methylotrophic Methanomassiliicoccales, 
Methanosarcinales

Methanol, 
methylamines, 
methylsulfides

Marine/saline soils and 
sediments; disturbed 
or nutrient-poor 
environments

Often more tolerant to salinity and trace 
O2; can become dominant under nutrient 
limitation or disturbance.

[13, 17, 31]

Hydrogen-dependent 
CO2-reducing 
(mixotrophic)

Methanocellales, 
Methanoregula

H2 + CO2 ± organic 
acids

Paddy soils, thawing 
permafrost

Rapid recovery after drought→rewetting, 
contributing to post-stress CH4 pulses; 
pathway prevalence shifts with temperature 
and moisture regimes.

[12, 29, 30]

Table 1. 
Key methanogenic pathways, dominant archaea, and responses to environmental stressors.
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maintained their dominance during drought and quickly regained activity upon 
rewetting, while acetoclastic taxa recovered more slowly [29]. These results indicate 
that hydrogenotrophic groups serve as a kind of biological insurance, sustaining 
ecosystem services under fluctuating climate pressures.

The mcrA gene, encoding the terminal enzyme of methanogenesis, remains the 
most reliable biomarker for evaluating methanogen responses to climate stressors. 
DNA copy numbers reflect community size, while RNA transcript abundance 
provides direct insight into metabolic activity. This dual signal makes it possible to 
detect functional changes even when overall community structure appears stable. 
Long-term thermal compensation effects described by Chen et al. (2020) or the rapid 
post-drought recovery observed by Li et al. (2022) were revealed only through time-
resolved mcrA measurements [23, 29]. For this reason, mcrA-based monitoring has 
strategic value not only in basic ecological research but also in field restoration and 
applied biotechnology.

Methane has a global warming potential several times higher than that of CO2 and 
an average atmospheric lifetime of about 12 years, giving it a lasting and significant 
impact on the planet’s climate system. Incorporating methanogenic archaea into 
climate models is therefore essential for improving the accuracy of greenhouse gas 
projections. Modeling efforts must account not only for methanogen distribution 
but also for their dynamic responses to environmental variables such as temperature, 
moisture, pH, salinity, and substrate availability [28]. Data derived from mcrA 
provide robust calibration parameters, reflecting both active biomass and potential 
production capacity [32]. Recent syntheses further emphasize that hydrogenotrophic 
and acetoclastic pathways vary in dominance under the different environmental sce-
narios. Accounting for these differences will improve model accuracy and highlight 
the critical role of methanogens in the biosphere [24].

5. �Biotechnological applications and climate solutions

Methanogenic archaea operate across a wide biotechnological spectrum from 
laboratory scale experiments to industrial bioreactors, and from degraded wetlands 
to restored ecosystems. As the final agents of organic matter conversion into meth-
ane under anaerobic conditions, they hold strategic importance for both renewable 
energy production and greenhouse gas management. In the context of climate 
change, their applications extend beyond enhancing renewable energy potential; they 
also offer novel pathways for mitigating methane emissions and stabilizing the carbon 
cycle [8, 33].

Industrial anaerobic digesters are the most widely used platforms for converting 
organic waste into methane. In these systems, acetoclastic taxa such as Methanothrix 
(formerly Methanosaeta, family Methanosaetaceae) maintain steady methane out-
put under high acetate concentrations, while hydrogenotrophic groups such as 
Methanobacteriales and Methanomicrobiales convert H2 and CO2 into methane, ensur-
ing overall system stability [33]. In recent years, microaeration strategies have been 
developed to prevent oxidative stress-tolerant species from becoming overly domi-
nant, thereby improving the biogas yields. Additionally, immobilizing methanogens 
on carrier surfaces has been shown to increase cell density and reduce reactor startup 
time [34].

Bioaugmentation involves the deliberate introduction of stress-tolerant metha-
nogenic strains into existing systems to enhance the process efficiency. For example, 
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continuous stirred tank reactor experiments under ammonia-rich conditions demon-
strated that adding fast-growing hydrogenotrophic Methanoculleus bourgensis MS2(T) 
increased methane yields by more than 30% [35]. Similarly, batch anaerobic digestion 
trials with chicken manure showed that applying selected methanogenic cultures 
improved methane production and shortened the digestion period [36]. Targeted 
enrichment with hydrogenotrophic methanogens has also resulted in the modest but 
consistent gains, such as a cumulative 4% increase in CH4 yields [37]. When com-
bined with the biochar amendments, these strategies accelerated methane production 
and improved reactor stability, with reported increases in methane yields compared 
to non-augmented controls [38–40]. In addition to strain introduction, immobiliz-
ing methanogens on carrier materials has proven effective in increasing cell density 
and reducing reactor start-up time. Biofilm-based systems and biochar carriers have 
been shown to facilitate the faster community establishment and improve methane 
production rates [38–40]. Biorestoration strategies, on the other hand, aim to rein-
troduce native methanogenic communities into degraded wetlands and peatlands. 
Long-term rewetting experiments in European peatlands have shown significant 
increases in mcrA gene abundance and functional recovery of methanogenic activ-
ity, demonstrating that restoration practices can reinstate ecological functionality 
and stabilize greenhouse gas fluxes [41, 42]. The mcrA gene is a key biomarker for 
monitoring methanogenic processes. At the reactor scale, mcrA copy number can 
serve as an early-warning indicator of system stability, while time-series analyses of 
mcrA transcripts at the field scale directly reflect responses to climate stressors [14]. 
Because DNA reflects community size and RNA indicates metabolic activity, evaluat-
ing both layers provides a reliable method for assessing the success of biotechnologi-
cal applications.

Methanogen-based technologies offer a dual climate benefit: producing renewable 
biomethane to reduce reliance on fossil fuels, and capturing and utilizing methane 
to lower net emissions. Looking forward, genetic editing tools such as CRISPR-Cas 
are expected to improve the stress tolerance of methanogens and broaden their 
substrate utilization spectrum [43]. Such advances could enhance climate-friendly 
biotechnology strategies and facilitate the integration of methanogens into the 
sustainable development goals. During anaerobic decomposition, fermentative and 
acetogenic stages generate acetate, formate, H2, and CO, which serve as substrates for 
methanogens. Hydrogenotrophic taxa consume H2, maintaining the thermodynamic 
balance of fermentation, while acetoclastic taxa utilize acetate [8]. When hydrogen 
partial pressure rises, hydrogenotrophic methanogens gain an advantage, whereas 
acetoclastic groups dominate under low H2 conditions [7]. Sulfate-reducing bacteria 
can outcompete methanogens, suppressing methanogenesis in some environments 
[44]. Methylotrophic methanogens further contribute by metabolizing compounds 
such as dimethyl sulfide and trimethylamine, thereby linking the sulfur and carbon 
cycles [45]. Shifts in community composition often occur during new habitat coloni-
zation or under climate stressors. For example, following permafrost thaw, wetlands 
are initially dominated by hydrogenotrophic species, but over time acetoclastic taxa 
increase in prevalence [31, 46]. These successional dynamics are tightly linked to 
substrate availability and hydrological regimes, which in turn strongly influence CH4 
emissions [23].

In natural systems, the overarching goal is to reduce excessive methane emissions. 
Strategies include regulating hydrological regimes, balancing substrate supply, and 
minimizing stressors such as extreme pH, salinity, or toxic metals [47, 48]. Although 
rewetting can temporarily increase emissions, long-term equilibrium may still be 
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achieved [49, 50]. Implementing such interventions in conjunction with mcrA-based 
monitoring provides the critical tools for greenhouse gas management [51, 52]. In 
drying soils, consortia of microalgae and fungi can create millimeter-scale oxic-
anoxic mosaics, restructuring methanogenic niches. Field-based evidence supports 
this integration of microbial monitoring and restoration policy. In three long-term 
peatland rewetting sites in northern Germany, the study demonstrated that mcrA-
based qPCR tracking effectively captured the recovery of methanogenic communi-
ties, providing a scientific basis for water-level management decisions [41]. Similarly, 
another study showed that peatland restoration following mining-altered methane-
cycling potential and methanogen composition, emphasizing the need to incorporate 
microbial indicators into greenhouse gas mitigation frameworks [42]. Together, these 
studies highlight how applied microbial ecology can guide real-world management 
and strengthen the connection between research and policy. Algal exudates and 
fungal hyphae form microenvironments that alter substrate availability and redox 
conditions, thereby supporting either hydrogenotrophic or acetoclastic pathways 
[28, 53]. When tracked through mcrA time-series analyses, such interactions may 
represent complementary biotechnological approaches for managing greenhouse gas 
emissions.

6. �Future perspectives and sustainability

The ecological and biotechnological dynamics discussed in the previous sections 
offer critical insights for sustainability policies. The global methane cycle is shaped 
not only by methanogenic archaea, the sole biological producers of methane, but also 
by methanotrophic bacteria, which oxidizes CH4 and partially buffer emissions. In 
wetlands, rice paddies, and soil ecosystems, methanotrophs act as counterbalancing 
agents, helping to maintain methane equilibrium [54, 55]. Still, the focus here remains 
on methanogenic archaea, given their direct role in methane production processes 
and their potential leverage within climate and biotechnology frameworks.

Methanogens occupy a dual position in the climate change narrative. As the 
only biological producers of methane under anaerobic conditions, they contribute 
directly to the rise of atmospheric greenhouse gases. Methane, with its far greater 
short-term warming potential compared to carbon dioxide, can accelerate the course 
of the climate crisis depending on methanogenic activity [8]. At the same time, these 
microorganisms are part of the solution: When harnessed in controlled biotechnologi-
cal systems, methane can be used as a renewable energy source, and ecosystem-based 
interventions, such as wetland and peatland restoration, can help regulate methane 
fluxes [46, 56]. This dual influence positions methanogens not only as contributors to 
the problem but also as strategic actors in sustainability policies.

Climate stressors such as rising temperatures, shifting moisture regimes, and 
permafrost thaw exert direct impacts on the structure of methanogenic communities 
and the distribution of their metabolic pathways [23]. Managing these interactions 
effectively in the coming decades will be central to sustainable energy production, 
ecosystem restoration, and climate adaptation policies. In boreal regions, hydrogeno-
trophic taxa such as Methanoregula and Methanocella gain strategic importance due to 
their cold tolerance, while in temperate zones, acetoclastic groups like Methanothrix 
and Methanosarcina play more dominant roles [57]. Advances in multilayered bio-
observation techniques, including metagenomics, metatranscriptomics, and isotope-
based methods have made it possible to identify the climate-sensitive microbial taxa. 
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These tools provide a critical foundation for selecting strains in biotechnology and 
informing adaptive management in field restoration projects [46, 58].

Moreover, to ensure broader geographic representation, field studies from North 
America have also provided critical insights into methanogen-environment interac-
tions. For instance, a comprehensive survey of 17 peatland sites across eastern North 
America demonstrated that trace metal concentrations (particularly Ni and Cu) 
strongly predicted the methanogenic community composition through mcrA gene 
profiling [59]. These findings emphasize that metagenomic monitoring can support 
restoration and greenhouse gas management strategies beyond European and Asian 
contexts.

Emerging research frontiers further demonstrate how these approaches reshape 
our understanding of methanogen ecology and application. Metatranscriptomic 
analyses in Arctic peat soils have revealed that active methanogenic pathways shift 
dynamically with temperature and redox changes, allowing real-time tracking of 
functional responses to climate stressors [46]. Complementary isotopic tracing stud-
ies in permafrost environments have separated the contributions of hydrogenotrophic 
and acetoclastic pathways to methane flux, demonstrating the mechanistic linkage 
between microbial metabolism and greenhouse gas emissions [31]. On the biotech-
nological side, CRISPR-Cas9–enabled genome editing in model methanogens such as 
Methanosarcina acetivorans has opened new possibilities for improving stress toler-
ance, substrate utilization, and methane yield efficiency [43]. Together, these frontier 
methods bridge the fundamental microbiology with climate-adaptive biotechnology, 
pointing toward precision approaches for methane cycle management.

Methanogen-based strategies also align directly with the United Nations’ 
Sustainable Development Goals (SDGs). Renewable biomethane production reduces 
dependence on fossil fuels, reinforcing energy security (SDG 7). Controlled methane 
management contributes to lowering greenhouse gas emissions (SDG 13). Wetland 
and peatland restoration supports the functioning of terrestrial ecosystems and 
safeguards soil biodiversity (SDG 15). Thus, methanogens should not be regarded 
merely as a subject of microbial ecology, but also as key components of technological 
solutions that intersect with climate policy.

Recent global initiatives further highlight the policy relevance of methane mitiga-
tion. The UNEP Eye on Methane 2024 report emphasizes that data-driven monitoring 
and rapid emission reduction could cut global warming by up to 0.1°C within two 
decades, noting that “the tools for a methane data revolution are already in place [60].” 
Similarly, the IEA Global Methane Tracker 2025 presents country-level emission 
maps and identifies that roughly 70% of methane emissions from fossil fuel opera-
tions can be avoided using the existing technologies at low or no net cost [60, 61]. 
Integrating such frameworks with microbial monitoring, particularly mcrA-based 
ecological assessments, can bridge global policy efforts with on-the-ground ecosystem 
management.

Nonetheless, significant questions remain unresolved despite the rapid growth of 
research. The metabolic adaptations of species thriving in extreme environments such 
as acidic peatlands, high-salinity soils, or heavy metal-polluted sites remain poorly 
understood. The ecological consequences of methanogens’ symbiotic interactions 
with other archaea and anaerobic bacteria are also not fully clear. Moreover, there is 
still limited knowledge about the long-term ecological effects of genetic engineering 
and CRISPR-Cas-based modifications [8, 43, 62, 63]. Addressing these gaps could 
yield breakthroughs in both carbon cycle management and applied biotechnology.
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Methanogenic archaea are likely to become integral not only at the laboratory scale 
but also in global climate governance, ecosystem restoration strategies, and sustain-
ability policies. A holistic understanding of their ecological roles, biotechnological 
potential, and interplay with climate frameworks will be decisive for the success of 
future climate solutions.

7. �Conclusions

Methanogenic archaea are strategic microorganisms whose unique roles in the 
global carbon cycle position them both as potential accelerators of climate change 
and as central players in sustainable energy production. As the sole biological 
source of methane in anaerobic ecosystems, they carry out this function through 
hydrogenotrophic, acetoclastic, and methylotrophic pathways. These biochemical 
processes can be precisely tracked via the mcrA gene, enabling direct linkage between 
community shifts, functional capacity, and environmental stressors such as climate 
variability [14, 64].

Their diversity in soil ecosystems acts as a form of biological insurance, safeguard-
ing ecosystem services against disruption. Adaptive responses to stressors, including 
rising temperatures, CO2 enrichment, drought, and rewetting cycles, make metha-
nogens critical actors in climate adaptation strategies [23, 29]. Patterns of species 
distribution across wetlands, permafrost regions, and agricultural soils provide direct 
ecological data that can inform future climate-responsive management strategies.

At the biotechnological level, methanogens offer a dual advantage. On the one 
hand, renewable biomethane production can reduce dependence on fossil fuels; on 
the other, controlled methane capture and utilization can lower net greenhouse gas 
emissions [56, 57]. This duality highlights that methanogens are not merely part of the 
climate problem but also hold the keys to its solution. Applications such as wetland 
restoration, organic waste management, biogas systems, and emerging “power-to-
gas” technologies integrate their ecological functions with technological potential in a 
complementary manner.

Recent studies underscore that mcrA-based bio-observation provides a powerful 
way to track methanogen responses to climate stressors, with applications rang-
ing from improving biogas efficiency to guiding biological restoration of degraded 
ecosystems [1, 3, 8]. Yet, significant gaps remain. The metabolic adaptations of taxa 
inhabiting extreme environments, such as acidic peatlands, hypersaline soils, or 
heavy metal contaminated sites, are not yet fully understood. Likewise, long-term 
ecological effects of genetic engineering and CRISPR-Cas-based modifications 
remain largely unexplored [62, 63]. Closing these gaps will be vital for both effective 
carbon cycle management and the safe integration of biotechnological applications.

In conclusion, methanogenic archaea should be seen not only as the subjects of 
microbial ecology but also as indispensable components of global climate governance, 
ecosystem restoration, and sustainability policy. Aligned with the UN Sustainable 
Development Goals (SDG 7, 13, 15), they are expected to play a key role in the transi-
tion to clean energy and in protecting terrestrial ecosystems. Research conducted 
at the intersection of ecology, molecular biology, and engineering will deepen our 
understanding of their diversity, functionality, and adaptive capacity, while directly 
contributing to innovative and sustainable climate solutions. Thus, methanogenic 
archaea are repositioned not just as the invisible actors of the climate crisis, but as 
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Methane – Innovations for a Sustainable Future offers a fresh look at methane’s place 
in today’s environmental and energy landscape. The book brings together research 
from biotechnology, environmental engineering, and the natural sciences to show 

how this familiar molecule shapes climate processes, microbial ecosystems, and 
emerging low-carbon technologies. Rather than focusing solely on methane’s role in 

global warming, the chapters examine how it can also serve as a valuable resource for 
cleaner fuel production, gas-separation strategies, and approaches that support soil 

health and circular-economy practices. By combining scientific insights with practical 
perspectives, the volume provides readers with a clear understanding of the challenges 

and opportunities of methane management. It is intended as a guide for researchers, 
students, and practitioners seeking to navigate the complex but increasingly relevant 
world of methane science and its potential contributions to a more sustainable future.
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