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Preface

In an era where the global community faces unprecedented environmental,
energy, and technological challenges, the field of physics continues to be at
the forefront of innovation, offering transformative solutions for a more
sustainable future. “Breakthrough Research and Technologies in Physics for a
Sustainable Future” brings together a diverse collection of pioneering studies
and technological advancements that illustrate the powerful intersection of
theoretical insights, experimental discoveries, and applied physics in
addressing sustainability concerns.

This book explores the rich landscape of physics-driven breakthroughs
aimed at ensuring long-term environmental balance, energy efficiency, and
technological sustainability. Covering a wide range of topics, including the
development of smart materials, renewable energy innovations, quantum
technologies, and eco-friendly nanotechnology applications, each chapter
presents both foundational research and novel approaches to practical
implementation. These contributions reflect not only the ingenuity of
researchers but also a shared vision for leveraging scientific knowledge to
meet the needs of a rapidly evolving world.

The chapters included in this volume are authored by experts from
academic and research institutions who have demonstrated a commitment to
pushing the boundaries of physics in service of societal and ecological well-
being. Whether through the design of materials that reduce carbon footprints,
the integration of artificial intelligence in energy systems, or the advancement
of quantum sensors for environmental monitoring, the work presented here is
both intellectually rigorous and profoundly relevant.

We hope this compilation serves as a valuable resource for researchers,
practitioners, educators, and policy-makers who are engaged in the pursuit of
sustainable development through science and technology. It is our belief that
physics, as both a fundamental and applied discipline, holds the key to many
of the solutions our planet urgently requires. May this book inspire further
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inquiry, collaboration, and innovation in the ongoing journey toward a
sustainable and equitable future.

We extend our sincere gratitude to all the authors and reviewers who
contributed their time, expertise, and passion to this project. Their efforts have
culminated in a work that underscores the transformative power of physics and
its pivotal role in shaping a better tomorrow. Our sincere thanks to NOVA
publishers for allowing us to publish this book. We also thank our
administrative authorities for giving us this opportunity to be the editors of
this book.

Koyel Ganguly
Soumyadipta Pal
Kamakhya Prasad Ghatak
Editors

Institute of Engineering & Management

Salt Lake Electronics Complex

School of University of Engineering and Management
Kolkata, India
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Chapter 1

The Challenge in the Third World Is Unseen
Toxicology, Which Hinders Awareness
About Hidden Health Threats

Abhijit Kargupta
Goutam Ghoshal
and Kakoli Dutta®, PhD

Department of Basic Science and Humanities, Institute of Engineering & Management,
Management House, University of Engineering and Management, Kolkata, India

Abstract

Toxicology investigates how chemical, biological, and physical agents
affect living organisms, primarily focusing on humans. All nine US-
approved dyes have been identified as causes of health disorders. Red
pigment is another color that causes disease in animals, suggesting
carcinogenicity in other dyes as well. Contamination with Benzedrine or
other carcinogens has been found in three red dyes. Different dyes have
been identified as having adverse effects in humans and animals.
Research has shown the impact of Genotoxicity on yellow pigments.
Toxicological studies conducted on other dyes also indicate risks and
health hazards.

It is recommended that dyes used for coloring different food materials be
avoided or disallowed and substituted with safer alternatives. Health and
safety authorities concerned should conduct better and independent
toxicological studies, implement greater care in approving or permitting

* Corresponding Author’s Email: kakoli.dutta@iem.edu.in

In: Breakthrough Research and Technologies in Physics ...

Editors: Koyel Ganguly, Soumyadipta Pal and Kamakhya Prasad Ghatak
ISBN: 979-8-90134-111-7
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2 Abhijit Kargupta, Goutam Ghoshal and Kakoli Dutta

these dyes, and consider allowing only well-tested, safe alternatives in
the future.

Keywords: toxicology, dyes, hypersensitivity, genotoxicity, multi-faced
approach, regulatory frameworks

Introduction

Artificial food dyes, made of petroleum-based substances, are frequently used
to enhance the appearance and appeal of different food products. However,
use of these food additives may lead to serious health concerns like
hyperactivity, some allergic reactions, neurobehavioral changes (in kids) and
even cancers. Therefore, in recent times, the potential health risks associated
with the frequent use of these dyes have garnered considerable attention from
researchers as well as food safety regulators.

The United States Food and Drug Administration (FDA) approved nine
synthetic colour additives as artificial food dyes (derived from petroleum),
which can be applied for the enhancement of the color of food products.
However, there are still some concerns regarding the potential risks associated
with the consumption of these dyes as food additives.

Graph 1. Percentage distribution of food color additives: Comparison of food color
additive levels in desserts like jelly with gmp-permitted standards (mg/kg).
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Table 1.1. Concentration range of food colorings additives in different foods and products

Food Category Tartrazine Sunset Carmoisine | Erythrosine |Red 2G Allura Indigo Brilliant Fast Green Black
Yellow Red Carmine Blue PN

Chocolates (A) - 0-217.0 |- - - - - - - -

Ice Cream (B) 0-0.19 0-4.98 - - - 0-2.8 - - - -
Juices/Drinks (C) 0-26.26 0-224 0-114 - 0-109.36 - - 0-5.12 - -
Candy (D) 0-19.67 0-47 0-12.3 0-1.1 0-49.7 0-76.26  |0-59.3 0-193.21 0-5.58 -

Jelly (E) 0-5.8 0-14.3 0-5.14 0-0.2 0-26.23 0-42.8 - 0-33.24 - -

Gums (F) - 0-8.2 0-15.89 - - - - 0-0.57 0-11.92 0-175.3
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In this regard, many countries have also established different sets of rules
and regulations to monitor and control the use of artificial color ingredients in
food items to ensure the quality and purity of these additives. Even though
there is a lack of conclusive evidence, there is a consensus that the unregulated
use of food additives, derived from petroleum-based compounds, which are
commonly employed to enhance the visual appeal of food products, can pose
a serious risk to human health (Bell, 2023) [1]. Therefore, it is important to
study these nine FDA-approved food additive dyes in detail to get a deeper
insight into their long-term adverse effects on human health.

Level in India 100 ppmin UK265ppm In
In in Australia 290 ppm
IUS 200 ppm

Graph 2. Percentage distribution of food color additives: comparison of food color
additive levels in flavoured milk with GMP-permitted standards (mg/kg).

Preferred level India 100 ppm  preferred level UK
: 265 ppm, Australia 290 ppm USA 200 ppm (Jelly)
Black Pn

Fuast -

Erythorosi e—

ne ——

Red2g !

Graph 3. Percentage distribution of food color additives: Comparison of food color
additive levels in carmosine (azorubine) with GMP-permitted standards (mg/kg).
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Additive Levels in Fruit Juices (Artificial Blends)
with GMP-Permitted Standards

Sunset Yellow
Tatrazine
Brilliant Blue
Indigo

Allura Red
Red 2G
Erythrosine
Fast Green
Carmozyme

Black Pn

0 50 100 150 200 250

Graph 4. Concentration of food color additives in candy compared to
GMP-permitted levels (mg/kg)

The preferred level in India at 100 ppm_preferredin the
UK at 265 ppm, Preferred level
in Australia at 290 ppm USA at 200 ppm

Graph 5. Comparison of food color additive concentrations in juices and beverages
with GMP-permitted levels (mg/kg).
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Tatrazine
Sunset Yellow ?
Carmozyme
Erythrosine
Allura Red
Red 2G
Indigo
Brilliant Blue

Fast Green

BlackPn

Graph 6. Comparison of food color additive concentrations in ice cream with GMP-
permitted levels (mg/kg).

Preferred level India 100 ppm  preferred level
UK 265 ppm Preferred level Australia 290 ppm

Sunset Yellow
Carmosine
Erythorosine

Red 2G
Allura Red
Indigo
Carmine
Brilliant Blue

Graph 7. Comparison of Food color Additive Levels in Chocolate with GMP
Limits across Different Countries (mg/kg).

Toxicological Impact of Synthetic Food Dyes

An Overview. Toxicology, as a diverse discipline and a wealth of data, has
proven the usability of technology to study the mechanisms of adverse effects
of exposure to exogenous substances, particularly those that affect human
health.
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The Challenge in the Third World Is Unseen Toxicology ... 7

An Overview

Toxicology, as a multidisciplinary field supported by extensive research, has
demonstrated the value of technological advancements in exploring the
mechanisms through which exposure to external substances—particularly
synthetic compounds—can lead to adverse health effects in humans [2].

The toxicological impact of particulate matter on the cardiovascular
system, particularly the role of magnetite nanoparticles in comparison to
nonmagnetic nanoparticles, was noted to play a crucial role in the development
of foam cells and in disrupting cholesterol metabolism as particulate matter-
induced atherosclerosis advanced [3]. This paper was published and shown as
stated above.

Kobylewski noted in his journal that food dyes, initially derived from coal
tar and now from petroleum, have caused controversy due to safety concerns.
Several dyes have been banned because either they would hurt lab animals or
were not tested properly [4].

The study focused on the behavioral and neurochemical effects induced
by tartrazine, a synthetic food color, in young rats. Depression and social
anxiety measures were also used. Tartrazine-treated mice showed increased
motivation as demonstrated by increased horizontal movement in the open-
ended ELD test. From the study of Rotllan, it was observed that tartrazine
produced an antigenic effect in the open field, elevated plus-maze, and dark-
light transition tests.

Toxicological Evaluation of Some Synthetic Food Dyes

The greatest challenge during the evaluation process of foods with cancer-
promoting potential and pathogenicity is the determination of the threshold
value, or rather, the no side effect value. It was explained that the belief in the
irreversibility of carcinogenesis was mainly based on chemical studies,
experiments involving single or multiple doses, and the concept that somatic
alterations serve as the initial step in cancer development following
disruptions in cellular growth. It was also noted that a significant challenge
remained in applying the results of animal studies, which often involved high
doses, to rare and less frequent effects observed in humans. Additional
concerns included issues such as service denial policies, low approval rates,
and the use of safety margins. It was emphasized that acceptance thresholds
should not remain fixed but should be revised as new information regarding
safety measures becomes available. Preussmann, 1978 [5].
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It was suggested that timely revisions should be carried out whenever new
information related to safety evaluations becomes available.

It was indicated by the World Health Organization in 1991 that certified
colorings agents might trigger adverse reactions, and it was also noted that
some food items could carry a risk of causing cancer. It was reported that
synthetic colorings agents could lead to significant alterations in
neurotransmitter activity and changes in exploratory behavior. It was reported
that synthetic colorings agents could lead to significant alterations in
neurotransmitter activity and changes in exploratory behaviour. It was pointed
out that the mechanisms through which artificial food colors, flavors,
preservatives, and certain foods might lead to ADHD-like symptoms or other
physical effects were still not well understood. A review published in Nutrition
Reviews was said to explore possible contributing factors, including
toxicological, anti-nutritional, and hypersensitivity-related elements. It was
reported by the World Health Organization in 1991 that certified colouring
agents could lead to adverse reactions, and research by Das and colleagues in
2001 indicated that certain food items might have carcinogenic potential.
Further studies by Dalal and Poddar in 2009 suggested that synthetic food
colorings could cause significant alterations in neurotransmitter levels.

Arnold in 2013 observed that individuals with conditions such as asthma,
eczema, chronic urticarial, and migraines frequently exhibited negative
responses to artificial food.

Colorings and specific food items. However, the precise mechanisms
through which artificial food dyes, flavoring agents, preservatives, and certain
foods contribute to symptoms resembling ADHD or other physical effects
remain largely unknown. A review in Nutrition Reviews examined the
potential roles of toxicological, anti-nutritional, and hypersensitivity-related
factors in triggering these adverse reactions.

Health Effects of Artificial Food Colorings:
A Toxicological Perspective

The World Health Organization reported in 1991 that certified food colourants
may cause adverse reactions in specific individuals. In support of this concern,
a study conducted by Das and colleagues in 2001 suggested that some food
products might have carcinogenic potential. Further research by Dalal and
Poddar in 2009 indicated that synthetic food colourings could lead to
significant changes in neurotransmitter levels and alter exploratory behaviour.
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The Challenge in the Third World Is Unseen Toxicology ... 9

According to Arnold and colleagues in 2013, gaining a clearer
understanding of the relationship between dye allergies and ADHD-type
symptoms would require further investigation into both the biochemical and
behavioral effects of artificial food colourings in trained and untrained
children. Over the past thirty-six years, numerous studies have examined the
impact of synthetic food colourants on the behavior and physiology of
children, laboratory animals, and the brain. However, there is still no
comprehensive understanding of how these processes are interconnected.

In vitro evaluations were carried out on eight food coloring agents or
commercially available color mixtures approved for use by the United States
government, to determine their potential to induce transformation in Fischer
rat embryo cells. (Kobylewski et al., 2012) Prior research has identified these
cells as a sensitive indicator of chemicals that may cause cancer. (Shamberger,
1984) The commercial mixture of two dyes, Blue 1 and Yellow 5, led to the
transformation of cells into a malignant state. Similar effects were also
observed with Blue 2, Green 3 (in one of the two experiments), and Red 4.
(Shamberger, 1984 It was observed that dyes which do not transform—such
as Blue 1, Red 3, Yellow 5, Yellow 6, and Green 3—did not lead to any
significant increase in tumor formation or mortality rates in the tested animals.

Das and colleagues in 2004 reported that three dyes—Blue 2, Green 2024,
and Red 4 were found to increase tumor growth and/or mortality in certain
strains of hamsters. Laboratory investigations suggested a possible link
between some food dyes and cancer, and studies involving hamsters were said
to support this observation. Studies have connected specific food colorings to
problems with behavior, including hyperactivity. And attention deficit,
particularly in children. Allergenic Reactions: Some individuals may
experience allergic reactions to food dyes, including skin rashes and
respiratory issues. Animal studies have demonstrated that certain dyes can
lead to organ toxicity, particularly liver damage, when consumed in large
quantities. However, ongoing research and periodic re-evaluations are
necessary to ensure safety, particularly considering the potential for
cumulative exposure from multiple food sources. Each food color authorized
by the EFSA conducted a thorough safety assessment of products intended for
use in Europe. It has been verified that tartrazine (TZ) is the root cause of
biological damage to the kidneys and liver. It affects learning, working
memory, and reproduction in Swiss albino mice. Toxicological studies on TZ
are essential as it is used in many foods [6]. Most of the artificial food colour
additives (AFCAs) are found mostly used in food products to increase visual
attractiveness appeal, in particular to those marketed to children [7].
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Discussion and Results

1. The above Table 1.1 representing all the colorings additives was
tested in different foods and food products and results.

2. In Graph 1 it showed that Desserts like Jelly Red 2G(E128) and
Brilliant Blue (E133) are High. In Graph 2 it is shown that Carmosine
(Azorubine) (E122) is high. In Graph 3 it showed that Carmosine
(Azorubine) (E122) is high. In Graph 4 it showed that Brilliant Blue
is high. In Graph 5 it showed that Allura Red AC (E129) is High. In
Graph 6 it showed that Tatrazine(E102) is high. in Graph 7 it showed
that Sunset Yellow(E110) is High.

Conclusion

Addressing the concerns surrounding synthetic food dyes requires a
multifaceted approach involving various stakeholders.

Firstly, numerous research studies are needed to explore these additives’
health effects, their long-term impact on human health, and the underlying
mechanisms of action. Rigorous scientific studies can provide valuable
insights into the safety profile of synthetic dyes and inform regulatory
decisions regarding their use in food products.

Public education serves as the second critical component, as it enables
consumers to make informed decisions regarding the potential hazards
associated with synthetic food dyes and raises awareness. Educational
initiatives that inform individuals about the presence of these additives in
processed foods, their potential health effects, and strategies for minimising
exposure can help mitigate risks and promote healthier dietary habits.

Lastly, regulatory agencies should consider revisiting existing regulations
and possibly implementing stricter guidelines to ensure the safety of synthetic
food dyes. This might involve reassessing acceptable daily intake levels,
enhancing labelling requirements to provide transparent information to
consumers, and conducting regular monitoring and surveillance to detect any
adverse effects associated with these additives.

Although synthetic food dyes have long been considered safe for
consumption within regulatory limits, emerging evidence suggests potential
health risks that warrant caution and action [8]. Addressing these concerns
requires collaboration among researchers, policymakers, industry
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The Challenge in the Third World Is Unseen Toxicology ... 11

stakeholders, and consumers. By taking proactive steps to mitigate the risks
associated with synthetic food dyes, we can safeguard public health and
promote a safer food environment for all. Further research, public education,
and possibly stricter regulation may be needed to address these concerns
effectively.
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Chapter 2

Simulation of Energy Loss in Proton Beam
Therapy for Lung Cancer Treatment

Arkabrata Gupta'”®
and Priya Chakraborty’

"Department of Basic Science and Humanities, Institute of Engineering & Management,
University of Engineering and Management, New Town, Kolkata, India

2Department of Physics, Acharya Prafulla Chandra College, New Barrackpore,

West Bengal, India

Abstract

Proton beam therapy (PBT) is a form of external beam radiation therapy
that utilises protons to treat cancer. This advanced radiological technique
employs a proton beam, which interacts with various layers of the human
body through nuclear and electronic processes, delivering its energy
through its track. It is designed to precisely deliver the maximum dose to
cancerous cells while leaving the surrounding healthy tissues unaffected.
We use the Monte Carlo-based simulation software, Stopping Range of
Ions in Matter, acronymed as SRIM, to estimate the energy loss through
individual layers of the human body when treating lung cancer. This
study supports the design of proton beam therapy for lung cancer.
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Introduction

Cancer is a group of diseases characterised by the uncontrolled growth and
spread of abnormal cells. Various techniques, such as radiation therapy,
chemotherapy, and drug introduction, are available to treat cancer. However,
given their associated risks, there is a requirement for new methods to mitigate
the drawbacks of these methods. Proton beam therapy (PBT) is an effective
external beam radiation method that utilises proton beams to treat different
types of cancer in the human body.

A charged particle beam, such as a proton beam, traversing the human
body undergoes a series of interactions with atomic electrons and nuclei.
Protons interact with matter via Coulomb forces due to their positive charges
and the negative charges of orbital electrons of the matter, as well as nuclear
forces with target atomic nuclei. Initially, protons interact with atomic
electrons through frequent inelastic Coulomb interactions, losing their kinetic
energy. Despite these interactions, protons maintain a nearly straight-line path
because their rest mass energy is significantly greater than that of electrons.
As the proton’s energy decreases, it interacts with atomic nuclei through
repulsive elastic Coulomb interactions. The much larger mass of the nucleus
causes the proton to deviate from its original path [1, 2].

A proton’s energy loss is inversely proportional to the square of its
velocity. Thus, when the proton beam enters the human body with high
velocity, the number of interactions is low, and only a small amount of energy
is deposited. As the proton slows down at the targeted site, the number of
interactions increases, depositing maximum energy with a rapid distal fall-off.
The energy deposition profile of these interactions illustrates how protons
transfer energy along their path [1]. Most of the proton’s energy is lost near
the end of its range, a phenomenon known as the Bragg peak. At this point,
the proton beams effectively damage the DNA of cancer cells. Therefore,
understanding the interaction characteristics of protons with the human body
is crucial for treatment planning. These simulations require precise qualitative
and quantitative data, such as the thickness and composition of the body parts
through which the proton beam traverses, enabling accurate modelling of
interactions and the selection of appropriate proton beam energy for treatment
[2,3].

In this study, we utilise the Monte Carlo simulation software SRIM-2013
(Stopping Range of Ions in Matter) [4] to analyse proton interactions and
calculate the energy loss of proton beams through various tissues and organs.
The paper is organised as follows: Section 2 details the methods of our
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simulation, and Section 3 presents the results of our findings. This section
provides a detailed description of using PBT to treat lung cancer. Finally, Sec.
4 summarises our work.

Methods of Simulation

For our purpose, we have utilised the SRIM software. SRIM, a powerful
software collection, facilitates the study of ion transport phenomena in various
materials. Key applications include the calculation of ion stopping and range
in multiple targets, determining stopping powers and modelling range and
straggling distributions across a wide range of ions and energies. Furthermore,
it supports applications like ion implantation, sputtering, ion transmission and
ion beam therapy simulation. In case of a target having a multilayer
composition, TRIM (integrated part of SRIM) is used, which provides several
outputs such as ion ranges, backscattered/ transmitted ions, etc. We can easily
calculate the energy loss of various layers, such as energy loss due to
ionisation and energy loss due to recoils, and find out the position of the Bragg
peak and the lateral distribution of protons in the target. For this scenario, the
quick calculation damage option was chosen as it computes the final
distribution of ions within the target, energy transferred to recoil atoms,
ionisation energy loss by the ion, and the number of backscattered and
transmitted ions, simulating the interaction between the beam and a target. The
simulation of the interaction of the beam with any target, i.e., the energy loss
profile of the beam, requires specific quantitative and qualitative information
about the target and beam. The following subsection discusses in detail the
requirements for the simulation inputs.

Specification of the Beam

The details of the beam, i.e., elementary properties of the projectile particles,
such as mass, atomic weight, atomic number, and energy, are required as
simulation inputs. The quantity of bombarding particles in the beam can also
be selected based on the statistical precision necessary. In the case of PBT, a
high-energy proton (~MeV) beam is needed. However, the selection of beam
energy varies for different cancers, depending on the location and composition
of the affected organ.
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Specification of the Target

SRIM requires the detailed properties of the target material as well. The atomic
number, atomic weight, and stoichiometry properties are fundamental
requirements. Moreover, the composition of the target material (element-
wise), its density, and the thickness of each of the layers are basic requirements
for calculation in SRIM. In the case of PBT, the target details need to be
chosen according to the cancer-affected organs and the path of propagation of
the beam.

Results and Discussion

As previously noted, the beam and target details are highly case-specific,
requiring a detailed analysis for each individual scenario. In the following
section, we present the results of our findings in the treatment of cancer in
human organs—Ilung cancer.

PBT Simulation to Treat Lung Cancer Using SRIM

The lung is well protected by the rib cage, except for the apex of the lung. It
is covered by the parietal pleura and the visceral pleura. Visceral pleura
divides the lung into various lobes known as bronchopulmonary segments.
Any carcinoma or obstruction into the substance of the lung may metastasise
to the brain.

Qualitative and Quantitative Specifications

To reach the lung cancer cells, the proton beam travels through the skin,
adipose tissue, soft muscle, rib bones, and lung. The properties of each layer
are provided in Table 1. From this table, it can be shown that to reach the lung,
the proton beam needs to travel almost ~1.8 cm through various body parts.
The composition of each layer varies, as detailed in Table 2. Carbon, nitrogen,
oxygen, and hydrogen make a significant quantitative contribution to the
structure of human body organs.
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Table 1. Properties of layers through which the proton beam propagates to
reach the lung cancer site [5, 6]

Layer Layer Name Layer width (mm) Layer density(g/cm3)
1 Skin 4 1.09
2 Adipose tissue 3 0.92
3 Soft muscles 35 1.07
4 Rib bones 7 1.85
5 Lung 40 1.05

Table 2. Composition (in %) of various layers [4, 7]

Layer H C N (¢} Na (Mg |P S Cl |K Density
(g/em’)
Skin 10.00 |20.40 |4.20 |64.50 {0.20 |- 0.10 10.20 |0.30 |0.10 |1.09
Adipose tissue  |63.47 |28.40 [0.30 [7.77 [0.01 |- 0.02 |- 0.01 |- 0.92
Soft muscles 63.18 |6.24 |1.58 |28.98 |- - - - - - 1.07
Ribbones 47.54 (12.19 |3.04 |28.28 |0.09 |0.09 |3.43 {0.09 |5.31 |- 1.85
Lung 10.30 |10.50 |3.10 |74.90 |0.20 |- 0.20 |0.30 |0.30 |0.20 |1.05

Selection of Beam Energy

The selection of beam energy is the first step in the simulation procedure. For
the initial energy estimation, we consider layers of a water phantom equivalent
to the thickness of the human body layer. The human body consists of 60%
water, and the density of water is similar to that of human muscles [2]. Thus,
by considering a single layer of water phantom and calculating the proton
energy loss through this layer, we can estimate the proton’s energy loss. Based
on this estimated energy, we proceed with our simulation to obtain the energy
loss profile.
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Figure 1. The projected range of the proton beam with beam energy.
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Figure 1 illustrates the projected range of the proton beam through an
equivalent water phantom, with a thickness corresponding to the total path
length. It shows that, depending on the cancer’s location in the lung, the
required beam energy will range from 44 to 88 MeV. For this simulation,
assuming the cancer is located 30 mm inside the lung, a beam energy of 85
MeV was selected to obtain the energy profile.

Energy Loss Due to Ionisation

When the proton beam interacts with atomic electrons through Coulomb
interaction, it loses energy in various layers. Figure 2 illustrates the loss of
energy per unit depth across different layers due to ionisation. In this plot,
‘lons’ represents the energy transferred from protons to target electrons via
direct collisions, and ‘Recoils’ represents the energy transferred to target
electrons from recoiling target atoms [4]. It is clear from the plot that the
proton beam loses energy primarily due to ions, while energy loss due to
recoils is negligible.
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Figure 2. Energy loss of the proton beam in various layers due to ionisation.

Energy Loss Due to Phonon

Phonons are generated through nuclear interactions. When an energetic proton
beam interacts with the target atom, phonons are produced due to atomic
vibrations. The energy loss due to phonons occurs primarily when proton
beams generate phonons, with additional energy loss arising from recoiling
atoms transferring energy to phonons. The energy loss per unit depth through
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different layers is shown in Figure 3. It can be observed that the energy loss

due to phonons is also dominated by ions over recoils.
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Figure 3. Energy loss due to phonons.

Table 3. Energy loss of the proton beam in various layers due to different
interaction processes

Layer Energy loss due to | Energy loss due to Energy loss due to
ions (MeV) recoils (MeV) Phonon (MeV)

Skin (0 mm to 4 mm) 247 1.26E-3 1.56E-2

Adipose tissue 2.39 344 E-4 1.12E-3

(4 mm to 7 mm)

Soft muscles 3.29 9.22 E-4 5.05E-4

(7 mm to 10.5 mm)

Ribbones 6.61 6.77 E-4 4.30E-4

(10.5 mm to 17.5 mm)

Lung 69.42 1.09 E-2 5.25E-4

(17.5 mm to 57.5 mm)

Table 3 compares the energy loss due to different interactions across
various layers. It can be observed that 75 MeV of the 85 MeV is lost in the
lung tissue alone. Additionally, it is essential to note that the energy loss due
to ionisation is the highest, making it the dominant process. Proton beams lose
most of their energy through ionisation, i.e., atomic interactions.

Ion Range

From Figure 4, it can be observed that the maximum energy is deposited at
45.7 mm, where the Bragg peak occurs. This plot indicates that the proton
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deposits its maximum energy at the cancer site in the lung. The 85 MeV proton
beam slows down at this position, leading to increased interactions with
surrounding atoms and depositing its maximum energy at the cancer site. By
determining the cancer position using a CT image, we can design the treatment
so that the Bragg peak occurs at the cancer site, ensuring the proton deposits
its maximum energy at the cancerous tissue, thereby destroying the DNA of
the affected cells and preventing metastasis. In this case, the proton average
range is 45.7 mm and the proton average straggling is 0.780 mm.
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Figure 4. Ion range of 85 MeV proton beam (Bragg Peak).
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Figure 5. Lateral and radial distribution of 85 MeV proton beam.
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Figure 5 depicts the ion spread within the target window, showcasing both
lateral and radial distributions. The lateral projected range represents the
average magnitude of displacements projected from the x-axis [3].

Conclusion

In this work, we estimate the required proton beam energy to treat lung cancer.
Assuming the cancer cells are at a specific position in the lung, we selected a
definite energy and performed simulations to analyse the energy loss profile.
The results indicate that, although protons interact with matter through various
types of interactions, 99.96% of the total energy loss occurs due to ionisation
by ions. Our simulation also confirms the formation of the Bragg peak at the
cancer site, where 82.45% of the proton beam’s energy is deposited, while
2.93%, 2.83%, 3.91%, and 7.85% are lost through the skin, adipose tissue, soft
muscles, and rib bones, respectively. Furthermore, the lateral and radial
distribution of the proton beam demonstrates a minimal spread (~6 mm),
enhancing the precision of the PBT process in targeting specific regions. This
study highlights and emphasises the application of SRIM software in
designing and planning ion beam radiation therapy.
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Abstract

Hollow gold nanoparticles have recently garnered significant interest due
to their unique optical properties. The capacity of these particles to
maintain powerful amplified electromagnetic fields at the
nanostructure’s surface has drawn much interest in surface-enhanced
spectroscopies, photothermal treatment, solar cells, and catalysis. The
field generation depends on the physical properties of the nanoparticles
and can thus be easily adjusted to suit specific needs. We examined the
potential for detecting strong plasmon-exciton coupling using hollow
gold nanotriangular (HGNT) platelets and cyanine dye J-aggregate
nanocomposites. Several sets of HGNT platelets with different aspect
ratios were synthesised by varying the seed concentration to observe the
coupling behaviour. Hybrid nanosystems were created by adhering and
assembling 1,1'-diethyl-2,2'-cyanine (also known as pseudocyanine, or
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PIC) iodide onto the surface of HGN platelets. The UV-visible
absorption spectra showed an apparent, transparent dip, indicating
coherent coupling between HGN surface plasmons and PIC-J aggregate
excitons. Creating such a strong, localised electromagnetic field through
coherent coupling at quantum scales would have great potential in high-
sensitivity sensing, quantum information processing, and nano-optics.

Keywords: plasmon-exciton coupling, localised surface plasmon resonance
(LSPR), hollow gold nano-triangular platelets (HGNTSs), cyanine dye J-
aggregates, nanophotonics, plexcitons, hybrid nanostructures

Introduction

Due to their exceptional optical properties, noble metal nanoparticles (MNPs)
have garnered immense attention in plasmonic research (Odom et al., 2017).
One of the most fascinating properties of MNPs is the significant scattering
and absorption of light in the visible to near-infrared range. These unique
optical properties arise mainly from the ability of MNPs to sustain localised
surface plasmons (LSPs). LSPs are coherent collective oscillations of
conduction electrons at the nanoparticle surface when excited by an
electromagnetic wave (for example, light). The resonance of these LSPs—
known as localised surface plasmon resonance (LSPR)—can be tuned over a
broad spectral range by manipulating their size, shape, and composition, as
well as modifying the dielectric environment around them. Localised Surface
Plasmons (LSPs), when resonantly excited by electromagnetic waves, produce
intense electromagnetic field enhancement (Maiti et al., 2017; Roy et al.,
2017; Maity et al.,, 2016) around nanoparticles as small as 10-50 nm,
surpassing the diffraction limit. Such controlled field localisation is valuable
for various applications, such as sensing, photovoltaics, optical trapping,
waveguiding, and single-molecule detection. Among different nanostructures,
hollow gold nanotriangular platelets (HGNTs) have particularly attracted
remarkable attention in recent years owing to the presence of both the hollow
and triangular geometry of these platelets, intensifying the electromagnetic
field near the nanoparticle’s surface and creating “hot spots” where field
confinement is extreme. Various studies (Das et al. 2017; Hazra et al., 2016)
have shown that HGNTSs enable more efficient field confinement than solid
nanoparticles, thanks to their unique geometry, which allows for larger surface
areas and optimal tunability of plasmonic properties.
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An exciton is a quasiparticle that arises when an electron is excited and
travels to a higher energy state, creating a positively charged hole. The
electron and hole, bound by Coulombic attraction, act as a single unit with
energy transfer capabilities that can be harnessed in light-sensitive
applications. J-aggregates of cyanine dyes are molecular assemblies that
facilitate the formation of stable excitons (Das et al., 2017; Hazra et al.,2016).
In these ordered structures, excitonic interactions are enhanced, producing
narrow absorption bands that shift to longer wavelengths (a phenomenon
called red-shifting) characteristic of these molecular assemblies. Moreover,
the J-aggregates of cyanine form sharp structures that exhibit sharp, narrow-
band absorption and can couple strongly with plasmonic fields in their
vicinity. The stability and high oscillator strength of excitons within J-
aggregates make them ideal for applications that require strong coupling with
nearby plasmonic fields. The high degree of order within J-aggregates enables
coherent dipole interactions among molecules, leading to sharper, more
defined absorption bands. Various studies (Das et al., 2017; Hazra et al., 2016;
Lietal., 2018; Pelton et al., 2019) have highlighted cyanine dye J-aggregates
as exemplary systems for creating excitonic states that can effectively couple
with LSPs, forming hybrid states that exhibit combined characteristics of both
excitons and plasmons. This compatibility makes J-aggregates crucial for
designing hybrid nanostructures, where effective coupling between excitons
and plasmons can unlock new functionalities in nanophotonic and quantum
applications. During plasmon-exciton coupling, an interaction between a
nanoparticle’s plasmonic field and a molecular assembly’s excitonic field
occurs under strong coupling conditions. Strong coupling between the two
states is indicated by spectroscopic phenomena like Rabi splitting and
transparency dips (Das et al., 2017; Hazra et al., 2016; Li et al.,2018; Pelton
et al., 2019). When the electromagnetic field from an LSP interacts with the
excitonic dipole of nearby J-aggregates, it can lead to energy sharing between
the two states, creating a new hybrid system. This coupling alters the energy
layout of the system, leading to the emergence of Rabi splitting—a clear
indicator that the plasmon and exciton are in the strong coupling regime. The
coupled system no longer behaves as independent plasmonic and excitonic
states in this regime. Instead, it forms plexcitons, hybridised states that possess
the characteristics of the plasmon and exciton. Rabi splitting is observed in the
optical spectrum as two distinct peaks, representing the upper and lower
energy states resulting from coherent energy exchange. The separation
between these peaks, termed the Rabi splitting energy, is a quantitative
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measure of the coupling strength (Das et al., 2017; Hazra et al., 2016; Li et al.,
2018; Pelton et al., 2019).

In this study, we have discussed the plasmonic properties of hollow gold
nanotriangular platelets (HGNTs) and studied their coupling behaviour with
PIC-J-aggregate. Our hybrid nanosystem displays a strong coupling among
plasmons and excitons, manifesting as an apparent transparency dip in the UV-
visible absorption spectra. These form hybrid energy states called plexitons,
which are hybridised states that possess the characteristics of both plasmons
and excitons. These hybrid systems display both plasmonic and excitonic
states. They are, therefore, convenient in various fields like high-sensitivity
sensing, quantum information processing and nano-optics, where
manipulation of electromagnetic fields and light at the nanoscale is essential.

Experimental Section

Synthesis of Hollow Gold Nanotriangular (HGNT) Platelets

In the present work, HGNT were prepared using a sacrificial galvanic
replacement approach following the procedure developed initially by Senapati
et al. (Senapati et al., 2012) with slight modification. The HGNT platelets
synthesis process was basically a two-step process. Silver nanoseeds were
prepared as a precursor for the galvanic replacement reaction in the first stage.
This was accomplished by adding 1 mL of 102 M AgNOs dropwise while
stirring continuously in 40 mL of Milli-Q water. Subsequently, 200 pL of
2.5 x 1072M trisodium citrate was added to this AgNO; solution. Next, 60 pL
of 1071 M freshly prepared ice-cold NaBH4 was added dropwise until the
solution gradually turned translucent yellow. This solution was left
undisturbed in the dark for two hours. Next, the CTAB solution was prepared
by dissolving 0.49 g of CTAB into 45 mL of water with constant stirring.
Subsequently, 2 mL of 102 M AgNO; was added dropwise while stirring the
CTAB solution. Then, 300 uL of 10> M HAuCls was added drop by drop.
When the solution turned yellow-brown, 320 pL of 10" M ascorbic acid was
added dropwise, turning the yellow-brown hue colourless. Another 300 pL of
102 M HAuCls and 320 uL of 107" M ascorbic acid were rapidly injected into
this colourless solution. Different seed quantities ranging from 250 pL to 4
mL were used to synthesise HGNTs with variable edge lengths and cavity
sizes.
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Preparation of HGNT-PIC Composite

First, we made a saturated aqueous solution of 1x10* M of PIC. Next,
different volumes of the HGNT solutions were added to the saturated PIC
solutions of the dye. This solution was left without interruption in the dark for
48 hours so that the PIC dye adsorbed on the surface of the HGNT. Extra
cyanine dye molecules were removed using repeated centrifugation at 6000
rpm for 10 minutes, followed by washing, and the final precipitate was
redistributed in water.

Characterisation

Morphology of the as-synthesised nanoparticles was characterised by field
emission scanning electron microscope (FESEM) (Model No-Magellan 400)
and high-resolution transmission electron microscopy (HRTEM) (Model
No — FEI TECNAI G2 TF - 20). A few microliters of the diluted solution were
drop-coated onto a pristine Si (100) substrate and a carbon-coated copper grid
to gain deeper insights into the nanoparticles’ morphology. Absorption
Spectra of the as-synthesised hollow Au nano triangles for six different seed
concentrations varying from 250 pL to 4 mL were recorded using a dual-
channel UV—vis—NIR spectrophotometer (Jasco V670).

Results

Figure la shows an SEM image of the as-synthesised hollow gold
nanotriangular (HGNT) platelets. The image clearly indicates the formation of
almost uniform clusters of nanotriangular-shaped particles with a cavity at
their centre of mass position.

Although the SEM image only indicates the central black spot, the cavity
is not observable from the SEM image. In order to confirm the hollow
structure, we have also performed transmission electron microscopy (TEM)
on an isolated single nanostructure, as shown in Figure 1b. TEM image (Figure
1b) indicates the formation of a hole of 2-3 nm diameter at the centre of mass
position of the equilateral gold nanotriangular plate. In Figure 2, we have
depicted HGNT absorption spectra for six distinct seed concentrations ranging
from 250 pL to 4 mL. When adding 4 ml of Ag seed, we found two peaks:
around 600 nm and 640 nm. Now, as we gradually decrease the seed
concentration, the 600 nm peaks shift a little bit. However, the 640 nm peak
gradually red-shifted with decreasing seed concentration and ultimately
appeared around 850 nm for the 250 puL concentration. It is well known that
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the LSPR peak position of HGNT can be altered by varying the cavity
dimension and side length of the triangle. Increasing the aspect ratio results in
a more red-shifted (Das et al., 2017) LSPR maximum, as indicated in UV- Vis
absorption spectra (Figure 2). So, by altering the seed quantity, we tuned the
LSPR peak position across an extensive spectral range, indicating the creation
of various HGNTs with different side edge lengths and cavity diameters. (Das
etal., 2017).

Figure 1. (a) SEM image of as-synthesised hollow Au nano triangles. (b) TEM
image of an isolated HGNT plate indicating a hollow interior at the centre of
the triangle.
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Figure 2. Absorption Spectra of the as-synthesised hollow Au nano triangles for six
different seed concentrations varying from 250 pL to 4 mL.
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Detection of Coupling

We have studied plasmon-exciton coupling in the hybrid nanostructure of
HGNT and cyanide dye J-aggregate using UV-Vis absorption (Shown in
Figure 3) spectroscopy in samples S1 and S2. The absorption spectrum of PIC
dye in water (Figure 3) shows a peak around ~525 nm, which is a well-known
peak position of the PIC monomer due to the formation of electronic n-m*
transition in the cyanine dye’s conjugated system (Das et al. 2017; Hazra et
al., 2016; Li et al.,2018). When PIC monomer aggregates (e.g., forming
dimers or higher-order aggregates), i.e., J-aggregates form, then a new red-
shifted peak typically around ~570-600 nm (Das et al., 2017; Hazra et al.,
2016).
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Figure 3. Absorption spectra of an aqueous solution of ~10™* M PIC (black), as
synthesised HGNT (S1, blue), S1 + PIC dye composite (red), S1 + PIC dye
composite after centrifugation (green) for (a) Sample S1 and (b) Sample S2.

As in our experiment, we have used the concentration of PIC ~ 10 M,
which is why no J-aggregate was formed. Now, the absorption spectra of the
as-synthesised HGNT (S1, blue) sample show two peaks, one around 590 nm
and another at 860 nm. Now, if we look at the absorption spectra (Fire 3a, red
curve) of HGNT (S1) and PIC dye composite, then it primarily resembles the
superposition spectra of HGNT (S1) and monomeric PIC dye, indicating
minimal interaction between them under standard conditions. However, a
slight dip was observed at ~ 590 nm (2.1 eV), suggesting a weak coupling
effect or interference phenomenon. The dip could be related to plasmon-
exciton coupling, which occurs when the HGNTs’ LSPR and the PIC dye’s
excitonic transition exchange energy or hybridise. Such features often emerge
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in systems where the plasmon and exciton energies are near resonance but do
not strongly overlap, leading to a minor perturbation in the absorption
spectrum.

We also depicted the spectrum of the S1 + PIC dye composite monomer
after centrifugation and washing in Figure 3a. This clearly shows that the 525
nm PIC monomer peak gradually disappears with washing. However, the
transparency dip at ~ 2.1 eV (584 nm) is clearly visible. Now, if we look at
the absorption spectra (Figure 3b) of HGNT (S2) and PIC dye composite, then
we also observe the same phenomena. The HGNT-PIC-J-aggregate hybrid
nanosystem exhibits coherent coupling between HGNT surface plasmons and
PIC-J-aggregate excitons, as evidenced by the observed transparency at ~ 2.1
eV (590 nm). A similar type of observation has previously been recorded for
various systems. (Das et al. 2017; Hazra et al, 2016; Li et al.,2018; Pelton et
al., 2019; sun et al., 2019).

Discussion

The field of nanophotonics, which focuses on manipulating light at the
nanoscale, greatly benefits from plasmon-exciton coupling. Hybrid systems
like HGNTs coupled with J-aggregates provide controlled electromagnetic
field localisation, which enhances the performance of devices such as
nanoscale light emitters, lasers, and LEDs. The ability to create “hot spots”
with high field intensity enables the precise control of light emission, which is
crucial for developing more efficient photonic devices. Additionally, the
unique optical properties of plexcitons offer novel approaches to light
manipulation, potentially enabling faster and more compact photonic circuits.
In sensing applications, the high sensitivity of plasmon-exciton coupled
systems allows for enhanced detection of minute environmental changes.
Since the optical response of plexcitons is highly sensitive to their
surroundings, even minor variations in the local dielectric environment, such
as the presence of biomolecules, can cause measurable shifts in the optical
spectrum. This sensitivity makes plasmon-exciton systems highly effective for
biosensing and chemical detection applications, where detecting low
concentrations of target molecules is often essential. Quantum information
processing also stands to benefit from plasmon-exciton coupling due to its
ability to support coherent energy transfer at quantum scales. The hybrid
plexcitonic states produced by strong plasmon-exciton coupling may create
quantum materials that enable the manipulation, storage, and transfer of
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information at the nanoscale. By tuning the properties of these hybrid states,
researchers can achieve control over quantum information processes, helping
advancements in quantum computing and communication. This is a great
launching pad for future research based on specific applications of the hybrid
plexitons.
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Abstract

This paper presents a novel image segmentation approach utilising a
modified version of the U-Net architecture, where the MobileNet
architecture is employed as the encoder to reduce computational
complexity. This paper involves transfer learning by including user fine-
tuning and pre-trained ImageNet weights. This decoder block utilises
precise spatial information in conjunction with more abstract semantic
information through skip connections, thereby improving segmentation
results. The training process of the model is highly flexible, as it utilises
multiple callbacks, resulting in improved accuracy. We have also used
generators for data augmentation and customised loss functions and
evaluation metrics. This paper has also demonstrated the trade-off
between accuracy and computational sustainability. Using an encoder,
the model significantly reduces computational overhead, making it
highly applicable for deployment on energy-conserving edge devices and
mobile platforms. It reduces resource consumption and is beneficial in
the development of sustainable Al, as it lowers energy consumption
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without compromising accuracy. Moreover, the study also examines the
impact of hyperparameter tuning on the model’s performance.

Keywords: image segmentation, U-Net, MobileNet, transfer learning,
ImageNet, skip connections, callbacks, data augmentation, loss function,
evaluation metric

Introduction

Lung pneumonia identification through the use of U-Net and MobileNet
combines the strong segmentation functions of U-Net with the efficient
function extraction capabilities of MobileNet. U-Net was developed as an
architecture for image segmentation; its encoder-decoder structure is used to
identify specific areas in chest X-ray images that have pneumonia. In this
setup, MobileNet serves as the encoder, which utilises depth-wise separable
convolutions to enable lightweight and practical feature extraction. During the
training process, the combined model learns to segment pneumonia-affected
areas from labelled chest X-ray images, facilitating automated analysis for
enhanced diagnostic accuracy.

This approach combines medical accuracy with computational
sustainability. MobileNet offers a lightweight architecture that significantly
reduces processing power requirements, making the model well-suited for
deployment on energy-efficient devices—such as mobile health platforms and
edge computing systems. This approach reduces the environmental impact of
Al-powered medical imaging while making it more accessible to
underprivileged regions by supercharging deep learning for resource-
constrained environments. The practical application of responsible Al
solutions must therefore balance the trade-offs in accuracy, sustainability, and
environmental footprint, ultimately leading to a greener Al future.

Literature Review

Lung Pneumonia is a dangerous lung infection that has caused a considerable
number of deaths in the past, which marks the need for a less time-consuming
diagnosis for better treatment of the patients. Deep learning has contributed to
the factor by introducing several detection mechanisms using chest X-ray [18].
Several segmentation techniques, including U-Net and MobileNet, have
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demonstrated excellent results in the early detection of pneumonia. The hybrid
model, comprising these two structures, has been shown remarkable
improvements in accuracy and efficiency [1, 2]. The U-Net is used to segment
the image, and MobileNet performs its part in lightweight feature extraction.
The U-Net is a convolutional neural network that comprises an encoder block
and a decoder block. The encoder captures the contextual information from
the data, and the decoder block is responsible for the precise localisation of
the lung pneumonia. Chest X-rays are used to train the model to segment the
areas affected by pneumonia in the X-ray images [3, 4]. MobileNet is a
compact convolutional Neural network used in solving visual tasks in
embedded and mobile devices. By using depth-wise separable convolutions,
MobileNet reduces the complexity and parameter count, making it well-suited
for environments with resource constraints, thus resulting in a sustainable
solution [5, 6].

In the hybrid model mentioned above, Mobilenet replaces the encoder in
the U-Net, which is conventionally used to extract high-level features from the
input of chest X-rays, before passing it to the decoder block, where it
undergoes segmentation [7, 8]. The model has been trained on annotated chest
X-ray datasets. They learn to generate masks to point out the area affected by
pneumonia. The masks help radiologists make diagnoses much faster than
usual, thereby speeding up the overall process [9, 10]. The use of MobileNet
in U-Net ensures proper feature extraction without compromising the accuracy
of the segmentation performed. Thus, making it particularly more
advantageous for deployment in devices with limited resources [11, 12]. This
approach not only improves the accuracy but also gives a sustainable solution
in the field of healthcare using Al. The hybrid model has shown considerably
less energy consumption, making this sustainable solution for pneumonia
detection much more accessible in areas where resources are limited. The
traditional deep learning models that have been used until recently have shown
to consume much more computational power, thus showing an increased
amount of carbon footprint, but the architecture of this model, which is
lightweight, aims to solve the challenge by providing high performance in
devices where there is a constraint on the resources.

There have been multiple studies that have shown the application of
MobileNet U-Net in detecting lung Pneumonia. For example, Rajpurkar et al.
[13] described a modified U-Net architecture with a pre-trained MobileNet
encoder for pneumonia detection. Meanwhile, Yadav et al. [14] introduced a
multi-task U-Net-MobileNet model that simultaneously detects pneumonia
and localises it. There have been other studies as well that have explored
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different loss functions to highlight the improvement in performance [15], the
use of techniques such as data augmentation [16], and methods like transfer
learning strategies [17], which are used to refine the model’s performance
further. This model not only enhances the complexity but also improves the
performance of the U-Net-MobileNet model in medical diagnosis, providing
sustainable Al applications in healthcare. This aligns with the vision of
discovering breakthrough technologies in physics and computing, which will
enable the creation of a more sustainable future in healthcare.

A detailed study evaluating a few pre-trained models, including
ResNet50, VGG16, Xception, ResNet152V2, DenseNetl121, DenseNet201,
EfficientNet, and MobileNet, achieved the highest accuracy of 94.23% and
93.75% on two different datasets using the MobileNet model [18]. This
research evaluated essential hyperparameters, including various optimisers,
batch sizes, and the number of epochs, to identify the most appropriate model
through comparative analysis. A paper in which MobileNet-UNet for lesion
segmentation has designed a system that can detect both COVID-19 and
pneumonia from Computed Tomography scans. It has shown excellent results
[21]. This method has shown an accuracy of 98.05%, an F1-score of 98.70%,
a precision of 98.70%, a recall of 98.70%, and a specificity of 96.05% in lung
and lesion segmentation.

Advanced pneumonia detection techniques employed in MobileNet-UNet
involve evaluating segmentation performance across various transfer learning
models. A study comparing U-Net, SegNet, and DeepLabV3 revealed that
DeepLabV3 outperforms the others [19]. It achieved an accuracy of 84.4%
and an IoU of 81%. The advantage of Transfer Learning Models in automating
the pneumonia-affected region segmentation process with less human
intervention is also confirmed through this research.

Several other architectures have been introduced over time to detect
affected areas of the lungs. PneumNet, a dual-version deep learning model,
has shown exceptional performance with 99.84% accuracy, 99.87% F1-score,
99.74% sensitivity, 100% specificity, 100% positive predictive value (PPV),
and 99.58% negative predictive value (NPV) [20]. These results highlight the
transformative role of deep convolutional neural networks in advancing the
diagnosis of pneumonia.

Ensemble approaches are typically employed to enhance accuracy. Using
UNET with MobileNet as a model to enhance pneumonia detection precision
[22]. This approach highlights the benefits of combining MobileNet-UNet
with other architectures to achieve improved performance. Additionally,
MobileNet can be used effectively and utilised as a method for feature
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extraction in pneumonia classification, achieving an accuracy rate of 95.67%
in the binary classification of normal and pneumonia lungs [23].

Multi-scale approaches offer insights into probable improvements for U-
Net-based architectures. The (DEMSU-NET) Differential Evaluation Multi-
Scale U-NET Architecture includes multi-scale feature maps, which are
extracted from every convolutional layer of the U-NET encoder [24]. This
approach handles issues related to noisy annotations, thus improving accuracy.

The development of lightweight models, employing a similar approach to
MobileNet-UNet, emphasises the need for efficiency in resource-constrained
environments. The LWSNet (Lightweight Stacking Network), a novel deep
learning architecture, has demonstrated high performance in distinguishing
between Covid-19, pneumonia, and normal chest x-ray images [25, 26]. This
study attained classification accuracies of up to 98.54% using a quadruple
stack mechanism.

This review highlights the results of MobileNet-UNet and similar
lightweight architectures in pneumonia detection from chest X-ray images.
Future research could focus on further optimising these models for
environments where resources are limited, exploring multi-scale approaches,
and exploring ensemble methods to enhance the accuracy and robustness in
pneumonia detection and classification.
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Figure 1. U-Net MobileNet Architecture.
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Methodology
Functions and Class Definitions

Define IoU and Jaccard Loss Function

The previous code snippet describes a loss function based on IoU. It takes two
input tensors, the actual mask and the predicted mask. It reshapes tensors into
1D vectors. Next, it calculates the intersection of the two vectors, which is the
sum of the product of the two vectors element-wise. The union is calculated
by summing two vectors, with the intersection subtracted from the result.

The final loss value is calculated as the complement of the ratio between
the intersection and union, with a small constant added to both the numerator
and denominator to prevent division by zero.

The second code is a function to calculate the mean IoU across multiple
classes. These are two input tensors: the first is the actual mask, and the second
is the predicted mask. First, the mask tensor predictions are rounded to Os and
1s. Next, this function calculates the intersection and union for each class
along the specified axis. Intersection: This is obtained by multiplying the two
input tensors element-wise, followed by a sum of the resulting values over the
axis. To get the union, we add the two input tensors along the axis and subtract
the intersection from the result. We introduce a small constant to both the
numerator and denominator, which prevents the same problem of division by
zero that was encountered above.

Finally, the function computes the mean of Intersection over Union values
for all the classes and returns it. These are commonly used to measure the
performance of computer vision tasks, such as pixel segmentation and object
detection, where the goal is to predict pixel-level labels or accurately localise
objects with bounding boxes. In medical imaging, loU is frequently used as a
metric for computing similarity between a predicted mask and a ground truth
mask, making it a realistic loss function for refining the object mask to
represent the actual value.

Two Input Arguments: Labeled Bounding Box, Predicted Bounding Box
A bounding box is represented as either a tuple or a list of four values:(x min,
y min, X max, y max), where (x min, y min) denotes the top-left corner
coordinates, and (x max, y max) denotes the bottom-right corner coordinates.

By looking at the largest, the function gets coordinates; thus, one can get
the dimensions of the intersection rectangle from the top-left coordinates and
the smallest from the bottom-right coordinates.
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Then, it computes the area of the intersection rectangle by multiplying the
dimensions of that rectangle. It returns 0 for a high IoU value if the intersection
area is zero.

After that, the function calculates the areas of the labelled bounding box
and the estimated bounding box separately by multiplying their respective
dimensions.

Finally, the IoU value is the ratio of the intersection area to the total area
covered by both the labelled and predicted bounding boxes, which is the sum
of their areas minus the intersection area. This ratio also represents the degree
of overlap between the two bounding boxes; a value of 1 shows complete
overlap, and a value of 0 means no overlap. The function returns the computed
IoU value as the output.

This function is used in object detection tasks, aiming to predict the
bounding boxes in an image. The IoU metric is used here to enhance the
overlap between bounding boxes, and it can be utilised for calculating the
effectiveness of object detection models or as part of the loss functions used
in model training.

Define Masked Image, Unet-Train, Unet-Test

The first code snippet defines a function that takes three inputs: a set of images,
a set of masks, and an index. You are taking the mask at that index from the
set and laying it on top of the image from the set at the same index. The result
of this product is a new image where the original pixel values are multiplied
by the mask. And the image object is plotted using a plotting library.

The other code snippet declares a class that inherits from another class.
This class allows us to create batches of data which we can feed to a deep
learning model for training. It initialises with two data structures: the first
contains identifiers and paths to images, and the second contains identifiers,
labels, target vectors, and class values.

The class provides methods to fetch batches of data. One of the methods
loads images from the specified paths, resizes them to a fixed size, and
preprocesses them for input to the model. It also generates ground-truth masks
based on the bounding box coordinates provided in the input data structure.
The method returns the batch of preprocessed images and corresponding
ground truth masks as arrays.

The third code snippet defines another class similar to the second one, but
it is designed for generating batches of data for testing or making predictions
with a trained model. It takes the same inputs during initialisation as the
previous class.
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This class also provides a method to fetch batches of data. The method
loads images, preprocesses them, and generates ground truth masks based on
bounding box coordinates. Additionally, it fetches patient identifiers, resized
coordinates, class targets, and ground truth coordinates/labels from the input
data structure. The method returns the batch of preprocessed images, ground
truth masks, patient identifiers, resized coordinates, class targets, and ground
truth coordinates/labels as arrays.

Create a U-Net Model with MobileNet

The function begins by obtaining the MobileNet model, which includes its
weights pre-trained on the ImageNet dataset. The model is loaded without the
top classification layer, and the input shape is set to the desired image size
(e.g., 224 x 224 x 3 for RGB images). The alpha parameter of the model is
fixed to a specific value, which controls the width multiplier of the MobileNet
Architecture. Then, it loops through all the layers of the Mobilenet model and
sets their trainability depending on the argument ‘trainable.’
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Figure 2. Model IOU and Learning Rate.
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The previously trained weights can, therefore, be adjusted or left frozen.
During training, the model must either incorporate these changes or find a
model that already does, depending on the desired behaviour. The following
line of the function retrieves the output tensors for specific layers from
MobileNet. The new model architecture enables us to obtain five levels of
feature maps for later use in the U-Net decoder part, corresponding to spatial
resolutions of (112 x 112, 56 x 56,28 x 28, 14 x 14, and 7 x 7).

The decoder takes the output tensor from the lowest resolution (7 x 7) and
up-samples it while wrapping it in branches of the exact resolution (14 x 14)
from the MobileNet model. This is done iteratively, upsampling the combined
tensor and appending it to the following resolution’s higher-resolution feature
map from the MobileNet model. Finally, the last upsampling step reshapes the
tensor into the desired output resolution (i.e., 224 x 224). The heatmap is
generated by a 1x1 conv layer, followed by a sigmoid activation function and
is used to produce the output mask. Finally, the output tensor is reshaped to
the specified dimensions (e.g., 224 x 224). Finally, the function returns a
Keras Model object that accepts an input image tensor and outputs the
predicted mask tensor, which is used to generate the final result.
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Model Training

In this code, a boolean flag is set to determine whether a particular process
should be executed or not. It then specifies the number of iterations for a
specific operation. Next, it defines a file path location and creates an object
with particular hyperparameters. Several callback objects are designed to
handle different scenarios during the training process. One callback is
responsible for saving the current state of the model to a file whenever a
specific metric improves. Another callback stops if the monitored metric does
not show improvement over a defined number of iterations; the training
process may be halted. The third callback adjusts a hyperparameter (learning
rate) of the optimisation algorithm if the monitored metric does not improve
for a certain number of iterations. A function is called to create a specific
model architecture. The model is later built using a defined loss function, an
optimisation algorithm, and a set of evaluation metrics. The code loads pre-
trained values (weights) from a file into the model, A method utilised to
convey knowledge from an earlier trained model to the present one. The code
checks the value of the boolean flag set earlier. If the flag is set to a particular
value, the following steps are executed: All components (layers) of the model
are set to be adjustable during the training process. The model is trained using
both a training data generator and a validation data generator, with the training
process guided by the callbacks confirmed earlier. The information about the
model’s performance during the training process (e.g., loss, evaluation
metrics) is stored in a data structure and saved to a file for future analysis and
visualisation.

Results

Model Evaluation

The evaluation metrics are as follows:
Precision: 0.91
Recall: 1.0

Accuracy:0.95
F1-Score: 0.96
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Discussion

This study demonstrates the effectiveness of combining MobileNet and U-Net
models for image segmentation tasks. The proposed model utilises transfer
learning from pre-trained ImageNet weights, enabling efficient knowledge
transfer and adaptability to various segmentation challenges. The
implementation of skip connections in the U-Net decoder effectively
integrates conceptual insights with detailed spatial information, thereby
enhancing the accuracy of segmentation. The flexible training options and
robust callback system provide a framework for optimising model
performance across different scenarios. The use of data augmentation through
generators further enhances the model’s generalisation capabilities. The
customisable loss function and evaluation metric allow for task-specific fine-
tuning, making the model versatile for diverse applications.

While the results are promising, future work should focus on extensive
comparative studies across different datasets and segmentation tasks.
Additionally, exploring the impact of various hyperparameter combinations
could further optimise the model’s performance and efficiency in real-world
applications.
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Abstract

Social responsibility is one of the integral tasks of any citizen. One of the
most important of them is environmental awareness. Environmental
awareness calls for eco-friendly ideas, innovation and products that
utilise renewable energy sources. With sunlight being one of the most
vibrant, widely available renewable energy sources, our work highlights
the same. This work is a solar-powered electric vehicle that ingeniously
employs an Arduino Uno and a Bluetooth module. These technical
components allow the vehicle to seamlessly switch between solar power
and battery power based on the availability of sunlight, significantly
reducing reliance on electricity sources, and thereby reducing electricity
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consumption and wastage. It underlines the importance of renewable
energy and the usage of sustainable resources.

Keywords: solar-powered electric vehicle, renewable energy, sustainable
transportation, greenhouse gas reduction, climate change mitigation

Introduction

With the increasing pollution levels, the need of the hour is environmental
awareness. Steps that lead to the usage of eco-friendly products and
alternatives have increased demand in the market. Manufacturing of eco-
friendly products, specifically for vehicles that use renewable energy sources.
This work here focuses on the same goal. A solar-powered vehicle, designed
with Arduino Uno and Bluetooth, utilises both solar and battery power,
making it convenient to use in both sunlight and darkness. The work also
reduces the dependence of electric vehicles on electricity and uses renewable
energy as an alternative. This change can contribute one step towards a greener
world and sustainable methods.

Literature Review

S. Sykiotis, C. M. Aikateriniadis, A. Doulamis, N. Doulamis, and P. S.
Georgilakis proposed using Deep Reinforcement Learning (DRL) to optimise
solar-powered electric vehicle (EV) charging and investigated real-time tariffs
for improved efficiency in 2022. Previously, in the year 2020, P. Arras, G.
Tabunshchyk, S. Korotunov, and V. Okhmak focused on a cost optimisation
simulation for EV charging infrastructure to minimise delivery costs. Later, in
2022, Mats Gezelius and Reza Mortazavi examined the correlation between
owning solar panels and Battery Electric Vehicles (BEVs) using a recursive
bivariate probit model. Simultaneously, M. Yamaguchi, T. Masuda, K. Araki,
Y. Ota, and K. Nishioka evaluated high-efficiency solar cell modules for
photovoltaic (PV)-powered vehicles in 2022. Lately, N. M. Manousakis, P. S.
Karagiannopoulos, G. J. Tsekouras, and Fotios D. Kanellos reviewed the
integration of Renewable Energy Sources (RES) and EVs into power systems,
summarising key research contributions in 2023. In the same year, M. A.
Bandora, Visarion Catalin Ifrim, and M. Artiom proposed a solar power-
assisted battery balancing system for EVs, simulating a pack of four 13.8 V
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batteries. S. Khan, M. S. Alam, MS Jamil Asghar, Mohd Aiman Khan, and
Ahmad Abbas reviewed level 2 EV charging systems, discussing standards,
characteristics, and safety measures in 2018. Later, M. H. Mobarak, Rafael N.
Kleiman, and Jennifer Bauman studied how panel tilt and shading affect solar
energy capture for 150 drivers in 2020. A. N. Oishi et al. conducted an
exegesis on the development of SPEC, stating an account of its prototype
design and evaluated the performance in 2022. M. U. Nawaz, Shayan Umar,
and Muhammad Salik Qureshi conducted an elaborate study on the life cycle
analysis (LCA) to understand the effect on the environment and the economy
by solar-powered electric vehicles (SEVs) as compared to conventional EVs
in 2023. Afterwards, G. Alkawsi, Yahia Baashar, Dallatu Abbas U, Ammar
Ahmed Alkahtani, and Sieh Kiong Tiong conducted extensive studies in the
field of alternative energy charging infrastructure providing detailed research
covering essential features including resources, potentiality, planning, control,
and pricing. A. K. Singhal et al. researched in 2015 a similar work to ours, in
which he used the battery to operate the vehicle after charging it with a solar
panel. The multi-charging hybrid vehicle can use both solar and electric
power, depending on availability. Z. Taha et al. in 2009, built a solar car that
utilises solar energy to charge its battery in the Centre for Product Design and
Manufacture (CPDM), the University of Malaya, which had a combination of
mechanical and electrical components at a sustainable cost margin. A.
Sinuraya, Denny Haryanto Sinaga, Yoakim Simamora, and Ridho Wahyudi
used photovoltaic systems in 2022, as a strategic approach for supplying
energy to electric vehicles, as an alternative for BLDC electric motors for
wheel propulsion. It aims to sketch out a battery charging system that uses
photovoltaic technology to drive BLDC electric motors. Y. Ota, Kenji Araki,
Akira Nagaoka, and Kensuke Nishioka in 2022 researched the coverage ratio,
roof shapes, and sizes needed to fix a solar panel on it. it was seen that the
potential coverage ratio was 96% for a hemispherical roof with ROC 1m. F.
Mohammadi, in 2018, electrified an electric vehicle that was used in
traditional plug-in technology. After the operation performed the vehicle
charged with both solar power and battery power. The motor can run on both
AC and DC power, as well as be powered by stored batteries and solar energy.
F. A.In 2020, Tiano, Gianfranco Rizzo, Matteo Marino, and Antonio Monetti
developed a model to predict the temperature effects on photovoltaic panels
on a car under real weather conditions. The results were that parking phases
are the most critical, where an increase in photovoltaic temperatures leads to
a decrease in efficiency. M. F. Ezzat and I. Dincer created a photovoltaic fuel
cell Li-ion battery integrated system in 2016. He compared it with a base
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system consisting of a PEM fuel cell and a Li-ion battery, investigating the
effects of photovoltaic arrays, overall energy, energy efficiencies, and
hydrogen consumption.

Methodology, Experimental Setup and Implementation

The following components are used to implement the hardware version of the
work. Inclusion of proper methodology along with it results in actual, real-
time implementation.

A. Solar Panel - A solar panel contains silicon-based photovoltaic cells that
absorb sunlight to generate electricity. Encased in tempered glass and a
durable backing, these cells energise electrons in the semiconductor. They can
directly power devices in sunlight and charge batteries for low-light use.
Figure 1 is a picture of a solar cell that was used in the process.

/o

Figure 1. Solar Panel.

B. Arduino Uno- This acts as the central controller, managing voltage from
the solar panel and facilitating smooth transitions between solar and battery
power based on set thresholds. This ensures efficient operation in varying

sunlight conditions. The picture of an Arduino is attached in Figure 2 below.

Figure 2. Arduino Uno.
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C. Relay Switch- The relay switch is crucial for switching between solar and
battery power based on sunlight availability. Controlled by an Arduino Uno,
it optimises energy use and enhances the system’s efficiency, safety, and
adaptability. An image of the relay switch is provided below in Fig. 3 to
showcase its versatility.

Figure 3. Relay Switch.

D. Bluetooth Module- The Bluetooth module is essential for wireless control
and monitoring. It enables remote access, eliminating the need for manual
switches, and allows users to adjust and monitor the system in real time via a
mobile device or computer. This promotes efficient management of the Solar
EV-based research. The respective component is shown in Figure 4 below.

Figure 4. Bluetooth Module.

E. DC Motor- The DC motor converts electrical energy into motion, enabling
tasks with flexibility in power sources. It rotates using direct solar energy or
batteries charged by the panel, all managed through Arduino and relay
switches for efficient automation that adapts to environmental changes. Figure
5 is a picture of a DC motor that was used at work.
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Figure 5. DC Motor.

F. Rechargeable Battery- The rechargeable battery stores excess vitality from
the solar panel, ensuring the motor operates even without sunlight. This
improves efficiency, promotes energy independence, and supports the Solar
Electric Vehicle (EV) research during low or no sunlight. Figure 6 is a picture
of a rechargeable battery taken for the work.

Figure 6. Rechargeable Battery.

G. LED- LEDs indicate the system’s operating status, showing whether it is
solar- or battery-powered. This feedback allows for easy monitoring and
troubleshooting, enhancing user understanding, efficiency, and the overall
reliability of the Solar EV-based work. Figure 7 is the respective component

*

Figure 7. LED.

Contributor Copy



Solar Auto Drive 53

H. PN Junction Diode- The PN junction diode is crucial for blocking reverse
current flow and protecting the involved solar panel and batteries. It allows
electricity to flow correctly—from the solar panel to the motor and batteries—
preventing damage from backflow. This improves the system’s efficiency and
reliability, ensuring optimal operation of the Solar EV work. Figure 8 here is
an image of a PN junction diode highlighting its versatility and innovative
design.

QY

Figure 8. PN Junction Diode.

I. Resistor- Resistors are crucial for controlling current and protecting
sensitive components. They ensure that LEDs and motors receive the correct
voltage and current, preventing damage. By stabilising electrical flow,
resistors improve the reliability and efficiency of the Solar EV’s work. Fig. 9
represents the pictorial representation of a resistor.

Figure 9. Resistor.

The Flow Chart in Figure 10 depicts a workflow for a system that can be
powered by either a battery or solar panels. The working mechanism of the
model is summarised through the flow chart here.
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Figure 10. Flow chart depicting the working principle of the model.

The system first checks the status of the classic Bluetooth control. If the
classic Bluetooth control is off, the system will not proceed further. When the
classic Bluetooth control is activated, the system checks the sunlight
conditions. If the sunlight voltage is above a certain threshold, the solar-
powered mode activates, using solar energy to run the motor and charging the
battery with any excess current.

If there is insufficient sunlight and the classic Bluetooth control is
activated, the battery-powered mode will be engaged, and the system will
utilise battery power to operate the motor. This particular model is,

I n X A X IIlluminance (1)

where,
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* Tis known to be the output current generated by the respective solar
cell in Amperes (A).

* 1 is taken to be the conversion efficiency of the solar cell,
representing the percentage of incident light energy which is
converted into corresponding electrical energy.

* A is the effective area of the solar cell exposed to sunlight, typically
measured in square meters (m?).

. Hiuminance 18 the intensity of light which is coming and falling on
the solar cell, usually measured in Lux (Ix) or Watts per square meter
(W/m?).

This mathematical equation that describes the conversion of solar photons
to electricity in a solar panel is typically represented using the photovoltaic
(PV) equation, which relates the current (I) produced by the solar cell to the
incident light intensity (Illuminance), the conversion efficiency (1), and the

cell area (A).
Now,
Pou
n= ?nt (2)
L=AXW 3)
PXK
Illuminance A (4)
flux
Now, the generated current,
Pout PxK
I === XLXWX— (5)
in Aflux

In this equation,

e Pout is the output power of the solar panel in Watts (W). This is the
electrical power produced by the solar panel.

e Pin is the input power from sunlight in Watts (W). This is the solar
irradiance or sunlight intensity falling on the solar panel.

o L is the measured length of the solar panel taken in meters (m).

e W is the measured width of the solar panel taken in meters (m).

e @ is the radiant flux in watts (W), the total power emitted by the light
source across all wavelengths.
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e K is the luminous efficacy, measured in lumens per watt (Im/W),
which represents the efficiency of the light source in producing
visible light relative to the total power consumed. It is the surface area
in square meters (m?) over which the luminous flux is distributed.

Result and Discussion

The model is tested under different physical environmental conditions, and the
results are discussed below.

A. Sunny Conditions: During sunlight, the solar panel generates electricity.
Current flows from the solar panel to the motor, causing it to rotate. The relay
connects to the battery to light up, indicating the mode of power source as
solar power. In this case, sunny condition is considered and the corresponding
model under experimentation is shown in Figure 11.

Figure 11. Model under sunny conditions.

B. No Sunlight: When there’s no sunlight, the batteries power the motor. The
motor’s RPM will depend on the battery voltage and the factors mentioned
above for sunny conditions. As batteries discharge, their voltage drops,
potentially leading to a decrease in RPM. In this case, the overcast condition
is chosen and the respective model under consideration is depicted in
Figure 12.
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Figure 12. Model under overcast conditions.

The motor’s rotation speed (RPM) depends on several factors:

A. Solar Power Intensity: Higher sunlight intensity translates to higher
voltage output from the solar panel. This, in turn, supplies more
current to the motor, resulting in a faster RPM.

B. Motor Selection: The chosen motor’s specifications, particularly its
torque and speed-current curve, determine its RPM under varying
current conditions.

C. Load on the Wheel: The weight and friction of the wheel attached to
the motor affect the required torque to keep it moving.

In the graph depicted in Figure 13, the x-axis represents some readings
taken at increasing points in time, and the y-axis represents the voltage with
which the motor operates. Here, it is seen that after a specific period when the
threshold voltage is crossed, the voltage does not drop any further and remains
approximately 350 mV as the record of readings goes on. The initial value
indicates the motor is moving through the battery as the voltage generated is
less than the threshold voltage. The initial rise in voltage (moving from left to
right) indicates increasing sunlight intensity in the morning. This would cause
the solar panel to generate more voltage. The highest voltage reading might
represent the point of peak sunlight intensity. A subsequent drop in voltage
reading could indicate a switch to battery power due to decreased sunlight

intensity, such as in the afternoon.
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Figure 13. Variation in Voltage Reading.

Conclusion

In conclusion, this study effectively demonstrates the autonomous capabilities
of Arduino’s solar-powered electric vehicle (EV) circuit. The solar panel
harnesses sunlight during the day to operate the motor and charge the batteries
for backup power at night. The Arduino manages the relays to ensure smooth
transitions between solar and battery power, depending on the available
sunlight. This research showcases the potential of solar energy as an
environmentally friendly solution. However, there is room for further
investigation. Future iterations could incorporate a larger solar panel and a
more robust battery pack to extend operational duration.
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Abstract

Solar energy is one of the most appealing options because it is prolific
and has great potential in reducing carbon emissions. The efficiency of
converting solar energy into usable electricity remains a barrier.
Graphene has become a central focus of photovoltaic research due to its
exceptional electrical, thermal, and mechanical properties. Due to its high
electron mobility and flexibility, it can be utilised in various applications,
including transparent conductive electrodes, electron transport layers,
and as an active layer in organic and perovskite solar cells. This section
draws readers’ attention to the physical characterisation of graphene and
its derivatives, including graphene oxide and reduced graphene oxide, as
well as their impact on overall photovoltaic performance through
enhanced charge transport, increased light absorption, and reduced
recombination losses. Furthermore, the function of graphene-based
nanostructures is investigated, along with their use in creating new
hybrids, such as graphene/quantum dot and graphene/nanoparticle
composites, which aim to enhance the efficiency of solar cells further.
The critical fabrication methods and integration techniques for
incorporating graphene into actual photovoltaic systems are examined,
addressing their real-world significance and their potential to scale to

* Corresponding Author’s Email: chandan.adhikari@iem.edu.in

In: Breakthrough Research and Technologies in Physics ...

Editors: Koyel Ganguly, Soumyadipta Pal and Kamakhya Prasad Ghatak
ISBN: 979-8-90134-111-7

© 2026 Nova Science Publishers, Inc.

Contributor Copy


mailto:chandan.adhikari@iem.edu.in

62 Chandan Adhikari

commercially relevant dimensions. We also analyse contemporary
experimental advancements and compare the efficiency increases
obtained for various types of graphene-based solar elements. Focusing
on the interplay between graphene and other advanced materials, this
chapter highlights the potential of using graphene-based structures in the
design of next-generation solar devices. Such knowledge and
developments are presented to guide further research and development
efforts aimed at enhancing the efficiency and durability of low-cost solar
energy devices.

Keywords: graphene nanostructures, solar cell efficiency, renewable energy,
photovoltaics, advanced solar materials, energy solutions

Introduction

Due to climate change and the growing global energy demands, the transition
to renewable energy is becoming increasingly necessary. Solar, wind, and
hydroelectric power are renewable energy sources that can replace fossil fuels,
leading to reduced greenhouse gas emissions and a more positive overall
impact on the environment. Solar energy, in particular, is also touted as one of
the most promising and widely available renewable resources. The sun alone
emits more energy in an hour than the world consumes in a year, showcasing
its capability to provide energy to the entire globe. However, there have been
significant difficulties in efficiently capturing this energy, particularly in terms
of the efficiency and cost of solar cells. Yet, recent developments in
nanotechnology, particularly those related to graphene, suggest alternative
approaches to the problems of cost and efficiency, allowing us to envision
other prospects for solar energy [1].

In the move from fossil fuels to sustainable energy systems, renewable
energy strategies are key. These strategies not only reduce reliance on finite
resources but also help tackle issues such as pollution and habitat destruction.
Over the past few decades, the technology of renewable energy sources has
also undergone significant improvements, with extensive investment in areas
such as efficiency, scalability, and cost reduction. Due to its versatility and
scalability, solar power is particularly well-suited for a wide range of
applications, from powering a single house to supplying energy to sizable
industrial operations. With the development of technology and the further
integration of solar energy into the energy grid, its share in the global energy
portfolio is increasing [2].
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As an energy source, solar energy is also crucial in achieving sustainable
development goals, as it provides clean, renewable, and abundant energy.
Given that solar energy does not generate harmful emissions or use up
exhaustible resources, it is an effective way to address future energy demands.
Remote and rural communities lacking conventional energy services can also
benefit from solar energy, which facilitates economic development and
improves quality of life. By increasing energy supply and reducing the cost of
energy, solar energy supports people’s social and economic progress while
helping to meet the international temperature goal of 1.5°C [3].

Solar installations can range from small systems serving individual users
to giant solar farms that provide electricity to thousands. The most critical
limitation on solar energy development as a renewable energy source remains
the effectiveness of solar cells, despite the promising prospects of solar
energy. This occurs because most commercial solar panels, made from silicon-
based technology, have efficiency rates between 15% and 22%, which limits
the amount of captured solar energy that can be converted into usable
electricity. Additionally, highly efficient solar cells are also costly, which
contributes to slow market penetration rates. Solar cells experience low
performance due to various factors, including ageing, adverse weather events,
heat-related energy loss, and electron recombination within the solar cell.
Consequently, there is a growing demand for new types of materials and
technologies to enhance efficiency and reduce costs [4].

These efficiency issues might be addressed with the help of
nanotechnology, especially graphene-containing nanostructures. Scientists
believe that this material exhibits qualities that enhance charge movement,
increase transparency, and reduce recombination losses in solar cells, as
graphene is a hexagonal lattice formed from a single layer of carbon atoms.
Additionally, graphene’s excellent conductivity, combined with its flexibility,
enables the incorporation of the material in various regions of solar cell
devices, ranging from transparent electrodes to electron transport layers. The
integration and design development of graphene-based materials are expected
to yield substantial benefits in terms of efficiency and lifetime performance,
harnessing solar energy to its maximum potential [5].

This chapter explores the advancements in solar cell technology
facilitated by graphene-based nanostructures. It provides an overview of
graphene’s unique properties, including its electrical conductivity, optical
transparency, and flexibility, which make it a valuable asset in photovoltaic
applications. The chapter examines various types of graphene-based materials,
including graphene oxide and quantum dots, and discusses their roles in
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enhancing the performance of solar cells. Key fabrication techniques and
integration strategies are also outlined, emphasising scalability and cost
considerations for practical applications.

Through a review of recent experimental breakthroughs, this chapter aims
to highlight the potential of graphene-based nanostructures in overcoming the
current efficiency limitations of solar cells. The objective is to provide insights
into how graphene can transform solar technology, making it more efficient,
affordable, and adaptable for large-scale deployment. By addressing the
technical and practical aspects of integrating graphene into solar cells, this
chapter seeks to contribute to ongoing research and development efforts in the
renewable energy sector, with a focus on achieving sustainable and impactful
solutions.

Graphene and Its Unique Properties

Graphene, which is essentially a single layer of carbon atoms arranged in a
two-dimensional, hexagonally structured lattice, has emerged as one of the
most advanced materials in nanotechnology. First isolated from graphite in
2004, graphene has since become the focus of intense examination due to its
unique combination of electrical, thermal, mechanical, and optical properties,
which no other material possesses. In this section, we examine the structure
and characteristics of graphene, its extraordinary properties, and the benefits
it offers for enhancing solar cell performance [6].

Graphene is the structural building block from which most carbon
allotropes are constructed, including graphite, carbon nanotubes, and
fullerenes. This single layer of carbon atoms, confined to a two-dimensional
honeycomb lattice, gives graphene its extraordinary properties, which are due
to its atomic and electronic structure. Each carbon atom is bonded covalently
to three other carbon atoms to make a stable, flexible, and thin sheet, just one
atom thick. One of the aspects that will always define graphene is its two-
dimensionality, thus making it the thinnest material known, yet it still
possesses incredible strength. Its mechanical strength is over two hundred
times that of steel, making it highly resilient and durable. Furthermore,
because graphene is lightweight and flexible, it can be incorporated
effortlessly into a range of applications, such as photovoltaics and flexible
electronics. Graphene is widely known as a zero-bandgap semiconductor. This
indicates that its conduction and valence bands merge at a single point,
allowing electrons to move freely without the typical bandgap limitations
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found in other semiconductor materials. As a consequence of this peculiar
band structure, the electrical conductivity of graphene is very high, with high
electron mobility achievable even at room temperature. Moreover, the high
surface area of graphene (up to approximately 2630 square meters per gram)
enhances its efficacy in various disciplines, as it increases the number of
interaction sites per mass unit, which is essential for rapid charge transfer and
other physicochemical applications [7].

The unique structure of graphene possesses a string of remarkable
properties that enable it to be widely used in various areas, particularly in
electronics, energy storage, and photovoltaic systems.

The unique structure of graphene possesses a string of remarkable
properties that enable it to be widely used in various areas, particularly in
electronics, energy storage, and photovoltaic systems. The outstanding
electrical conductivity of graphene is one of its key features. Graphene’s
unique band structure allows its electrons to be quasi-particles (Dirac
fermions) that move with very high velocity. The electron mobility can reach
up to 200,000 cm? Vs in an optimal environment, which is significantly higher
than that of common materials, such as silicon. This high mobility enables
graphene to conduct electric current with minimal energy loss through heating
and resistance, which is essential in applications where electrons need to move
quickly, such as in photovoltaic cells. Its high conductivity enables graphene
to be used readily as a transparent conducting electrode, a crucial part of solar
cells, as it meets the need for electrical conduction combined with
transparency. Graphene’s thermal conductivity, with an approximate value of
around 5000 W/mK, is also an exceptional feature. This thermal property
enables fast heat dissipation, preventing overheating in devices where it is
used. In solar cells, integrating graphene enhances thermal management,
improving the efficiency and performance of the solar cells while safeguarding
sensitive device structures. Excessive heat is known not only to degrade
performance but also to damage components. Integrating graphene into solar
cells enhances thermal management, enabling devices to operate more
efficiently under various environmental conditions [8].

Graphene’s thickness corresponds to one single atom; however, it is
optically very transparent, absorbing only about 2.3% of incoming light across
the visible spectrum. This distinctive feature, which combines transparency
and conductivity, complements each other and is highly advantageous in
photovoltaic applications. This combination of high transparency, allowing
light to reach the active layer, and high electrical conductance is proper in
solar cells, where graphene can act as an electrode, enabling better energy
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conversion efficiency. The tunable bandgap and wavelength dispersion in
graphene make it a promising candidate, especially in multijunction or tandem
solar cells, where various wavelengths need to be absorbed efficiently [9].

The incorporation of graphene into solar cells is driven by its
complementary electrical, optical, and thermal properties, enabling new
possibilities in the design of future photovoltaic devices. One of the biggest
concerns in solar cell design is charge transport, due to the propensity for
charge recombination losses. The generally high mobility and conductivity of
electrons in graphene create a practical pathway for charge carriers, reducing
recombination and increasing the overall efficiency of the cell. This is most
useful in perovskite and organic solar cells, where charge carrier mobility can
be a limiting factor. The use of graphene in transport layers allows electrons
to be moved faster and more efficiently, thereby increasing the power
conversion efficiency. Graphene’s remarkable thermal conductivity provides
a promising solution to the thermal management challenges of solar cells. In
photovoltaic systems, particularly those operating under high sunlight
intensities, heat dissipation is crucial for long-term performance and stability.
Graphene helps conduct heat and facilitates the dispersion of excess thermal
energy, preventing damage to the cell’s active material and allowing it to
perform normally under various environmental conditions. Such a thermal
advantage renders graphene-based materials very attractive for large-scale
solar applications where temperature management is critical [10].

Another critical aspect of graphene is its optical transparency with high
electrical conductivity; therefore, it can be used as a material for transparent
electrodes in solar cells. Indium tin oxide (ITO) is a common transparent
conductor; however, it is brittle and prone to deterioration over time. Unlike
indium tin oxide, graphene is flexible while also offering decent conductance,
which means solar cells may be more durable. Thin, light, and flexible solar
cells made of graphene electrodes also enable new types of applications,
including wearable solar devices that can be integrated into various surfaces,
potentially expanding the possibilities for solar cells. Graphene’s mechanical
strength and elasticity make it suitable for use in flexible solar cells, which
have potential applications in building-integrated photovoltaics (BIPV),
flexible electronic devices, and other unconventional photovoltaic (PV)
applications. Apart from being cost-effective, graphene-enhanced solar cells
are highly adaptable, allowing for new applications that require bending or
conforming to non-rigid surfaces, unlike conventional solar cell panels, which
arerigid."" Such flexibility also increases the operational life span of solar cells
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since physical damage and degradation risks are reduced due to graphene’s
superior longevity [11].

Although still under development, favourable scalability factors for
graphene production point to a future reduction in advanced solar cell prices.
CVD and chemical exfoliation are just a few of the scalable methods that can
be used to synthesise graphene. Producing graphene at a lower cost and
applying it to existing solar technologies represents an affordable way to
increase the efficiency of solar energy. Graphene’s extraordinary properties
can bring substantial benefits for the sustainable development of solar cell
technology. These properties will enhance both charge transport and thermal
management, in addition to transparency and flexibility, positioning graphene
as a crucial component for future solar cells. As research progresses, the use
of graphene in solar cells may lead to significant enhancements in efficiency,
durability, and functional diversity, thereby advancing solar energy solutions
[12].

Graphene-Based Nanostructures in Solar Cells

Nanostructures based on graphene represent a novel direction in the
development of solar cell technology, offering enhanced efficiency,
flexibility, and stability. Various components of solar cells are being modified
with these materials because of their remarkable characteristics. To date,
several graphene-based nanomaterials, including graphene oxide (GO),
reduced graphene oxide (rGO), and graphene quantum dots (GQDs), have
been incorporated into various solar cell architectures to enhance their
performance [13].

Graphene oxide can be described as a graphite derivative, characterised
by numerous oxygenated functional groups, including hydroxyl, epoxide, and
carboxyl groups. These groups enhance the dispersion of GO into water and
organic solvents, thereby facilitating its processing into various materials. GO
is hydrophilic and can make composites with other materials, which enhances
its use in charge transport layers in solar cells. Its large surface area also helps
in better interactions with the active layer of solar cells, resulting in improved
efficiency. Reduced graphene oxide (rGO) is produced by chemically
reducing GO, a process that removes some oxygen-containing functional
groups, thereby restoring the conductive properties of graphene. rGO has
many favourable characteristics of graphene, including high electrical
conductivity and mechanical strength, but is less expensive to produce than
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pristine graphene. In solar devices, rGO can be incorporated into transparent
conductive electrodes and electron transport layers, thereby enhancing charge
mobility and improving overall device performance. Graphene quantum dots
(GQDs), which are nanometer-sized fragments of graphene, exhibit unique
optical properties due to quantum confinement effects. GQDs can be modified
to enhance their energy levels and band gaps; therefore, these materials are
suitable for use in photovoltaic systems. They can increase light absorption
and improve charge separation, thereby increasing the efficiency of solar
energy conversion [14-16].

Graphene-based nanostructures are also functional in various elements of
a photovoltaic system. They support the mobility of charge carriers and
therefore reduce recombination losses, one of the main drawbacks of
conventional solar cells. These nanomaterials can be utilized to form
electrodes, charge transport layers, or even part of the active layer, thereby
enhancing light absorption efficiency, improving charge transport, and
facilitating energy conversion. Additionally, their high tensile strength and
mechanical properties enable the production of lightweight and flexible solar
cells, opening up new possibilities in portable and wearable energy devices.
Solar cells containing graphene nanostructures may be more efficient, have
better scalability potential, and exhibit more extended durability, making them
an integral part of future solar energy technologies [17].

Applications in Solar Cell Technology

Graphene, with many special properties such as high conductivity, structural
flexibility, and excellent transparency, can also benefit passive components or
layers of solar cells. With advancements in research, graphene is being
progressively integrated into multiple layers of photovoltaic devices to
enhance efficiency, reduce costs, and provide improved durability. This
section discusses several key applications of graphene in solar cell technology,
including its use in transparent conductive electrodes, electron transport
layers, graphene/quantum dot composites, and perovskite solar cells.

Solar cells rely heavily on transparent conductive electrodes for efficient
electron flow and for transmitting light. Materials such as indium tin oxide
(ITO) have served the purpose effectively. However, such materials have
limitations in terms of cost, mechanical strength, and flexibility. Graphene has
emerged as a potential substitute due to its high electrical conductivity and
transparency. A distinguishing feature of graphene is its two-dimensional
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structure, which gives rise to a very high surface area, consequently providing
excellent conductivity while retaining high optical transparency, absorbing
only about 2.3% of light in the entire visible spectrum. For these reasons,
graphene is an excellent fit for use as transparent electrodes in organic,
perovskite, and dye-sensitised solar cells. The lightweight and flexible nature
of graphene enables the creation of flexible solar panels that can be embedded
on various surfaces, such as windows or clothing, thereby facilitating a wider
range of applications for solar energy. Such electrodes made from graphene
provide the advantages of increased scalability and cost-effectiveness.
Graphene is also very suitable for cost-effective mass production, as it can be
synthesised by low-cost techniques such as CVD and solution-based methods.
Furthermore, the mechanical characteristics of graphene provide solar cells
with enhanced durability and longevity compared to cells with ITO electrodes,
which are more susceptible to fracturing and degradation over time [18].

As the name suggests, the electron transport layer is a crucial component
of a solar cell’s overall design, enabling electrons to migrate from the active
layer to the electrode. Efficient transport of charge on the framework is crucial
for reducing recombination losses and enhancing the operational efficiency of
the device. Due to its high electron mobility, graphene is well-suited for
applications in ETLs, as it facilitates charge extraction and reduces energy
losses. Graphene-based materials, such as reduced graphene oxide (rGO),
have found applications in ETLs for enhancing efficiency in various types of
solar cells, including organic and perovskite solar cells. This is made possible
because graphene’s large surface area and high graphitic content enable
efficient electron transport. At the same time, its nanoscale structure facilitates
good interaction with the active layer, thereby enhancing charge extraction.
Additionally, the flexibility and ease of processing of graphene make it a
suitable candidate for use as an ETL in lightweight and thin-film solar energy
devices. It has been established that graphene-based ETLs also enhance the
stability of solar cells. For instance, it has been reported that endothermally
functionalised graphene-based materials were able to improve device stability
by performing a protective role in perovskite solar cells undergoing
continuous illumination. This aspect is essential for the economic viability of
solar technologies as it guarantees that the operational efficiency of solar cells
is retained over their useful lifetime [19].

Graphene and quantum dots (QDs) are two materials that have garnered
significant attention in the field of photovoltaics due to their complementary
features. Quantum dots are tiny semiconductor particles, measuring a few
nanometers in diameter, that exhibit distinct optical properties due to quantum
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confinement. In contrast, graphene possesses high electrical and mechanical
properties. The combination of graphene and quantum dots forms composites
that can improve solar cell performance. They have the potential to absorb
light in a broader range and generate charge carriers, for which graphene
creates an efficient transportation path. When utilised fully, this synergy
improves solar cell performance, as both light absorption and charge transport
are enhanced. Additionally, these composites have the potential to elevate the
effectiveness of next-generation solar technologies, such as quantum dot solar
cells, which utilise quantum dots to generate excitons for power generation.
The inclusion of graphene in these composites enables the more efficient
separation of photo-generated excitons, thereby improving charge transfer and
reducing recombination loss. Graphene also allows the development of
flexible quantum dot solar cells, making them suitable for use in portable and
wearable solar devices [20].

Perovskite solar cells (PSCs) have gained popularity due to their high
efficiency and low production cost. The light-absorbing material in these cells
consists of a perovskite-structured compound, and a gradual improvement in
their performance has been observed over the last decade. However, several
issues, including charge recombination, instability, and scalability, must be
addressed to enable the commercial exploitation of perovskite solar cells. The
integration of graphene oxide (GO) and reduced graphene oxide (rGO) with
perovskite solar cells has addressed some of these challenges. These structures
can achieve effective charge transport and minimise recombination losses in
graphene layers integrated into the electron transport layer (ETL) and hole
transport layer (HTL) of the solar cells. Additionally, the use of graphene in
PSCs can enhance device stability by reducing the permeability of moisture
and oxygen through the perovskite layer. Furthermore, graphene can improve
the mechanical properties of perovskite solar cells, enabling the manufacture
of lightweight and flexible devices that can be applied to a wide range of
surfaces, including textiles, roofs, and windows. It has also been established
in recent studies that very high-power conversion efficiencies (PCEs)
alongside the long-term stability of PSCs are achievable through the inclusion
of different graphene-based materials within the cells. Through the
improvement of material stability and charge transport, graphene is unlocking
the potential for the commercial uptake of perovskite photovoltaics [21].

Graphene is unique in its properties, has wide applications, and is
therefore an excellent material that can accelerate the development of solar
cells. It can be seamlessly integrated into various components of solar cells,
including transparent conductive electrodes, electron transport layers, or
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graphene/quantum dot composites, as well as perovskite solar cells, thereby
significantly increasing their efficiency, stability, and scalability. As research
continues to explore other methods for integrating graphene with photovoltaic
devices, it is expected that such materials will become the building blocks for
future technologies, enabling these PV devices to be used for more practical
and affordable energy solutions [22].

Fabrication Techniques and Integration Strategies

To integrate graphene-based nanostructures into solar cells, advanced
fabrication techniques are needed that can ensure both high performance and
cost-effectiveness. These techniques include the synthesis of graphene
materials with specific characteristics and the embedding of these materials in
tailored designs of solar cells. This section outlines various fabrication
methods for graphene-based nanostructures, discusses particular issues related
to integrating graphene within solar cells, and addresses their mass production
and scalability. Several effective strategies have been developed for
synthesising graphene-based nanostructures, each with its pros and cons
regarding ease of scaling, material quality, and applications. Such techniques
can be broadly classified into chemical, physical, and biological methods [23].

One of the advantages of chemical vapour deposition (CVD) is that it
enables the synthesis of high-quality graphene on a mass scale, as it is easy to
control the growth parameters. In the CVD process, carbon-bearing molecular
gases (such as acetylene or ethylene) are decomposed at high temperatures in
the presence of a metal substrate (like copper or nickel), forming a graphene
film on the substrate. This controlled, gas-phase growth makes CVD
technology robust and suitable for the electronics industry, and it is an
excellent method for synthesising large-area graphene sheets. Graphene oxide
(GO) can be synthesised by oxidising graphite powder, resulting in the
material’s surface bearing oxygenated functional groups. Removing the
oxygen-containing groups by chemically reducing GO restores electrical
conductivity, forming what is known as reduced graphene oxide (rGO). This
process is straightforward and economical; however, the quality of the
produced rGO depends on the reduction process. This material helps create
electron transport layers and serves as an alternative conductive material for
flexible solar cells.

A solvothermal method, or hydrothermal method in general, involves the
application of high pressure and high temperature to synthesise graphene or
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graphene-based nanomaterials. Other synthesis processes, such as flame
preparation, are also capable of accomplishing this, making these techniques
essential for graphene synthesis, as well as for producing graphene oxide,
graphene quantum dots, and composites of graphene and other materials.
These techniques are preferred as they can be conducted in a one-pot reaction,
which is beneficial in terms of scalability and control over the dimensions and
shape of the nanostructures being synthesised. In this methodology, graphite
is broken down into graphene layers using a solvent and mechanical shear
force, such as ultrasonication. Graphene oxide, along with reduced graphene
oxide, has been effortlessly incorporated into active and charge transport
layers. Liquid-phase exfoliation is a straightforward and efficient method for
the mass production of graphene nanomaterials [24].

Although the positive aspects of graphene are well-known, particularly its
applications in solar cells, integrating the material into devices presents
several challenges. The most challenging task, however, is the uniform and
controlled integration of graphene-containing materials into the solar cell’s
structure. To avoid aggregation and enable effective charge transport, it is
crucial to achieve a uniform distribution of graphene in both the active layer
and the transport layers. A further problem is the compatibility of graphene
with other materials commonly used in solar cells. Due to its hydrophobic
nature and strong van der Waals forces, graphene struggles to form stable
interfaces with various materials, including polymers, perovskites, and metal
electrodes. This, in turn, can adversely affect the solar cell’s stability and
performance. In addition to these technological and scientific barriers, the
weak mechanical adhesion of graphene-based nanostructures to the substrate
or other materials also prevents achieving device stability and long-term
performance. To address this, either the functionalisation of graphene with
specific functional groups or the application of graphene composites can be
used to improve adherence and increase the overall stability of the solar cell
[25].

There is a need to develop scalable and cost-effective fabrication methods
for commercial and industrial utilisation of graphene-based solar cells. One
possible method is to apply substrate-coated materials using solution-based
processing techniques, such as inkjet printing, spraying, or spin coating. These
are relatively inexpensive, can be up-scaled for large-area manufacturing, and
can be used in the fabrication of lightweight, flexible solar cells. Roll-to-roll
(R2R) processing, an efficient and rapid production method, provides a
practical approach for mass-producing graphene-based solar cells on an
industrial scale. In this method, flexible substrates are printed with graphene-
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based inks or films, which results in the efficient production of flexible solar
panels. R2R processing is highly effective for producing thin-film solar cells
that can be widely used for mounting on surfaces such as windows, clothing,
building facades, and others. Another cost-effective and scalable alternative is
the adoption of graphene-based inks for printing on flexible substrates. Inks
comprising graphene oxide or its reduced form, combined with solvents, allow
for easy application through screen printing or inkjet printing. This method
permits the manufacture of high-performing solar cells at low material and
production costs. Additionally, printing technologies provide an improvement
in design. It is also possible to manufacture irregularly shaped or large-area
solar panels. CVD is still the current best practice for producing high-
efficiency graphene-based solar cells. The development of large-scale CVD
systems can make the process more cost-effective and scalable. New types of
CVD reactors and coated catalyst supports are expanding the possibilities for
growing large-area graphene films, making these techniques suitable for mass
production. This is important because high-quality, large-area graphene films
are crucial for integrating graphene into transparent electrodes or other
components of solar cells [26, 27].

Promising strategies include the use of graphene-based nanostructures and
their incorporation into solar cells to enhance both the efficiency and cost-
effectiveness of photovoltaic devices. Though challenges exist in terms of the
suitability and morphology of the materials, solution-based processing and
roll-to-roll technology offer promising strategies to address these problems.
Future scaling up of graphene synthesis and integration technologies will be
crucial for expanding the scope and applications of graphene-based solar cells,
as well as accelerating their market penetration in the renewable energy sector.

Future Prospects and Challenges

The adoption of graphene-based nanostructures into solar cells has yielded
very encouraging results, particularly in enhancing the efficiency of solar
energy utilization. With a transition to a future powered primarily by
renewables rapidly approaching, the special characteristics of graphene make
it an attractive material for advanced solar technology. However, despite the
potential, the barriers to entry in terms of material development, scale-up, and
commercialisation are substantial. In this section, the authors discuss the
potential ways graphene can facilitate the development of advanced solar
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technologies, identify gaps worth studying, and outline the barriers to
commercialisation and scaling [28].

Graphene has opened several exciting new avenues that can be utilised in
enhancing solar cells and their efficiency. One of the most intriguing
opportunities is that graphene can improve the efficiency of more established
solar technologies, including silicon solar power cells, by enhancing specific
features such as the transparent conductive electrode, charge transport layer,
and the solar cell’s active layer. The high electrical conductivity, mechanical
strength, and flexibility of graphene make it a suitable component for these
applications, enhancing power conversion efficiency, reducing production
costs, and enabling more efficient and simplified solar devices. The
application of graphene in polymer-based solar cells provides yet another
opportunity. Solar cells, based on perovskite materials, have already begun to
transform the solar world, thanks to their high efficiency and low-cost,
scalable production. The improved charge collection, stability, and durability
of perovskite solar cells could result from integrating graphene into these solar
cells. Additionally, graphene’s capacity to create composites with perovskite
materials will assist in resolving some of the stability challenges, optimising
the potential of PSCs for enhanced commercial viability and application. The
role of GQDs in solar cells is also another focus of future work, as GQDs can
be used to leverage their unique photonic properties. GQDs are instrumental
in modifying the optical and electronic properties of solar cells, thereby
enhancing photovoltaic performance, due to their unique optical and electronic
characteristics. Incorporating GQDs into hybrid solar cells or multi-junction
cells may increase efficiency by expanding the spectrum of sunlight available
for absorption. Another avenue to increase innovation is through the use of
graphene in flexible and transparent solar cells. It will be essential to be able
to manufacture lightweight, flexible, and transparent solar cells, as the need
for portable electronics and building-integrated photovoltaics (BIPV)
increases. Graphene is a flexible and transparent material that can be used to
manufacture devices and open up new opportunities in fields such as wearable
electronics and solar windows [29, 30].

Despite the highlighted promise of graphene in solar cell applications,
several issues must be addressed before its full potential can be unlocked. One
such challenge is the issue of scale, or scalability, as well as process
consistency. Currently available graphene synthesis techniques (chemical
vapour deposition, CVD, or liquid-phase exfoliation) that can produce high-
quality but low volumes of graphene materials struggle to be commercialised
for mass production. The ability to fabricate large-area, uniform graphene
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films or nanomaterials with exceptionally high electrical conductivity remains
a significant obstacle to the large-scale adoption of graphene in solar cells.
Another challenge is the problem of interfacial incompatibility. Graphene
tends to have weak bonding with active materials, such as silicon or
perovskites, which are often used in solar cells. Such interfacial
incompatibility results in reduced charge transport efficiency, which, in turn,
affects the overall device performance. It is necessary to improve existing
methods of graphene functionalisation and to integrate graphene with other
materials within solar cell architectures more effectively. Moreover, although
graphene has high electrical conductivity and is therefore well-suited for
several applications, its low light absorption capacity in some instances may
be a significant drawback for use in the active layer of a solar cell. There is
still room for further work in modifying the optical properties of graphene or
its combination with other materials, such as quantum dots or organic
semiconductors, to improve sunlight absorption. The longevity of graphene-
based solar cells also requires focus. Such devices may be susceptible to
temperature, humidity, and exposure to UV light. There will be a need to
investigate the encapsulation and protection of graphene in solar cell devices
so that they can withstand real-world conditions [31].

Due to the mesmerizing prospects of graphene-based solar cells, there are
still few implementations of these technologies in real-world applications. The
key hurdle is the production of large-scale graphene. Methods of production
in laboratory conditions have shown encouraging prospects; the only problem
now is how to approach large-volume production economically without
compromising material quality, a challenge that remains the focus of many
studies. While methods for the industrial-scale production of graphene that
guarantee specific standards of quality, purity, and performance are being
developed, they currently limit the transition of graphene-based solar
technologies from research labs to commercial products. Also, it is about the
costs. Graphene itself is cheaper than precious metals or exotic
semiconductors; however, the cost of synthesis and integration when
incorporating graphene into solar cells remains relatively high. For these
technologies to be commercially viable and competitive with traditional solar
cells, methods for synthesising graphene over large areas at low cost and
reducing the overall cost of producing graphene-enhanced solar cells will be
critical. Another challenge concerning the commercialisation of solar
technologies is the regulatory and market assimilation of graphene-based solar
technologies. While there is an increasing interest in the potential of graphene
from both academic and industrial perspectives, guidelines and standards for
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certifying graphene-based products are still being formulated. To facilitate the
successful launch of these technologies into the market, manufacturers must
demonstrate product robustness and offer them at prices sufficiently attractive
to target potential consumers and investors. Additionally, integrating graphene
into existing solar cell production lines will necessitate a substantial
investment and modifications to the infrastructure. Many present processes for
solar cell manufacturing are optimized for materials such as silicon and
cadmium telluride, which are inherently dissimilar from graphene-based
materials. Transitioning to production lines capable of using graphene will
entail significant adaptations to existing structures, thereby increasing the cost
of implementing graphene technologies in solar cell systems [32].

With a clear emphasis on cost-effective, flexible, and efficient solar
devices, the outlook for graphene in solar cell technology is auspicious.
Nevertheless, a remaining gap in the field remains, which includes challenges
in material fabrication, material integration, and scalable commercialisation.
To address this, researchers, engineers, and industry leaders must unite to
develop efficient, scalable, and low-cost pathways for integrating graphene
with solar cells. With the advancement of innovation and increased research,
graphene-based solar technology has the potential to become a game-changer
for renewable energy, helping to meet global energy needs while contributing
to the achievement of sustainable development objectives [33].

Conclusion

This chapter examines the promising prospects for utilising graphene-based
nanostructures to improve solar cell technology. With its outstanding
electrical, thermal, and optical characteristics, graphene has quickly become a
frontrunner in endeavours aimed at improving the efficiency and performance
of solar cells. After an in-depth examination of its structure, properties, and
various morphologies, including graphene oxide, reduced graphene oxide, and
graphene quantum dots, it has been demonstrated that graphene can enhance
the performance of different types of solar cells, such as silicon, perovskite,
and their hybrids. Among the most significant conclusions from the chapter is
that graphene enhances the transparency and conductivity of electrodes, while
maintaining the mechanical flexibility of the solar cells. Its applications as
transparent conductive electrodes, electron transport layers, and composites
with quantum dots could enhance charge transport and light absorption,
leading to higher solar energy conversion efficiencies. Additionally,
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graphene’s exceptional characteristics make it a suitable candidate for flexible
and portable solar technologies, which would extend its applications to
consumer devices, wearables, and building-integrated photovoltaics, among
other technologies.

Graphene holds outstanding promise for designing new, advanced solar
cells with unprecedented efficiency, flexibility, and scalability. Its exceptional
properties, together with its versatile composition, aim to address many of the
shortcomings that contemporary photovoltaic devices face, such as high cost,
rigidity, and inefficiency. As research progresses in graphene production
coupled with integration methodologies and material formulation, this unique
material has the potential to disrupt the solar energy sector by making solar
cells more efficient, cheaper, and versatile for various end-use applications.
Beyond its functional aspects in solar technology, graphene has the potential
to support the broader objectives of renewable energy development, as it
would help meet the increasing global demand for clean and sustainable
energy. The potential of graphene in reducing energy costs and enhancing the
efficiency of solar cells could facilitate the adoption of solar energy systems,
contributing to the achievement of global targets for transitioning to a low-
carbon economy [34].

As promising as it is, a few barriers remain regarding graphene synthesis
techniques, their scalability, and ensuring long-term performance.
Overcoming such challenges would require significant developments in both
research and industry. However, as the understanding of graphene’s properties
and its incorporation into solar cells advances, the prospects of utilising
graphene for future solar technologies seem promising. In conclusion,
graphene is a highly effective material that can significantly contribute to the
advancement of solar energy systems. Further research on this topic will
enhance the efficiency of solar cells and make solar energy systems more
accessible, affordable, and sustainable in the long run.

Disclaimer

The content of this chapter is intended for academic and informational
purposes only. The authors declare that there are no conflicts of interest
associated with the research, analysis, or publication of this work. The
information provided here is based on current scientific understanding and is
subject to change as new research emerges in the field of renewable energy
and graphene-based technologies.
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Abstract

This study describes the electronic properties of two industrially
important VOCs, categorised as toxic pollutants, namely ethane and
toluene. Density Functional Theory (DFT) calculations were performed
on both compounds using Gaussian 09W and GaussView 6.0, with an
emphasis on key electronic parameters. It covered the molecular orbitals
(MOs), molecular electrostatic potential (MEP), band structure, infrared
(IR) spectra and electron localisation function (ELF). From IR spectra
analysis, it was found that the symmetry was much higher in ethane than
in toluene. The energy gap for molecular orbitals was obtained as +0.452
Hartree for ethane and +0.241 Hartree for toluene. Ethane was chosen
here due to its widespread presence in industrial processes and natural
gas, making it a relevant baseline for comparative analysis. Toluene, on
the other hand, is a more toxic aromatic compound commonly found in
solvents and fuel emissions, necessitating closer investigation of its
electronic properties. It presents an essential study on the identification
and detailed characterisation of these toxic VOCs, which is crucial for
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the development of selective gas sensors and for understanding their
environmental and health impacts in detail.

Keywords: DFT, HOMO-LUMO, MEP, PDOS, band structure, IR spectra

Introduction

The increasing presence of toxic VOCs in industrial effluents has become one
of the most pressing issues, highlighting the need to conduct detailed studies
to develop selective gas sensors and subsequently assess their implications for
health and environmental parameters. In this scenario, ethane (C2Hg), with its
numerous industrial applications, takes precedence over other compounds. It
is widely used in the manufacture of ethylene for plastics production, as a
clean-burning fuel, and as a refrigerant in cryogenic systems, where its
reactivity is essential for these applications [1]. Ethane has been known to
form tropospheric ozone, according to a study conducted by Friedreich et al.,
which can lead to respiratory problems. In addition, ethane indirectly increases
the atmospheric lifespan of methane by consuming hydroxyl radicals (OH),
thereby contributing to increased global warming [2]. Ethane is also much less
toxic than many hydrocarbon species; however, this particular type of
hydrocarbon still actively participates in air pollution and contributes to the
formation of smog, as observed during Karczewski et al.'s investigation [3].
Similarly, toluene is another VOC that is widely used in various industrial
processes. Toluene is known for its diverse applications. It serves as a solvent
in paints, coatings, and adhesives, as well as in the manufacture of chemicals
such as benzene and xylene. Toluene toxicity poses severe risks because it can
cause neurological damage, respiratory issues, and long-term health effects in
humans [4]. Toluene exposure in gasoline station workers can lead to several
health issues, including fatigue, headaches, dizziness, muscle cramps, and
irritability. The weight loss and overall weakness can also be related to
prolonged exposure. It primarily affects the nervous system, causing
irreversible damage and central nervous system depression at high
concentrations, with potential liver, kidney, and respiratory complications
contributing to its toxicity [5]. It is also found to cause cognitive impairment,
anxiety, and depression, while also affecting the cardiovascular system
(arrhythmias and heart issues), immune and reproductive systems [6].
Primarily, the research goal of this chapter is to offer a thorough analysis
of the electronic properties of two toxic industrial VOCs, ethane and toluene.
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Although these molecules have been the subject of several studies, a detailed
examination of each molecule's electronic characteristics has not yet been
conducted. Therefore, filling the lacuna (knowledge gap) is the focus of our
investigation. This chapter aims to enhance our understanding of these
molecules by presenting a DFT study of these fundamental chemicals through
a thorough examination of their molecular orbitals, electronic properties, and
reactivity analysis. The precise control of electronic properties in nanoscale
devices is of great interest, as it enables innovative applications in computing,
sensing, and medical diagnostics.

Computational Methods

Using Gaussian 09W and GaussView 6.0, the computational analysis was
performed on the molecular structures of ethane and toluene. The ground-state
optimisation was performed using the B3LYP method with the 6-31G(d,p)
basis set in DFT calculations to obtain molecular orbitals and perform MEP
analysis. The band structures for both ethane and toluene were subsequently
obtained using Material Studio and CASTEP software, based on the optimised
orbital data. GaussView 6.0 software was used to calculate the infrared (IR)
spectra of both molecules, capturing key vibrational modes and intensities.

Results and Discussion
Optimised Geometry and Molecular Orbital Analysis

The results of the considered structures (obtained after optimisation) are
presented in Fig. 1(a—b). After the optimisation process, the bond lengths were
observed as follows: for ethane, the C-C bond length was 1.535 A, and the C-
H bond length was 1.096 A. For toluene, the C-C bond length was 1.399 A,
the C-H (ring) bond length was 1.085 A, and the C-H (methyl) bond length
was 1.095 A.
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Geometrically optimized structures
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Figure 1. Geometrically optimised structures of (a) Ethane, and (b) Toluene.
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Figure 2. Visual representation of molecular orbitals (HOMO, LUMO, HOMO-1,
LUMO+1) of (a) Ethane, and (b) Toluene.

(b) Toluene

The vital parameters that provide essential information about the
reactivity and stability of a molecule are its lowest unoccupied molecular
orbital (LUMO) and highest occupied molecular orbital (HOMO). These
orbitals are crucial for gaining insight into a molecule's ability to accept or
donate electrons. The HOMO indicates the molecule's ability to donate
electrons, while the LUMO indicates its ability to accept electrons [7-9]. In
the representation of these orbitals, regions with higher electron density are
shown in dark grey, while areas of lower electron density are shown in light
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grey. The molecule's reactivity is influenced by it, because a larger energy gap
value signifies reduced reactivity and increased chemical stability [10-11].
Conversely, a lower energy gap implies higher reactivity.

Table 1. Molecular orbital energies and energy gap of ethane and toluene

Molecular orbitals energies (in Hartree) For Ethane For Toluene
HOMO -0.346 -0.236
LUMO +0.106 +0.005
HOMO-1 -0.346 -0.245
LUMO+I1 +0.165 +0.007
HOMO-LUMO gap +0.452 +0.241
(HOMO-1) - (LUMO+1) gap +0.511 +0.252

In the case of ethane, it was observed that HOMO was dispersed
throughout the molecule, with an energy calculated to be -0.346 Hartree. In
contrast, +0.106 Hartree was found to be the value of the LUMO energy. Thus,
the reactivity and stability determining factor, i.e., the HOMO-LUMO energy
difference (AEmomo-Lumo)), was calculated to be +0.452 Hartree. The HOMO-
LUMO energy gap provided a comprehensive understanding of the reactivity
of ethane. This gap indicated that ethane was susceptible to reactions, and that
electrons can transfer among these orbitals [7-9]. Moreover, examining the
adjacent molecular orbitals, it was found that the magnitude of the HOMO-1
energy was similar to that of HOMO, i.e., -0.346 Hartree, as shown in Table
1. However, the LUMO+1 energy was determined to be 0.165 Hartree;
therefore, the corresponding energy gap was +0.511 Hartree. In the case of
toluene, it was observed that the HOMO was spread over carbon with an
energy magnitude of -0.236 Hartree. At the same time, the LUMO was
distributed over notable portions of the molecular structure, except for the
methyl group. For LUMO, the evaluated energy was +0.005 Hartree. Thus,
the HOMO-LUMO energy gap was +0.241 Hartree. Corresponding energy of
HOMO-1 was found to be -0.245 Hartree, while the energy magnitude of
LUMO+1 was found to be +0.007 Hartree. Thus, +0.252 Hartree was the
corresponding energy gap.

A strong correlation exists between the calculated electronic properties
and the environmental behaviour of ethane and toluene. The lower HOMO-
LUMO gap of toluene (+0.241 Hartree) compared to ethane (+0.452 Hartree)
suggests a higher chemical reactivity, which aligns with its increased toxicity
and potential to interact with biological systems [4].
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Molecular Electrostatic Potential (MEP) Analysis

Another valuable tool in the study of chemical reactivity is molecular
electrostatic potential (MEP) plots [10]. It enables the projection of sites of
reactivity by providing a three-dimensional (3D) plot of the molecular charge
distribution. This tool has proven helpful in establishing relationships between
physicochemical properties and molecular structure, particularly when
mapping is done in conjunction with electron density overlay for in-depth
results [10-11]. Colour changes in the molecular electrostatic potential are
based on the colour scheme used for MEP visualisation, with dark grey
representing higher electron density and light grey denoting regions of neutral
or slightly charged states [12].

The MEP plot of the ethane molecule is shown in Fig. 3(a), which allows
for the visual analysis of the reaction-prone sites of the molecule. To facilitate
analysis of the MEP orientations of ethane, illustrated in Fig. 3(a), two specific
orientations were chosen (front view and side view). The MEP plot was
generated using a range of -4.553 x 10~ (- 3) eV to 4.753 x 10" (-3) eV. The
negative potential surrounded the carbon atoms, whereas the positive potential
dominated over the hydrogen atoms. It indicated the susceptibility of the
hydrogen atoms to nucleophilic attack, while the carbon atoms would be
susceptible to electrophilic attack [11-13]. The considered isovalue for this
plot was 0.0004. The significant positive electrostatic potential surrounding
the hydrogen atoms dominated over the carbon atoms in that region.

The MEP plot of toluene, shown in Fig. 3(b) with two orientations (front
view and side view), can be interpreted like that of ethane. The considered
range was between -2.478 x 10" (-2) eV and 1.300 x 10" (-2) eV during the
computation and plotting. The MEP surface of toluene exhibited a continuous
carbon ring of negative electrostatic potential, as depicted in dark grey,
encircling the electron-rich region around the aromatic central ring. The darker
colour along the edges of the molecular structure, surrounding the hydrogen
atoms, indicated a positive electrostatic potential. In toluene, the presence of
the methyl (CH3) group made the net dipole moment a non-zero quantity. The
net dipole moment was approximately +0.43 D towards the direction of the
associated carbon atom, present in the central aromatic carbon ring (i.e., the
red-colored zone of Fig. 3(b)) from the methyl group, indicating a high
probability of an electrophilic attack at that higher electron density zone (red
area).
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Molecular Electrostatic Potential (MEP)
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Figure 3. Molecular electrostatic potential (MEP) plots of (a) Ethane,
and (b) Toluene.

Toluene exhibits electron-rich regions over the aromatic ring, making it
more susceptible to electrophilic attacks and radical reactions in the
atmosphere, thereby contributing to the formation of secondary organic
aerosols and photochemical smog [5-6]. Conversely, ethane exhibited relative
stability, resulting in a longer atmospheric lifetime and an indirect contribution
to global warming by depleting hydroxyl radicals [2-3].

Band Structure Analysis

The Projected DOS spectra for ethane and toluene decomposed the total
density of states (DOS) into orbital-specific contributions (s, p, d and f
orbitals). The s and p orbitals exhibited significant contributions around the
Fermi level, underscoring their key roles in bonding and electronic
interactions [14]. Peaks in the negative energy range correspond to occupied
states, primarily governed by s and p orbitals. At the same time, unoccupied
states above the Fermi level (positive energy range) also reflected
contributions from these orbitals [15-16]. The pronounced s-p orbital
hybridisation observed in ethane further emphasised its influence on its
electronic structure. Additionally, the band structures of ethane and toluene
(Fig. 4(a-b)) were computed, showcasing the electronic states across the high-
symmetry points (G, M, K) in the Brillouin zone, where the Fermi level is at
0 eV. These plots illustrate the distribution of valence and conduction bands
relative to the Fermi level [17-19]. The band gaps for ethane and toluene were
determined to be 7.699 eV and 4.784 eV, respectively.
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Figure 4. Band structure plots of (a) Ethane, and (b) Toluene

IR Spectra Analysis

In the IR spectra depicted, the frequency in wavenumbers (cm™') was shown
on the horizontal axis. In contrast, the vertical axis displays intensity as both
molar extinction coefficient (¢) (in M-' cm™) on the left and dipole strength
(D) (in 10% esu? cm?) on the right. The peaks corresponded to specific
vibrational transitions of ethane and toluene, with each peak’s position and
height indicating the vibrational frequency and intensity, respectively [20].
Ethane, consisting of eight atoms (two carbon and six hydrogen), exhibits 18
vibrational modes. In contrast, toluene consisting of 15 atoms (7 carbon and
eight hydrogen), exhibited 39 vibrational modes in their respective infrared
(TR) spectra spanning from 700 to 3500 cm™! as depicted in Fig. 5. Notably,
for ethane, bands were absent within the 750-1350 cm™! and 1600-3200 cm™!
range, whereas for toluene it was in the range of 1700-3000 cm™'. Five primary
vibrational modes dominated the IR spectra of ethane, with strong peaks
observed at 3384.38 cm’!, 3267.18 cm’, 1518.04 cm’!, 1394.06 cm™, and
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739.30 cm!. For toluene, four major peaks were observed at 3369.66 cm™,
3081.22 cm’!, 3072.26 cm!, and 815.63 cm!, while minor peaks were
observed at 1575.92 cm™!, 1539.03 cm!, 1503.72 cm’!, and 1053.54 cm™!. The
limited number of IR-active vibrational modes in the case of ethane, as
compared to toluene, suggested that most bond vibrations occur at nearly
identical or very closely spaced frequencies, a consequence of the high
symmetry within the system's structure [21-23].
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Figure 5. IR spectra of (a) Ethane, and (b) Toluene.
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Comparative Analysis with Previously Reported Literature

To the best of our knowledge, no previous studies have directly analysed the
molecular properties of ethane and toluene in the same context as our study.
Due to the absence of direct comparisons in the literature, we have
incorporated a few earlier reported/referenced studies, where similar volatile
organic compounds (VOCs) or their substitutes were examined by varying
computational platforms and basis sets. In particular, we focus on comparing
the HOMO-LUMO energy gap of our simulated results with those reported in
prior research, as tabulated in Table 2. This comparison assesses the
effectiveness and reliability of our computational approach. By addressing this
gap in the literature, we aim to contribute meaningful insights into the
molecular properties of these compounds, particularly in the context of their
toxicological and environmental relevance.

Table 2. Comparison with previously reported literature

Parameter Molecule | Our Reported molecule Previously Reference
Value reported values
HOMO-LUMO | Ethane +0.452 | Ethane (DFT: B3LYP) | +0.477 [24]
energy gap Toluene +0.241 | 4-chloro-3-nitro toluene | +0.220 [25]
(in Hartree) a,0,0-trichlorotoluene +0.158 [26]
Conclusion

In this chapter, we made a detailed study of the two toxic industrial VOCs,
ethane and toluene, focusing on their molecular orbitals, molecular
electrostatic potential (MEP), band structure, and IR spectra. The molecular
structures, electron density distributions, and kinetic stabilities of these two
toxic molecules were examined. The energy gap between their molecular
orbitals was found to be +0.452 Hartree for ethane, and +0.241 Hartree for
toluene. The calculated bandgap values were 7.699 eV for ethane and 4.784
eV for toluene. These results were further supported by detailed assessments
of their electronic properties, including changes in the band structure, MEP,
and IR spectra. Such analyses are crucial for understanding the molecular
mechanisms underlying the toxicity of these compounds and their potential
environmental and health implications. These electronic properties not only
define the reactivity and kinetic stability of the studied VOCs but also correlate
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with their observed ecological behaviours, such as persistence, degradation
potential, and health impacts. Such correlations are crucial for selecting
suitable materials for environmental monitoring and sensor development.
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Abstract

Spintronic devices and solid-state batteries with improved energy
conversion efficiencies and longer lifespans have been developed as a
result of substantial advancements in energy harvesting that utilise spin
information and energy-efficient storage devices over the past decade.
These innovations have the potential to revolutionise portable electronic
gadgets. Walker breakdown and low energy density are two significant
obstacles that must be addressed. Optimising the stability and
controllability of the magnetic domain requires the use of advanced
materials engineering and nanofabrication techniques. Tunnelling
magnetoresistance (TMR) in magnetic tunnel junctions (MTJs) has been
used to great advantage in magnetoresistive random access memory
(MRAM) and other areas of magnetic informatics. For speed, low energy
consumption, and high density, Spin Hall spintronic memory systems
utilise the Spin Hall Effect, which leverages the electrons’ spin-orbit
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interaction. Perpendicular magnetic anisotropy is necessary for
spintronics devices to store data correctly, and domain wall memory
offers low energy consumption and scalability potential. Magnetisation
is controlled by spin-orbit torque devices to enhance storage inside the
devices.

An antiferromagnet in domain wall memory stabilises chiral magnetic
textures that enhance the efficiency and speed of spintronic devices. The
magnetic anisotropy energy barrier can be controlled by voltage; hence,
spintronic devices work faster. Antiferromagnets exhibit exchange
interactions that can protect domain walls and increase the Walker-
breakdown field outside the disturbance region. Due to the ability of
nanofabrication techniques to achieve accurate fabrication, these
methods are promising candidates for next-generation spintronic devices.
This results in magnetic memory devices with higher storage capacities
and faster speeds. In this article, we have discussed in detail the current
state-of-the-art research, developments, existing bottlenecks, and future
trends of using spintronics devices for data storage and memory devices.

Keywords: energy harvesting, data storage, low energy consumption, spin
information, spintronic devices

Introduction

Large volumes of data are generated in our day-to-day lives, and these require
huge data storage facilities. High-capacity hard disk drives and cloud storage
techniques can solve this issue. Compression algorithms and data
deduplication techniques can also significantly reduce storage requirements.
As a result, there is a demand for research on highly efficient data storage
technology. Memory devices have reduced in size considerably in the last 20
years. Nowadays, it is possible to store more data in smaller spaces on mobile
devices.

These can also be exchanged online due to the rise in storage capacities.
Additionally, cloud storage technologies are used to sync data across multiple
devices. By utilising spintronics, researchers have developed smaller and more
efficient storage devices, including hard drives and memory chips, by
leveraging the spin properties of electrons.

It became possible to change the principle of operation of the memory
devices as soon as giant magnetoresistance was discovered (Fert and Van Dau,
2019). In these devices, conduction of electricity, depending on the orientation
of the spins, is achieved through the collective magnetisation of the localised
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spins in ferromagnetic layers (Fert and Van Dau, 2019; Tsymbal and Pettifor,
2001; Parkin, 1995). Binary states 0 and 1 correspond to the two distinct spin
configurations, up and down spins. Hence, information in digital form can be
stored. This technological breakthrough in memory technology has opened up
anew approach to data storage and information processing devices. Moreover,
the ability to control electronic conduction through the spin of electrons is
essential for security and improving the size of memory devices. Many fields,
including computing, telecom, and data storage, are all gaining profits thanks
to this improvement.

It is also notable that there is a proportional increase in energy usage with
this increase in storage capacity. Environmentally sustainable and economical
data storage methods are put to the test with this upsurge in energy
consumption. Everyone agrees that our world in digital terms is developing at
a rapid pace. In all terms, this is why there must be green, efficient energy-
enabling technologies to help address this widening phenomenon. Thus, big
data centres, which facilitate cloud-based data storage and data exchange over
the internet, account for a significant portion of the world’s energy
consumption (Puebla et al., 2020). However, the increase in power
consumption of the major players in this cloud computing narrative, who store
perpetual data, is on the rise.

Worldwide ICT Electricity Consumption 2019

Data Centres

Manufacturing of ICT

/ End Users

Data Centres B Networks End Users B Manufacturing of ICT

Figure 1. The information and communication technology (ICT) industry’s
electricity use in 2019.
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Figure 2. The information and communication technology (ICT) industry’s
electricity use in 2020.

Figure 1 and 2 represents the electricity consumptions by the information
and technology sector. This calls for immediate intervention in finding and
designing strategies that promote the energy efficiency of data storage systems
and minimise their impact on the environment. To bring about environmental
sustainability with these facilities, wind or solar energy generation systems
may also be implemented. Moreover, the introduction of newer cooling
facilities and proper management of maximum server workloads can also
improve energy efficiency and reduce the anticipated increase in power usage.

Systems that provide additional energy to the information and
communication technology (ICT) sector, as well as those that enhance energy-
saving industrial practices, are also beneficial in efforts to reduce global
energy consumption further. This increase in demand for ICTs can be
addressed by encouraging energy efficiency and conservation measures, such
as powering servers with renewable energy and reducing the number of
underutilised servers through server virtualisation. Moreover, creating
awareness and educating people about the responsible use of ICT and its
peripherals may help both individuals and businesses mitigate their
contribution to environmental degradation. Around half of the energy
consumed by a typical data centre is devoted to powering the cooling
infrastructure that supports the centre’s servers, which account for 26% of the
total energy consumption. This situation calls for a design available in most
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major data centres, which utilises modern cooling methods because active
cooling accounts for a large percentage of energy consumption. In addition,
the efficiency of energy consumption in these centres can be further improved
by applying energy-efficient computing devices, including their servers and
solid-state disks. Not only are there energy supply problems facing the
information and communication technology industry, but there are also
growing concerns nowadays regarding public health and ecological impacts,
particularly global warming and greenhouse gas emissions.

Spintronics Logic Devices and Memory for Data Storage

Currently, digital information storage technologies include hard disk drives
(HDDs), flash memory, and dynamic random-access memory (DRAM),
which have weaknesses in terms of speed, power consumption, and data
density. These limitations, however, can be mitigated by spintronics, which
stores and processes information through the spin of electrons (Puebla et al.,
2020). In other words, spintronics can revolutionise the field of digital
information storage by uncoupling spins, paving the way for future storage
devices. The primary issue with HDDs is the mechanical movement of the
read/write head and the storage disk (Puebla et al., 2020). Reliability is
compromised by mechanical movement, as the operation rate is slowed and
power consumption increases. In contrast, DRAM, which is devoid of moving
parts, is highly efficient in terms of handling 1/O operations per second due to
its speed in random access. However, DRAM does not serve as a secondary
storage system as its primary functionality is employed in temporary storage
or trafficking while processing, known as volatile memory. Raw IOPS data
for DRAM, in terms of read/write operations per second, are very high, often
ranging in the millions or even billions. Therefore, DRAM is capable of
multitasking at lower power consumption than that observed for SRAM.
Nevertheless, engineers are still searching for an optimal substitute for
DRAM due to its volatility, which means that the capacitor releases electrical
charge information when the device is turned off. This instability of DRAM
results in the loss of data most of the time; in each execution of functions and
instructions, one is forced to save and back up the data constantly. Also, the
constant power required to keep data in DRAM may pose a disadvantage in
terms of energy consumption compared to memory using spintronics
(Apalkov et al., 2013). However, one disadvantage of flash memory is that it
has lower data retention compared to other types of memory. Additionally, it
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is nonvolatile, as it does not use capacitors. That may be why flash or
Nonvolatile memory is used for storage in portable devices like smart mobile
phones and USB drives, as it is not affected when power is switched off. This
makes it more convenient for long-term storage and eliminates the hassle of
saving and backing up. Additionally, capacitors are not used in flash memory,
unlike in DRAM, which helps save energy during use, making it more energy-
efficient than DRAM.

For this reason, we consider spintronic ideas and technologies as
promising substitutes, as they demonstrate nonvolatile properties with
unlimited endurance.
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Figure 3. Performance estimates for different spintronic memory cells, expressed as
energy against time. SD: spin diffusion, STT: spin-transfer torque, SHE: spin Hall
effect, DW: domain wall motion, ME: magnetoelectric switching, IMA: in-plane
magnetic anisotropy, PMA: perpendicular magnetic anisotropy (Puebla et al., 2020).

Figure 3 illustrates the performance estimates of various spintronic
memory cells. Note that the nonvolatile nature of the storage implies that the
data can be preserved even if the power supply is cut off; this makes it even
more efficient and easy to use when storing digital data. In contrast to flashes,
used in most modern spintronic devices, data is not lost over time, and the
storage device’s performance remains stable. This makes them highly
desirable for applications that require long-term storage and large amounts of
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data, such as archival systems or cloud servers. Moreover, spintronic devices
make a good fit for use as energy-efficient replacements for traditional
memory solutions. Currently, spintronics-based storage devices, such as spin-
transfer torque magnetic random-access memory (STT-MRAM) (Puebla et al.,
2020; Sbiaa et al., 2011), do not require mechanical elements. This not only
improves reliability and speed but also minimises power consumption.
Additionally, spintronics has the added benefit of being less susceptible to
external magnetic fields, thereby reducing the likelihood of data corruption.

In addition, due to the nonvolatile characteristic of spintronics-based
memory, the start-up time will be short, and frequently used applications or
files can be accessed easily.

Main trends in writing time and energy aspects associated with the basic
phenomena in nonvolatile, spin-based magnetic memory with high endurance
are described in terms of performance standards. These guiding principles
contain important information concerning possible optimisation of energy
consumption and speed for spintronic devices. Also, the fact that the spin-
based memories can store information even when there is no power supply
makes them quite reliable, especially in applications requiring stringent data
accuracy. In magnetic devices, the most critical consideration is between
perpendicular magnetic anisotropy (PMA) (Honolka et al., 2012) and in-plane
magnetic anisotropy (IMA) (Zhang, 2000). PMA is superior in some aspects
compared to IMA, including faster performance and lower energy
consumption. On the other hand, the IMA device is likely to be slower and
consume more energy. Compared with the in-plane magnetic anisotropy
devices, such as spin-diffusion writing and SHE memory (Liu et al., 2022),
the first one has the benefit of demonstrating low power consumption.
Furthermore, spin-diffusion writing and SHE memory have been identified as
providing faster data processing than those supplied in MAG anisotropy
devices. This makes them less energy-intensive, which is beneficial for
applications that require extended periods of use or operate on battery power.
These are suitable in cases where vast amounts of information need to be
processed within the shortest time possible, for example, in computational
time. Additionally, their speed is still attributed to the fact that attaining the
overdrive condition is relatively easy compared to the critical current. Here,
the term “SHE” encompasses a wide range of spin-orbit torque and not just
bulk spin-orbit. Moreover, the high variability of SHE means that it is easier
to incorporate other materials and structures into the system, which extends
the possibilities of adjusting devices for specific application needs.
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Domain wall (DW) memories (Kumar et al., 2022) are expected to operate
with comparatively low energy, as they are designed to toggle at considerably
lower driving currents. This is because DW memories utilise the movement of
magnetic domain walls to store and retrieve data, resulting in reduced power
consumption. Furthermore, DW memories can maintain data even when
power is off, making them energy-efficient and suitable for portable structures
or devices, as well as systems that are sometimes powered down. Remember
that the domain wall devices under consideration herein include a domain wall
motion that spans only one RAM cell. Thus, incorporating domain wall
motion into a single cell of RAM results in faster data access than with other
conventional RAM technologies. Moreover, due to the scalability of domain
wall devices, their future use in new-generation memory applications with
enhanced capacity and functionality is credible. Unlike the RAM, racetrack
memory (Gu et al., 2022) is a serial memory device in which a domain wall
passes over different positions containing bits (Fert and Van Dau, 2019;
Puebla et al., 2020). Compared to RAM, racetrack memory lacks random-
access ability. However, it holds promise for a promising future memory
technology, offering higher storage density and superior read-write operation
capabilities. Despite being different from other types of memory, it has several
advantages, including the flexibility of data access and the potential for further
utilisation. It can become the most interesting candidate for the role of the
next-generation memory.

This is true because magnetoelectric (ME) memories depend on capacitor
charging rather than torque created by current, and therefore cost the least
amount of energy out of all the types considered here. In comparison to other
data storage techniques, ME memories are also nonvolatile, meaning they can
store data even in the event of a momentary power failure. They are therefore
ideal for use in scenarios that demand quick access to data and operating
environments, such as in mobile devices and data centres. Switching speed
may be slightly worse, depending on the value of the ME field. However, it is
worth mentioning that only spin-transfer torque (STT) memories are currently
available on the market (Fert and Van Dau, 2019; Puebla et al., 2020; Wong
and Salahuddin et al., 2015). The ME memories include STT memories, which
have now been liked due to their low power consumption and nonvolatile
nature. They are packaged to provide dependable and effective solutions for
various uses, such as mobile devices and data centres. Moreover, recent
research is being conducted to enhance the switching speed of MRAMs,
thereby improving their performance. The remaining ones are at different
levels of investigation and development, with ME memories being at the
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lowest level. Switching speed can be slightly slower, depending on the value
of the ME field. It is also worth noting that only spin-transfer torque (STT)
memories are currently available commercially. The switching speed may be
slower than that and depends on the value set in the ME field. The remaining
ones are at different stages of research and development, where ME memories
have yet to undergo a considerable level of research.

Notably, MTJ (Samanta et al., 2024) structures can be considered the
origin of most studies and new developments in memory technology. These
structures offer prospects for higher switch rates and a desirable power
consumption profile as compared to STT memories. Additionally, further
exploration is conducted to determine the optimal value of the ME field for
achieving higher density ME memories. MTJ structure consists of a free layer,
which is a ferromagnetic material, and a fixed layer, which is also a
ferromagnetic material separated by an oxide barrier layer. While the
orientation of the magnetisation in the free layer can be altered by applying an
external magnetic field, the orientation of the magnetisation in the pinned layer
remains constant. The tunnelling barrier allows electrons to tunnel from one
layer to another, and this change in resistance is used for information storage.
The distinctive style of design enables the introduction of nonvolatile memory,
thereby mitigating all the other biases that point to its high stability and
scalability prospects. The operation of reading is based on the property known
as tunnelling magnetoresistance (TMR), in which a low resistance current is
formed when there is a parallel magnetisation state and a high resistance
current when there is an anti-parallel magnetisation state. TMR depends on
magnetisation in the two layers of material of the spin valve.

In particular, the increase of the TMR is achieved when MgO is applied
as the tunnelling barrier material. The tunnelling barrier is enhanced by MgO,
resulting in a higher TMR due to improved electron transport in the layers.
This raised tunnel magnetoresistance ratio (TMR) enables the efficient and
accurate reading of data recorded in the memory device. The real-world
applicability provided by this unique design may also shape its prospects for
enhancing memory technology, particularly in applications involving large
databases.

While using the spin transfer torque to write data, a horizontal
magnetisation flipping has been achieved, allowing the fabrication of
perpendicular MTJ through the extraction of the ferromagnetic layers. The
development of reduced spin-transfer torque technology opened up the
possibility of further improving the performance and energy efficiency of
memory devices. This is important because it aligns the ferromagnetic layers
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perpendicular to each other, resulting in a faster and more reliable data writing
method than any other, which makes it very suitable for military high-density
storage applications. The heat resistance and spatial scalability of the MTJ
structures were a concern. Still, the inherent disadvantage of writing, even
after that performance gain of the MT]J structure, is the structure of the MTJ
itself. The limitation is that to reverse the magnetisation, a high current density
is required, which may lead to increased power consumption and device wear.
Consequently, further research is needed to shed more light on this issue and
to enhance writing in MTJ structures without compromising high-
performance efficiency. The MTJ must remain passive while the spin transfer
torque action proceeds and shapes a magnetic profile.

Another critical point is that during this incubation time, which the MTJ
requires to delay magnetising itself in other directions, it means slower overall
efficiency during the writing process. Therefore, it is beneficial for the MTJ
to create the means that will reduce this incubation time and increase the
magnetisation switching rate. As mentioned, it is challenging to quantify
writing times less than 10 ns: while the write time is a variable that can be
controlled, the incubation time is not, and heat agitation is. Employing
advanced materials with greater thermal stability allows for the minimisation
of incubation time, as well as enhancement of magnetisation switching rates
in structures based on MTJ technology. Perhaps, one can write more quickly
by using materials that can absorb more heat, and that is indeed the key to the
matter. Another potential for reducing the incubation time and enhancing
performance can be observed in the improvement of design and fabrication
technology for MTIJ structures. Today, spin-transfer torque STT starts
operating after some time, in the course of writing, and there is an incubation
period for the MTJ. Stability and scale of the MTJ structures in temperature
and space have therefore been improved. Due to this outcome, the Spin-based
MT]J structures also had the opportunity to enhance the thermal stability and
spatial scalability of the structures. However, the MTJ structure has a ‘built-
in” problem in the writing process, even where overall performance has been
doubled.

Eventually, the relatively slow writing speed becomes a problem for low
operation power. The time required to achieve the correct magnetic state is a
limitation in the writing process for the MTJ. Hence, attempts are being made
to fine-tune the writing speed of the MTJ structure to eliminate this weakness,
and its efficient low-power operation will be achieved. This problem can be
addressed through redesign from a perpendicularly oriented magnetisation,
which reduces the MTJ write necessary time to insert a desired magnetic state,
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thus making it possible to operate at a faster speed; however, in-plane
magnetisation is not without challenges, especially in the case of STT-MRAM
technology, so more study is required in this area. Rapid switching requires
high currents to be passed across an MTJ’s thin oxide barrier, which increases
the rate of ageing in the barrier and thus causes reliability issues. Additionally,
the high current flowing through the thin oxide barrier also causes excessive
heat generation, resulting in thermal instability in the MTJ. Moreover, if in-
plane magnetisation is accommodated, it would require optimisation of
material properties and device design to enable efficient and reliable
operation, which would be continuously ongoing through research and
development programs. The other possibility could be by employing spin
conversion and the SOT switching mechanism to solve the problems faced.
Thus, if one harvests the spin conversion and the SOT switching mechanism,
then the challenges of MTJs, as mentioned above, due to excessive heat
generation and issues of thermal stability, can be addressed. This may become
a more efficient and reliable alternative solution for future research and
development in this domain. Significant progress in the design and working
mechanism of MTJ structures was made possible by spin conversion. Spin
conversion has enabled the development of more efficient and reliable MTJ
structures, resulting in enhanced performance in various electronic devices.
Furthermore, the understanding of spin conversion has paved the way for
further research and innovation in the field of spintronics, promising even
more exciting advancements in the future. Unlike traditional MTJ devices, in
MT]J structures under spin conversion, the charge current does not have to pass
through a high-resistive tunnelling barrier (Puebla et al., 2020). This allows
for faster and more efficient data transfer, making spin conversion MTJ
structures highly desirable for applications such as magnetic random-access
memory (MRAM) and magnetic sensors. Additionally, the elimination of the
high-resistive tunnelling barrier reduces power consumption, making these
devices more energy-efficient and environmentally friendly. Consequently,
sub-ns magnetisation switching can occur, enabling rapid writing at low
incident power. Furthermore, the use of spin conversion MTJ structures in
MRAM and magnetic sensors also enhances their durability and reliability
(Puebla et al., 2020). The elimination of the high-resistive tunnelling barrier
minimises the risk of data corruption or loss, ensuring long-term data storage
and accurate sensing capabilities.

A new class of Spintronic devices, known as spin-orbitronics (Han et al.,
2018), exploits a conversion from spin to charge due to spin-orbit coupling
(SOC). Devices based on spin-orbitronics offer vast opportunities for realising
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applications in data storage, logic circuits, and power-efficient computing.
These devices operate by exploiting the effect of SOC, thus running faster and
more energy efficiently than traditional electronics. On the other hand, spin-
orbitronics also enables new functionalities, such as nonvolatile memory and
logic operations based on spin. Research and development in this area are
critical to unlock the potential of spin-orbitronics technology. For bulk
systems, the spin Hall effect was first proposed in the early days of research.
It starts an opposing spin-dependent trajectory for opposite spin states. The
early experiments succeeded in the observation of spin conversion caused by
the spin Hall effect in GaAs or Pt (Puebla et al., 2020). The successes of STT
from heavy materials like Pt, W, or Ta in creating magnetic heterostructures
have proven the utility of the spin Hall effect in spin manipulation (Puebla et
al., 2020). This eventually led to the realisation of SOT devices, exploiting the
spin-Hall effect to steer the magnetisation direction in nanoscale magnetic
structures. SOT devices have shown great promise for applications in
nonvolatile magnetic memory and spin-based logic devices, paving the way
for further advancements in spin-orbitronics technology. On the other hand,
spin texture interfaces provide an extra spin conversion mechanism. In bulk
systems, interfaces such as Rashba interfaces and topological insulators
exhibit spin conversion efficiencies that are comparable to or superior to those
of the SHE. These spin texture interfaces offer potential advantages in terms
of energy efficiency and reduced power consumption. Additionally, their
compatibility with existing semiconductor technology makes them a
promising candidate for integration into future electronic devices.

Even though the spin conversion MTJ has its benefits, we face challenges
in some problems, such as the assistance field for magnetisation switching and
the comparatively large device sizes. It may be a challenge to resolve the issue
concerning the assistance field required for magnetisation switching in spin
conversion MTJs. The presence of this additional field may increase the
device’s complexity and power consumption. In addition, these devices’
relatively large size may make it harder to place them within even smaller
electronic systems, which would represent yet another challenge to their
general adoption. Remarkably, new research offers substitutes that do not
require the auxiliary field by utilising the spin-polarised current produced by
two-dimensional systems or two-terminal spin-orbit torque memory
arrangements. All of these options present a possible solution because they
lower power consumption and the complexity of devices and avoid an
additional field. Furthermore, they have a smaller size and hence, are easier to
incorporate into a wide range of electronic devices. Thirdly, spin conversion
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aims at reducing the switching energy. A hybridisation of anisotropy with
voltage-controlled magnetisation was considered to be an effective method of
lowering switching power, according to a recent work published (Weiler et al.,
2009). The designed approach presents an efficient way of reducing the
switching power down to the required level through the benefits of anisotropy
combined with voltage-controlled magnetisation. This method can further
enhance the efficiency and functionality of electronic devices, making it a
promising field for research and development in spin conversion technology.
The capabilities of ferrimagnet-based materials, which improve spin torque
efficiency and effective spin conversion in highly conductive materials, open
up interesting opportunities for low-power spin manipulation.

However, ferrimagnets introduced into spin conversion technology will
open channels for use in high-tech applications, especially in magnetic
memory and even in spin-based logic circuits. Because of this mode of
advancement, computing systems could be faster and even more energy-
efficient, which can revolutionise the world of electronics. An alternative
suggestion for further increasing data density while maintaining thermal
stability is to investigate domain walls (DW) in three-dimensional nanowire
configurations, rather than the two-dimensional operation seen in existing
MRAM technology. By investigating domain walls in three-dimensional
nanowire structures (Skoric et al., 2022), researchers have a compelling reason
to increase their data density, as additional space is available for data storage
within these domains. It also leads to improved thermal stability since the extra
dimension can serve as a means for more accurate control and manipulation
of the domain walls. We refer to this new idea as racetrack memory. The
current-induced domain wall motion records a memory bit corresponding to a
magnetic domain in racetrack memory. The current-induced domain wall
motion enables fast and efficient data transfer within the racetrack memory.
Additionally, the use of three-dimensional nanowire arrangements in racetrack
memory has the potential to overcome some of the limitations of traditional
two-dimensional. MRAM technology is susceptible to magnetic field
interference. A minimal incident current and quick domain wall movement are
required to establish an effective racetrack memory. An improvement in the
material properties and design of the nanowires could minimise the resistance
and maximise the efficiency of current-induced domain wall motion. New
techniques, including spin-orbit torque and Skyrmions, are also being
explored to increase the performance and reliability of racetrack memory.
Combining the DMI (Robert et al., 2023) mechanism with an
antiferromagnetic arrangement significantly increases the velocity of domain
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wall motion, according to a more recent publication. Such a mixture enables
faster and more stable propagation of domain walls, thus offering greater
promise for the benefit of racetrack memory technology. Other approaches
focus on reducing racetrack memory power consumption, for example, by
discovering new materials with a smaller resistivity and by using the latest
fabrication techniques such as self-assembly and bottom-up synthesis.
Although exciting, the intrinsic randomness of the motion of perpendicularly
aligned magnetic layers under a moderate driving force, caused by the creep
of domain walls, constitutes a hurdle to achieving racetrack memory.
Randomness in the motion of the domain walls due to creep may be a source
of error in data storage and retrieval, thereby reducing the reliability of
racetrack memory. Hence, further study should be conducted to understand
and control this stochastic behaviour, utilising more sophisticated algorithms
for advanced control or exploring new magnetic materials with higher
stability. New observations of high-speed domain wall motion in ferrimagnets
have proved promising. Rapid motion of ferrimagnetic domain walls has
displayed characteristics that should be worthy of being used as an alternative
that may remedy the stochastic behaviour discovered in racetrack memory.
The racetrack memory system might therefore produce an increase in the
reliability and stability of data storage and retrieval if this mechanism is
explored and exploited. Furthermore, magnetic Skyrmions generated by DMI
are emerging as an exciting path due to their comparable working mechanism,
lower critical energy for motion, and other fascinating functions, including
spin Hall-like driving dynamics. These magnetic Skyrmions have shown great
potential in overcoming the limitations of traditional racetrack memory
systems. They offer a more efficient and reliable method of storing and
retrieving data, thanks to their unique working mechanism and minimised
energy requirement for motion. Additionally, their spin Hall-like driving
dynamics offer new avenues for further development in racetrack memory
technology.

Conclusion

Energy harvesting using spin information and energy-efficient storage devices
has significantly advanced over the past decade, enabling more efficient and
sustainable energy generation and storage solutions. However, there are still
challenges to overcome, such as the Walker breakdown, a driving force
threshold that affects the internal magnetisation of the domain wall. Spin
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current injection can provide additional energy to the domain wall, thereby
increasing its velocity. Advancements in materials engineering and
nanofabrication techniques are crucial for optimising the stability and
controllability of magnetic domains for reliable data storage. The Spin Hall
Effect, where an electric current generates a spin current, is being investigated
in spintronic memory devices. This effect leverages the spin-orbit coupling of
electrons, allowing the electron spins to be controlled without influencing
them, using an external magnetic field. Spin-orbitronics can serve as a basis
for the development of new generations of memory devices that offer high
speed, energy efficiency, and storage capacity compared to modern
equipment. Contemporary spintronics-based storage devices are the Spin-
transfer torque magnetic random-access memory (STT-MRAM). Spintronics
devices require perpendicular magnetic anisotropy for stable data storage, and
domain wall memory has the potential for scalability and energy efficiency.
Spin-orbit torque devices operate based on the spin-orbit coupling effect to
control magnetisation for efficient switching between magnetic states in data
storage. DMI with an antiferromagnet helps to stabilise chiral magnetic
textures, which have potential for spintronics given their stable manipulation
of data. Magnetic anisotropy energy barrier control is possible through voltage
control, which makes spintronic devices more energy-efficient and faster for
data storage. Antiferromagnets, unlike ferromagnets, have exchange
interactions that shield domain walls and raise the Walker-breakdown field to
values outside of the disturbance zone. Nanofabrication techniques enable
precise manipulation of antiferromagnetic materials, allowing for devices with
enhanced stability and controllability of magnetic domains. This high-speed
operation limit makes antiferromagnets promising candidates for next-
generation spintronic devices, where fast and efficient data processing is
crucial. Antiferromagnets exhibit intriguing spin-orbit phenomena, such as the
magnetically controlled spin Hall effect, which facilitates easier control
operations. They are also immune to external magnetic fields, making them
suitable for applications in harsh environments or high-performance
computing systems where magnetic field fluctuations can be a concern.
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Abstract

In the 21% century, the optimal use of energy and the promotion of energy
conservation and management remain pressing issues in our society. The
existence of fossil fuels is decreasing day by day. Therefore, we are
turning our attention either towards non-conventional sources of energy
or the optimal use of electricity. The motion-triggered automated light
turns on when it detects motion using the ultrasonic sensor. It is
commonly used for staircases, washrooms, and outdoor areas, to switch
on lights automatically once it detects the motion of a human being. It
measures the distance to an object by emitting ultrasonic sound waves
and detecting the object’s presence. In this chapter, an attempt has been
made to incorporate an ultrasonic sensor within the streetlights at the
airport runway to detect the motion of the Airbus as it passes by. When
the Airbus passes through, the sensor will detect its presence from a
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certain distance, and the nearby lights will glow. Thus, the condition of
the Runway will be visible to the pilot, even if there is no need to switch
on all the lights of that Runway during the evening. The glowing of light
is controlled by the 5V relay, which is connected to the Arduino Uno.
This measure will help develop an optimised use of energy for
sustainable development and the conservation of electrical energy.

Keywords: energy conservation, ultrasonic sensor, streetlights, airport
runway, Arduino UNO

Introduction

Airports are among the largest consumers of energy, with runway lighting
systems playing a crucial role in ensuring safe takeoff, landing, and taxiing
operations. However, traditional lighting systems operate continuously,
resulting in excessive energy consumption and increased operational costs. As
global efforts toward sustainability and energy efficiency increase, there is a
growing need for intelligent solutions that optimise resource usage without
compromising safety. The number of Airbus aircraft is rising every day as we
opt for air travel as the most convenient mode of transportation. In this regard,
there is a possibility of air traffic congestion at the Runway. There could also
be an intrusion in the Runway. The most critical sense of intrusion is the
takeoff crossing. In this situation, the speed of the takeoff aircraft is increasing,
and it conflicts with another crossing aircraft; there is a great possibility that a
serious collision will happen. The Runway Status Lights (RWSL) system is
an independent operating system that automatically controls field lights using
information about the location of the field’s active targets. The RWSL system
leverages traffic situation information from the field and terminal area, which
is gathered through multi-point positioning, field surveillance radar, and
approach radar, to identify the presence and movement patterns of aircraft and
ground vehicles on the Runway and in its vicinity. It assesses the current safety
status of the Runway by integrating this data with established runway
operation protocols. (Weidong Liu, 2021). The Runway Status Light System
is the most efficient method for preventing runway incursions, utilising red
lights to provide pilots with a direct alert regarding runway conditions. The
reliability and availability of the system are closely related to the quality of
the traffic surveillance data. Under certain surveillance conditions, whether
the pilot can take actions to avoid collisions is related to whether the system
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can illuminate the light in a timely and correct manner. If it is unsafe to enter
or cross the Runway, the system will activate the red Runway Entry Lights
(REL). If the aircraft on the Runway should not take off or land, the system
will turn on the red Takeoff-Hold Lights (THL). When the Runway is safe,
the system will automatically turn off all the lights. (W. Li,2020). When a
takeoff-crossing conflict occurs, depending on the traffic situation, either the
takeoff aircraft or the crossing one needs to take action to avoid a collision.
Currently, most airports in the country rely on manual means for pilots to
obtain the traffic situation. Alternatively, pilots can receive alerting
information from controllers at airports that have a controller-warned alerting
system. A motion-triggered intelligent lighting system presents a viable
approach to reducing unnecessary energy expenditure on airport runways. By
integrating motion detection sensors, automated controls, and adaptive
illumination techniques, such a system can ensure that lights are activated only
when necessary. Several studies have explored energy-efficient lighting in
various sectors, demonstrating that sensor-based control mechanisms can
significantly reduce power consumption while maintaining functionality
(Smith et al., 2020; Chen & Zhao, 2021).

In this paper, an attempt has been made to turn on the nearby lights of the
aircraft for clear visibility of the Runway. Not all the lights will glow
constantly to conserve energy. The global energy landscape is continually
changing due to environmental degradation (X. Chang, 2021). Improving the
energy structure and energy consumption pattern has become an international
problem. The system utilizes advanced motion sensors and real-time data
processing to adjust runway illumination in response to aircraft movement
dynamically. In this project, reducing energy consumption is also a key
consideration, as sustainable energy development is a global challenge today.
A motion-triggered automatic lighting system is developed. The system
detects motion using ultrasonic sensors and controls the illumination of an
LED or a light bulb. When the aircraft flies through a particular area, the lights
in the vicinity will glow, making the Runway visible to the pilot. The
sustainable use of energy is also a key factor. When any aircraft passes by,
only the lights will glow; otherwise, they will not glow. The consumption of
energy could be minimised here. Lian Chi et al., (Lian Chi, 2020) evaluate and
conduct a comprehensive study on the background, concept, and technical
framework of EI, while also addressing the practical application of EI in
industrial parks. D. Menniti et. al (D. Menniti, 2018), Chencho Dema et. al.
(C. Dema, 2024) built a prototype of an intelligent traffic control system for
traffic control employing an Al camera and a ToF (Time-of-Flight) sensor.
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The Al camera detects people waiting at a pedestrian crossing and counts the
number of them. The ToF sensor detects vehicles stopping at the intersection.
Based on the number of people waiting and the detection of cars, traffic and
pedestrian lights are controlled.

Method of Approach

In this paper, a motion-triggered automatic light system is introduced. The
proposed system utilises an Arduino UNO microcontroller for automatic on-
off control of the light. The system detects motion using ultrasonic sensors,
specifically the HC-SR04. High-frequency sound waves are emitted, and the
ultrasonic sensor measures how long it takes for the sound to return to the
sensor. The sensor uses the speed of sound and the return time to determine
the distance between the object and itself.

Power Supply|

Arduino UNO
Microcontroller 5V Relay Module LED Light

P T vﬂlll'll‘ (P_

Figure 2. Circuit diagram of the proposed automatic lighting system.
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Figure 1 shows the block diagram of the proposed system. Initially, the
object is sensed by an Ultrasonic sensor, HC-SR04, which operates at a radius
of 25 cm. The sensor’s output is then fed to the Arduino UNO Microcontroller,
which operates within a 3.5-5V DC range. The output signal of the Arduino is
fed to the 5V relay module. As soon as the relay is fed a voltage signal, it gets
energised, and thus the bulb connected to the system glows. The whole system
will be in working condition if the power supply is switched on.

Experimental Result

This project aims to automatically turn lights on or off in a room by detecting
movement. Reducing the amount of energy is also a consideration. The project
is complete and has been successfully installed in the corridor, where it works
perfectly. It can detect any moving object or the movement of a human being
at a radius of around 0-90°. The advantage of using an ultrasonic sensor over
a PIR sensor is that the ultrasonic sensor continuously senses the signal, and
the bulb remains lit even if movement stops within its working radius.
However, the PIR sensor senses the movement, but it does not hold the signal
until the object passes by.

Figure 3. Experimental result.

One of the key advantages of MTILS is its potential to minimise energy
waste. Studies have shown that adaptive lighting systems can reduce
electricity consumption by up to 50%—70% compared to conventional always-
on lighting (Zhao et al., 2021). By integrating motion sensors and smart
controllers, airport lighting can function only when necessary, contributing to
a more sustainable aviation infrastructure. Additionally, the use of LED-based
lighting with dimming capabilities can further enhance efficiency, as LEDs
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consume less power and have longer lifespans than traditional halogen or
high-intensity discharge (HID) lamps.

A significant concern in airport lighting automation is maintaining the
highest safety standards. The proposed MTILS must ensure that lights are
activated with sufficient lead time to accommodate aircraft takeoff, landing,
and taxiing operations. Advanced infrared (IR) and radar-based motion
sensors can be deployed to detect aircraft movement even in adverse weather
conditions, ensuring that lighting is never compromised. Additionally, a
hybrid lighting mode, where runway lights remain dimmed rather than
completely off, can provide continuous visibility while still achieving energy
savings.
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Figure 4. Experimental result on angular position vs. response time.

The experimental result in Figure 4 is plotted on the Excel sheet, showing
the angular position of the object versus the system’s response time. The
angular position of the object is measured from 0 ° to 90 °. It is observed that
the response time decreases as the object approaches the perpendicular
position of the system. Similarly, the experimental result in Figure 5 is plotted
on an Excel sheet, showing the distance of the object versus the response time
of the system. The distance of the object is taken from 20 to 100 cm. It is
observed that the response time decreases as the object approaches the system
more closely.
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Figure 5. Experimental result on distance vs. response time.

Technology Integration and Implementation Challenges

The integration of motion-triggered lighting with existing Airport Lighting
Control and Monitoring Systems (ALCMS) requires seamless compatibility
with airport infrastructure. Key challenges include:

Sensor Accuracy and False Triggers — High-precision motion
detection technology is necessary to prevent unnecessary activation
caused by environmental factors such as wildlife movement or
weather disturbances.

Regulatory Compliance — International aviation authorities, such as
the Federal Aviation Administration (FAA) and the International
Civil Aviation Organization (ICAO), have stringent lighting
requirements that must be met for safe operations. Any changes to
lighting protocols must be aligned with these standards.

Initial Cost vs. Long-Term Savings — Although the upfront investment
in sensor-based lighting may be substantial, the long-term energy
savings and reduced maintenance costs can justify the expenditure.
Financial models and case studies from other energy-efficient airport
projects can help quantify the return on investment (ROI).
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Discussion

The implementation of a Motion Triggered Intelligent Lighting System
(MTILS) in airport runways presents a promising solution to enhance energy
efficiency while maintaining operational safety. Traditional runway lighting
systems operate continuously, consuming a significant amount of energy
regardless of actual usage. By contrast, MTILS introduces a dynamic approach
in which lighting is activated only when aircraft movement is detected,
resulting in substantial energy savings and reduced maintenance costs.

In this project, a prototype of the system is prepared. The cost of a
prototype with a single bulb attached is around INR 75, which is very nominal.
More than one blub could be connected with a single sensor. In that case, the
cost will be slightly reduced. The actual cost of the system will depend on the
area of the particular Runway where it is to be installed. Here, the ultrasonic
sensor is used instead of a PIR sensor. If any Airbus is at a standstill condition
due to heavy traffic congestion, the light will still glow because of the use of
an ultrasonic sensor; thus, the Runway will be visible to the pilot. By
implementing this approach, airports can achieve substantial energy savings,
lower maintenance costs, and contribute to global sustainability goals. The
following sections will discuss the system’s design, technological framework,
energy-saving potential, and feasibility for large-scale integration at airports.

Future Prospects and Scalability

As airports worldwide prioritise carbon neutrality and energy conservation,
MTILS can serve as a foundational technology for future advancements in
smart airport infrastructure. The incorporation of Artificial Intelligence (AI)
and IoT-based predictive analytics can further enhance system efficiency by
anticipating aircraft movement patterns and adjusting lighting preemptively.
Additionally, renewable energy sources such as solar-powered LED runway
lights can complement motion-triggered systems, further enhancing the
sustainability of airport operations.
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Abstract

In industries such as urban planning, agriculture, disaster relief, banking,
and defence, satellite image segmentation is crucial. This essay examines
the latest developments in this area and provides a comprehensive
analysis of various approaches. This work intends to provide important
insights into how satellite images are evaluated to enhance sustainable
decision-making by comprehending the segmentation algorithms used.
Because it enables the precise monitoring of environmental changes, the
optimisation of resource allocation, and a reduction in ecological
footprints, satellite imaging is essential for advancing sustainability.
Advanced segmentation techniques support responsible ecological
stewardship by monitoring deforestation, identifying patterns of climate
change, ensuring effective water use, and facilitating precision
agriculture. This study will help academics and practitioners select
suitable approaches that strike a balance between accuracy and
environmental impact by incorporating sustainability factors. The
ultimate goal is to enhance decision-making across various areas,
including climate-resilient disaster response, eco-friendly financial
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planning, sustainable urban development, defensive strategies, and
resource-efficient agricultural production. Our mission is to promote the
responsible and effective use of satellite imagery, contributing to a more
sustainable future. We can develop well-informed, data-driven plans that
promote environmental preservation, effective resource management,
and long-term resilience across a variety of businesses by utilising
cutting-edge satellite image segmentation techniques with an emphasis
on sustainability.

Keywords: satellite image segmentation, advancements, methodologies,
analysis, results, application

Introduction

Segmentation of satellite images is a crucial step in extracting valuable
insights from the vast amounts of data captured by satellites as they orbit the
Earth. These orbiting sentinels offer a bird’s-eye view of our planet, capturing
intricate details of its surface, ranging from natural landscapes to human-made
infrastructure. However, extracting meaningful information from these images
is a challenging task owing to the volume and complexity of the data involved.

Traditionally, segmentation techniques relied on rule-based and hand-
crafted algorithms, which found it difficult to cope with the diverse and
dynamic nature of satellite imagery. These early methods often fell short in
capturing the complex patterns and structures present in the images, which
limited their utility in real-world applications. However, the emergence of
remote sensing applications marked a significant paradigm shift in the field,
spurring the adoption of more advanced image analysis techniques.

The introduction of machine learning and deep learning algorithms has
emerged as a game-changer in satellite image analysis. Convolutional Neural
Networks (CNNs), in particular, revolutionised image analysis tasks by
effectively extracting hierarchical features from images. CNNs excel at
identifying subtle structures and patterns in satellite imagery, making them
well-suited for tasks such as land cover classification, object detection, and
semantic Segmentation. Semantic Segmentation, a technique enabled by
CNNs, has become a cornerstone in satellite image analysis. This approach
involves categorising each pixel in an image, allowing for detailed
classification of land use patterns, land cover types, and other features. The
granularity provided by semantic Segmentation makes it easier to comprehend
Earth’s surface dynamics. It enables a wide range of applications across
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various domains, including wurban landscape planning, agricultural
management, environmental monitoring, and disaster management.

Moreover, advancements in transfer learning and domain adaptation have
further boosted the evolution of satellite image segmentation algorithms.
Transfer learning leverages models that come pre-trained on large datasets to
increase performance on tasks with limited training data, a common challenge
in satellite imagery analysis. Domain adaptation techniques enable models to
adapt effectively to various datasets, enhancing their generalisation capability
across diverse satellite imagery.

Despite these advancements, satellite image segmentation still faces
formidable challenges. Variability in image resolution, complex landscapes,
and atmospheric conditions poses hurdles to achieving accurate and reliable
segmentation results. Furthermore, ensuring that deep learning models are
transparent and interpretable remains a pressing concern, especially in
applications where decisions based on segmentation results have significant
societal implications.

In conclusion, a new era of satellite image analysis has been ushered in by
the convergence of deep learning techniques with the increasing abundance of
satellite imagery data. Continuous advancements in segmentation algorithms
hold the promise of unlocking invaluable insights into our planet’s dynamics
and informing evidence-based decision-making across various sectors.
However, addressing the remaining challenges in satellite image segmentation
will be imperative to fully harness the transformative potential of satellite
imagery for scientific, environmental, and societal applications.

A Comparative Overview

In this section, we compare various methods of satellite segmentation and
examine the advancements made in this field, particularly in terms of
application areas and efficiency figures.

T-Clustering Self-Organising Map-Based Technique

The self-organising map [1] and threshold technique work in tandem to

complete the segmentation process. The Self-Organising Map is a technique
that falls under the category of artificial neural networks. It recognises patterns
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and translates them into responses from a two-dimensional neuron array,
regardless of the pattern’s dimensions. One of the main characteristics of
SOM, the neighbourhood relations of the input pattern, are preserved with the
aid of the feature map. After SOM is completed, the threshold is used to reduce
over-segmentation and eliminate small clusters. These two techniques must
work together to complete the entire process. To arrange the pixels in various
groups, the SOM first receives the satellite image. The ultimate number of
cluster centres is then determined from the arranged pixels using the T-Cluster
technique. The problems of over- and under-segmentation, which the SOM
generates, are handled separately by the TSOM. Segmentation is an essential
stage in image processing. This model, which utilises SOM and T-Cluster
Segmentation in sequence for satellite image processing, was developed due
to the lack of unsupervised neural network techniques. The threshold value
and number of iterations are used to compute the efficiency of the given
selected process. However, individual values can be easily determined for
each image, and these values can be used further in segmenting the next set of
images.

Decision Tree, SVM, and K-NN Based Technique

This technique is based on the use of algorithms such as Decision Tree, KNN
(K-Nearest Neighbour), and SVM (Support Vector Machine) [2]. The KNN
algorithm, commonly referred to as the Nearest Neighbour Algorithm, is a
machine learning technique that categorizes objects into groups based on the
nearest training instances in the feature space. The label is used to group
instances according to the closest training instances in the feature space. The
label of the unlabeled data point is assigned through the classification
procedure based on its k-nearest neighbours. Using the divide-and-conquer
strategy, the decision tree classifier serves as an inductive learning technique
in machine learning, creating a classification tree from a training set of data or
samples. Selecting high-resolution and low-resolution photos for
categorisation is the first step in the procedure. Following that, neighbourhood
pixel correlation is used to segment these images. Seventy per cent of all pixels
are chosen in the subsequent step of classification data selection to produce
accurate classification outcomes. Two methods are used in this process, KNN
and SVM, which require the choice of numerous parameters to run. Lastly, the
ground-level truth data is compared to the segmented images to get the
accuracy result. In conclusion, KNN, SVM, and decision tree data mining
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algorithms are used to classify the input images. The accuracy in the SVM
method is higher than that of the KNN and Decision Tree algorithms. High-
resolution images achieve an accuracy of 78.60%, while low-resolution
images achieve an accuracy of 82.34%, respectively. The kappa coefficient in
the SVM method is relatively higher than in the other two methods.

Attention Dilation-LinkNet (AD-LinkNet) Neural
Network-Based Technique

To accomplish semantic Segmentation, Attention Dilation-LinkNet [3] is an
integration of an encoder-decoder structure, a channel-wise attention process,
a dilated convolution in a series-parallel combination, and an encoder that was
previously trained. Dilated convolution in a series—parallel combination
broadens the receptive field and creates multiscale properties for objects that
have multiple scales, such as a little pool and a long-span road. Building on
the prior D-LinkNet34, AD LinkNet is a neural network that combines the
benefits of several networks. To produce a more comprehensive semantic
segmentation network, AD-LinkNet incorporates an attention mechanism and
dilated convolution in a series-parallel combination within the network. A
structure that is a series-parallel combination is also produced by the residual
network’s “parallel expansion”[4] properties and the dilated convolution
formed by using the shortcut connection. Parallel dilated convolution
structures enable a variety of convolutional structures. It then combines the
different branches of information through stacking, achieving multiscale
feature fusion. The depth of a branch in a parallel structure is the same, and
there is just a single convolution layer in each of them. The significance of
several efficient feature layers is first weighed, and then their usage is
enhanced. This is called the attention mechanism. To summarise, this model
utilises a loss function and network design to improve segmentation results.

Active Learning for Enhanced Semi-Supervised Semantic
Segmentation in Satellite Images Based Technique
Using the most representative and instructive examples of the data, active

learning labels [5] the unlabeled dataset according to a specific information
metric. A conditional Generative Adversarial Network (GAN) is employed,
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where the input is a randomly selected sample from a subset of images and
labels within the dataset. The sample is repeated using a sampling strategy
based on active learning to provide a more diverse collection of training data
that demonstrates a relative performance increase. The semi-supervised
semantic segmentation model could make better use of a representative set of
labelled data if active learning strategies were applied to choose a labelled and
informative data subset. To improve the semi-supervised semantic
segmentation performance in tasks used for land cover categorisation in
satellite images, this work provides a modelling strategy based on active
learning. Using coarse image classification-based active-learning algorithms,
pixel-by-pixel labeled samples are obtained and subsequently selected. A
semi-supervised semantic segmentation network helps obtain an appropriate
amount of initial data to learn suitable representatives, starting from the best
registered models. In a semi-supervised semantic segmentation network
prototype based on GAN, pool-based active learning methods were employed
to select the tagged pictures. The present study presents an innovative
approach that utilises sampling techniques based on active learning to enhance
the efficiency of semantic Segmentation using semi-supervised techniques in
the realm of land cover classification for satellite imagery. The key innovation
involves strategically selecting samples for pixel-wise labelling, guided by
active-learning strategies rooted in coarse image classification. The objective
is to provide an ideal set of labelled instances to the semi-supervised semantic
segmentation network, which will aid in the acquisition of essential
preliminary data for learning an appropriate representation. Implemented as a
prototype for a semi-supervised semantic segmentation network based on
GANs (Generative Adversarial Networks), our approach selects labelled
images through pool-based active learning strategies. Two distinct satellite
image datasets are used to demonstrate the method’s effectiveness, utilising
both quantitative metrics and qualitative assessments to highlight significant
performance improvements.

Graph-Based Segmentation Using MST-Based Technique

Graph-based Segmentation using Minimum Spanning Trees (MST) [6] is a
technique often used in satellite image analysis to divide images into various
classes that depend on the connectivity and similarity of pixels or superpixels.
One common approach within graph-based Segmentation for satellite images
is the use of Minimum Spanning Trees (MSTs) or Minimum Spanning Forests
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(MSFs). The satellite image is initially divided into smaller, perceptually
homogeneous regions, known as superpixels. Super pixels group together
pixels with similar features, such as colour, texture, and intensity. Various
algorithms, such as SLIC (Simple Linear Iterative Clustering) or
Felzenszwalb’s method, are commonly used for superpixel generation. Once
the super pixels are generated, a graph is constructed, where each node
represents a super pixel, and edges connect neighbouring super pixels. The
edges are weighted based on the dissimilarity between the features of the
connected superpixels. This dissimilarity can be calculated using colour
difference, texture features, spatial proximity, or a combination of these
factors. An MST (Minimum spanning tree) or MSF (Minimum Spanning
Forest) is then computed from the graph. The MST then connects all the nodes
(super pixels) with the minimum total edge weight.

On the other hand, in the case of a forest, multiple disjoint trees are
generated. The minimum spanning tree or forest is used to group the
superpixels into segments or clusters. This grouping is based on the
connectivity of super pixels in the tree or forest. Each segment corresponds to
a distinct region in the satellite image. The quality of the results is further
enhanced by applying a post-processing unit. This can include merging or
splitting segments based on criteria such as shape, size, or semantic
information.

Additionally, smoothing filters or morphological operations may be
applied to enhance the segmentation output. Graph-based segmentation
methods offer several benefits, including computational efficiency, the ability
to capture spatial coherence, and flexibility in incorporating various image
features. They are widely used in satellite image processing for tasks such as
object identification, change detection, urban planning, and land cover
categorization.

Fuzzy Clustering Using FCM-Fuzzy C-Means Based Technique

This Technique is based on Fuzzy Clustering using FCM-Fuzzy C-Means [7].
Fuzzy clustering in satellite image segmentation involves clustering pixels in
satellite images into several groups based on their similarity, with a degree of
uncertainty or fuzziness associated with each pixel’s membership to a
particular cluster. This method is beneficial when traditional methods, which
are often referred to as complex clustering methods, such as k-means
clustering, become insufficient due to the complex and overlapping nature of
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satellite image data. Satellite images are pre-processed to remove noise,
normalize intensities, and enhance features important for Segmentation. One
of the frequently used fuzzy clustering techniques for segmenting images is
FCM. It extends the K-means algorithm to allocate membership values to each
pixel for each cluster rather than assigning it exclusively to one cluster. In
FCM, each cluster has a membership value that is then assigned to every pixel
and used to represent the degree of belongingness, which in turn determines
the extent to which that pixel is part of each cluster. These membership values
are bounded between 0, which signifies no membership, and 1, which means
full membership.

The FCM algorithm iteratively optimises an objective function to
minimise the distance between the fuzzy membership values and the cluster
centroids, thereby enhancing the clustering result. This is typically done using
iterative optimisation techniques, such as gradient descent. Like K-means,
FCM requires initial cluster centre positions. These centres can be randomly
selected or initialised based on prior knowledge of the image. FCM also
effectively introduces a fuzziness parameter (m) which controls how fuzzily
the clustering procedure is done. Higher values of the fuzziness parameter
resulted in softer boundaries between clusters, allowing pixels to have higher
memberships in multiple clusters. Once the algorithm converges, each pixel is
assigned to the cluster with the highest membership value. This results in a
segmented image where each pixel has been assigned to a single or multiple
clusters with specific membership levels. To enhance the quality of the
segmented image, post-processing methods such as morphological operations
or spatial smoothing may be employed. Fuzzy clustering in satellite image
segmentation can give more robust results compared to traditional complex
clustering methods, particularly in scenarios where pixels may belong to
multiple land cover classes simultaneously or when there are gradual
transitions between different land cover types.

Mask R-CNN Segmentation Method for Satellite Imagery
Based Technique

Mask R-CNN, also known as Mask Region-based Convolutional Neural
Network [8], has been proven very effective in segmenting satellite images. It
is a deep learning model that combines the instance segmentation capabilities
of Mask R-CNN and fast R-CNN for object recognition, two well-liked deep
learning architectures. Regarding satellite image analysis, Mask R-CNN
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excels at precisely delineating objects of strategic value, such as roads,
buildings, vegetation, and water bodies, while also providing pixel-level
segmentation masks that outline the boundaries of these objects with
remarkable accuracy. The process begins with the input satellite image being
fed into the network, whereby a sequence of convolutional layers is applied to
extract hierarchical features at various scales. Afterwards, boxes that are more
likely to contain helpful information, known as region proposals—candidate
bounding boxes — are built with the help of these attributes. Next, the network
refines these proposals through regression of the bounding boxes and then
classifies them to localise and classify objects within the image accurately.
But Mask R-CNN stands out because it can give detailed Segmentation of
instances in addition to object detection. In this step, the network employs a
parallel branch to predict segmentation masks for each detected object,
assigning a binary mask to every pixel within the bounding box that indicates
whether it belongs to the object or the background. This fine-grained
Segmentation enables precise delineation of object boundaries, even in
complex and cluttered scenes commonly encountered in satellite imagery. The
process of training the Mask R-CNN typically involves a huge dataset
containing annotated satellite images, where each object of interest is
meticulously labelled with its corresponding class and segmentation mask.
Through an iterative process of backpropagation and optimisation, the
network learns to accurately predict object locations and segmentation masks,
gradually improving its performance over time. Once trained, Mask R-CNN
is deployed for many applications in satellite image analysis, including urban
planning, disaster response, environmental monitoring, and agricultural
assessment.

Shadowed C-Means-Based Satellite Image Segmentation Technique

The algorithmic and conceptual link between FCM, i.e., fuzzy c-means, and
RCM, i.e, rough c-means, is provided by shadowed c-means (SCM) [9], which
combines the strength of both methods. To achieve effective Segmentation
and visualisation, the Technique is especially well-suited for modelling and
grouping large data types, such as photographs. Two of the essential features
of the SCM [10] algorithm are its (i) ability to reduce the total number of
parameters that the users have fixed and (ii) stability in the face of outliers.
According to a threshold, the exclusion, shadow, and core regions are
automatically identified. The Davies—Bouldin (DB) clustering validity indices
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[11] and Xie-Beni (X) [12] are used to determine the most suitable number of
clusters (c). SCM technique offers an effective way to represent segments that
overlap in an image (such as satellite imagery) while addressing the
uncertainty and ambiguity present along the area borders organically. This
could be used as an instrument for improved visualisation and later image
analysis. SCM increases the algorithm’s robustness and dependability by
giving the core members the most weight during clustering. Using satellite
imagery, the SCM mapping can be utilised to efficiently classify several
overlapping land cover regions unsupervisedly. Certain regions, such as water,
concrete, and vegetation, occupy larger areas than others, such as roads and
bridges. It is a difficult task to automatically recognise clusters of such widely
different sizes efficiently. But in the end, it depends on the user to assess an
image’s suitability for a given application once it has been segmented for
visual interpretation. The algorithm’s performance is truly evaluated when a
synthetic image is created that overlaps between the regions and the known
pixel label. This makes it easier to determine how well the Segmentation
worked, thanks to accurate data from the ground. The homogeneity of the
regions was evaluated using the F-measure, along with DB [11] and X [12],
and the Segmentation was compared to the ground truth regions using the
Jaccard coefficient. The outcomes of the experiments also demonstrate how
well SCM segments the distinct landcover types from photos obtained through
the Indian Remote Sensing satellite (IRS) of Calcutta and Bombay, as well as
SPOT images surrounding Kolkata.

Conclusion

A comparative study was presented, comparing various approaches and
strategies in the domain of satellite image segmentation, and a comprehensive
analysis was provided. An indepth tabular analysis for the same was discussed
in Table 1. Through a meticulous examination of multiple methodologies, we
evaluated the evolution of satellite image segmentation across different
approaches over the period. Each methodology presented and addressed a
different set of challenges through its unique approach, manifesting distinct
strengths and weaknesses. The comparative analysis highlighted the
contextual nuances that researchers and practitioners should weigh in.
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Table 1. Comparison of various techniques

Technique Accuracy Computation Time | Complexity Suitability

T-Clustering Self-Organising Map | Moderate Moderate Medium Reducing over-segmentation

Decision Tree, SVM, KNN High (82.34% for low res) | Moderate Medium Supervised classification

AD-LinkNet Neural Network High High Complex Complex multiscale Segmentation

U-Net Based Deep Learning High High Complex Pixel-wise semantic Segmentation

Active Learning with GAN High High Complex Semi-supervised Segmentation

Graph-Based Segmentation (MST) | Moderate Low Medium Object identification and land cover

Fuzzy Clustering (FCM) Moderate Moderate Medium Overlapping data, suitable for noisy images

Mask R-CNN Very High High Very Complex | Object-level segmentation and boundary detection
Shadowed C-Means (SCM) Moderate Low Medium Effective for outliers, suitable for large datasets
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As this comparative study is concluded, it is imperative to acknowledge
the inherent complexity of Satellite Image Segmentation and the evolving
nature of the research methodologies, which will serve as a stepping stone for
advancements and applications in sectors such as defence, disaster
management, agriculture, and urban planning.
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Abstract

Low-temperature operation (below -55°C) of electronic materials,
devices, circuits, and systems offers improved performance compared to
conventional electronics. Reliability, a critical area in sustainable
electronic design, refers to a circuit or system that continues to perform
as expected over an extended period. Several mechanisms of degradation
and ageing, like corrosion, electromigration, and interdiffusion, are
thermally activated and increase exponentially with temperature. Low-
temperature operation not only enhances reliability but also supports
sustainability by increasing the life of electronic systems, minimising
material loss, and reducing energy consumption. This article critically
examines recent developments in the reliability of electronic systems for
sustainable applications such as healthcare, environmental monitoring,
space exploration, and quantum computing, and the contribution of low-
temperature operation to enabling long-term, energy-efficient, and robust
electronic solutions.
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History of Low-Temperature Electronics

Low-temperature electronics have played a pivotal role in the evolution of
technology, especially as devices have become compact, portable, and battery-
operated.

Period: 1940s-1960s: Vacuum Tubes and the Birth of Electronics

The 1940s marked the beginning of electronic devices, which utilised vacuum
tubes, enabling the development of the first computers and radios.

e  Challenges: Vacuum tubes were bulky, required significant power,
and generated excessive heat, making them impractical for use in
electronics. These limitations hindered their use in portable devices.

o Junction Transistor [1]: In 1947, John Bardeen and Walter Brattain
invented the transistor at Bell Labs. Transistors were smaller,
consumed less power, and were more reliable than vacuum tubes [2].

e  Challenges: Although transistors have advanced in electronics, the
initial transistors were problematic due to their large size and the need
for improvement in the manufacturing process [3], as well as
reductions in power consumption and increased efficiency.

Period: 1960s-1980s

Integrated Circuits [4]: It was during the 1960s that integrated circuits were
invented, resulting in a significant reduction in power consumption [5].

e  Challenges: The increased power in electronic devices has brought
the issue of heat dissipation to the forefront [6]. With growing power
densities, it has become increasingly important to manage heat
effectively to ensure systems are reliable and durable [7]. Thus, low-
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power electronics emerged, a direction that aimed to save energy
while still producing acceptable performance with minimal heat [8].

Period: 1970s-1980s

During the 1970s, microprocessors became the central components of
computing systems. Power consumption became a significant concern,
particularly as calculators and early laptops emerged in the portable computing
device market. As a result, devices became more prevalent, and the need for
efficient power management and reduced energy consumption became
increasingly important.

e  Challenges: Engineers needed to reduce the power density within
microprocessors without losing performance. It arrived at these
complex structures through newly introduced techniques related to
clock gating, dynamic voltage scaling, and architectural optimisations
[9]. These power management schemes improved efficiency but did
not achieve adequate levels of performance.

Mobile Revolution: 1990s-2005s

Mobile phones from the early 1990s and the early 2000s eventually evolved
into what we now refer to as smartphones. Such devices have high power
consumption and a limited battery life. The engineers focused more on energy
efficiency as a measure to ensure long-lasting battery performance.

o  Challenges: A significant challenge has been to balance performance,
functionality, and power consumption. The power efficiency of
processors, memory, and connectivity is advanced through
techniques such as power gating, multitasking, and adaptive biasing,
which utilise CMOS technology [10]. Significant innovations
occurred during the IoT and wearable era, spanning from the 2010s
to the present.
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Total wearable Era: 2010s-Present

The 2010s witnessed an explosion in the number of Internet of Things (IoT)
devices and wearable technologies [11]. These devices often operate on
limited batteries or utilise energy-harvesting mechanisms, focusing on low
power consumption as a primary design criterion [12].

o  Challenges: 10T devices require ultra-low power operation to extend
battery life to months or years. Challenges include optimising power
consumption during idle periods and ensuring efficient energy
management without compromising performance.

Reliability Definition

Reliability is a crucial aspect of a creator’s intent, ensuring that it functions

correctly [13]. It serves as the foundation for making decisions, giving the

necessary reference for the linearisation and repeatability of results [14].
Mathematically, it may be defined....

h=(1-17) * (1-2) * (1/3) * (1:£2)

where & = overall reliability of the equation. And f; and f are the failure rates
of the first and second components, respectively, and so on.

Factors Influencing System Reliability

Reliability depends on several key factors. First, a) selection of quality
components are essential to ensure that the system functions correctly over
time [15]. Second, b) choice of design architecture impacts the way the system
can handle stress and maintain performance. Third, c¢) connectivity and
redundancy are essential for preventing single points of failure and ensuring
continuous operation. d) Ageing of parts and the reliability of a circuit, which
can be heavily affected by wear and tear, with an impact on the overall
operation. Altogether, these variables play a significant role in ensuring the
dependability of this entire system.
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Temperature Effects on Reliability

The reliability of electronic devices at low temperatures is an area of research
and application of great importance, particularly with the advancement of
technology and the increasing demand for performance in extreme
environments.

Change in Reliability

o Material limitations: The semiconductors used must be suitable;
high-bandgap semiconductors are efficient at low temperatures, but
the structure may require special design.

o Thermal management. At low temperatures, thermal management
becomes complex. Methods of insulation, such as vacuum insulation
or active humidity control, may be necessary to prevent condensation
and maintain optimal performance. These strategies help ensure that
electronic devices operate effectively under challenging thermal
conditions.

o  Failure Mechanisms: Failure mechanisms are particularly relevant at
low temperatures because certain forms of mechanical stress or
ageing factors may be amplified in this temperature regime. For
example, certain forms of mechanical stress or battery chemistry can
lead to high failure rates. Therefore, electronic devices should be
designed and developed to overcome these challenges, ensuring they
are ready to operate reliably and last in cold environments.

Failure Mechanisms of Integrated Circuits
at Low Temperatures

This is one of the critical areas of research in the study of reliability for
integrated circuits, as electronic devices are increasingly deployed in extreme
temperature environments. Understanding how the mechanisms that underpin
their performance may be disrupted at low temperatures is crucial because
disruptions to these mechanisms can lead to unexpected failures and
significantly impact long-term reliability. Primary failure Mechanisms of Low
Temperatures may include:
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Electromigration

It has always been a concern with integrated circuits, where electromigration
occurs due to the movement of metal atoms caused by extremely high current
densities. Such movements can deteriorate interconnects, hence creating
electrical connection failures. To control this problem, designers must
consider the current density of the present day and take measures to counter
electromigration effects. Solid power management techniques, combined with
suitable materials in the design, are necessary to achieve a robust power
connection for reliable, long-term operation in electronic devices. Due to low
temperatures, electromigration can sometimes involve shifting the activation
energy, leading to failure rates that may not be present at higher temperatures.
While low temperatures mitigate some of the effects of electromigration, they
can sometimes introduce new problems, particularly in denser circuits.

Time-Dependent Dielectric Breakdown

One of the most serious failure mechanisms for modern integrated circuits is
TDDB in gate oxides of transistors. Reduced mobility charge carriers at low
temperatures can deteriorate the reliability of the dielectric material, causing
stress on the dielectric layer, which could lead to accelerated breakdown. High
electric fields may further influence this. The mechanisms of TDDB are
thermally activated, meaning that while lower temperatures can reduce the rate
of breakdown, they can also increase susceptibility to defects that may not be
apparent at higher temperatures. Therefore, careful consideration of dielectric
integrity and their performance at low temperatures is essential for reliable
device design.

Hot Carrier Injection

Hot Injection in a hot-carrier phenomenon occurs through a mechanism where
high-energy electrons or holes are trapped by an oxide layer, resulting in
degradation at both threshold voltages and the performance of any
semiconductor device in which the oxide resides. Low-temperature HCI
becomes an additional mechanism with a higher occurrence probability,
resulting in higher-temperature electron injection and reduced electron-hole
pairing or recombination processes. This phenomenon hurts the reliability and
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performance of electronic devices and therefore requires careful design
considerations to mitigate its effects.

The following aspects are considered while designing integrated circuits
for low-temperature operation: a need to account for the hot carrier injection
effect, strategies are designed to minimise the impact; these may be through
optimisation of geometry of devices and selection of materials with better
reliability characteristics, very important, and negative Bias Temperature
Instability (NBTI). These are associated more with p-channel MOSFETSs and
include threshold voltage shift due to long-term application of negative biasing
conditions. This phenomenon exhibits a change in kinetics, and its effects can
lead to increased rates of degradation at lower temperatures. Further, the lower
temperature can decrease thermal energy in an oxide layer, which may be
charged, resulting in a possible dramatic shift in performance. Careful design
considerations are essential to ensure reliability and functionality in low-
temperature environments.

Future Prospects of Low-Temperature Electronics
Emerging Technologies:

e Quantum Computing [16]: While quantum computing promises
exponential performance gains, the practical implementation of
quantum circuits remains an open research challenge.

e Neuromorphic Computing [17]: Neuromorphic computing, inspired
by the human brain, aims to create highly efficient power filters for
Al applications.

Challenges Ahead:

e Energy harvesting and storage: Technologies rely on future low-
power electronics, which must effectively harvest and store more
energy in challenging environments. Novel materials and innovative
technologies are essential for advancing these capabilities [18].

e 3D ICs and System on Chip (SOC): Additionally, the integration of
ICs and system-on-chip (SoC) designs presents new challenges in
scaling while also introducing new requirements for interconnect
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performance. Addressing these challenges is critical for the continued
development of efficient neuromorphic computing systems [19].

Conclusion

The dependability of low-temperature integrated circuits is intrinsically
complicated by the varied failure mechanisms that result from numerous
physical and material phenomena. Although low temperatures can improve
performance and longevity, issues such as increased noise need to be
addressed through strategic design and material optimisation. From a
sustainability perspective, operating electronic systems at lower temperatures
can significantly contribute to energy efficiency, minimal material
deterioration, and longer device life, ultimately reducing electronic waste and
resource utilisation. Making integrated circuits function reliably in harsh
environments requires an understanding of various issues, including
electromigration, hot carrier injection, time-dependent dielectric breakdown,
and negative bias temperature instability (NBTI). The design and fabrication
of long-lasting, highly reliable ICs that withstand harsh environments are
indispensable for the further advancement of sustainable technology.
Sustainable advances in aerospace technology, communication devices,
biomedical sensors, and new quantum processors, among other emerging
technologies, must be supplemented through ongoing investigations to ensure
further anchoring in a more environmentally sustainable and secure future
through the leverage of low-temperature electronics.
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Abstract

CAD or Coronary Artery Disease is a severe cardiovascular disorder that,
if not detected early, can result in hospitalisation or death. A timely and
accurate diagnosis of CAD is critical to improving patient survival.
Despite the various ECG-based detection strategies, a consistent standard
approach remains necessary. Hence, the current study proposes an
automated strategy for detecting CAD before the onset of an episode by
analysing clinical aspects, such as Glucose, cholesterol, blood pressure,
and heart rate, through a sustainable machine learning perspective. This
study proposes four intelligent classifiers for detecting sudden Coronary
Artery Disease (CAD) based on temporal variables collected from ECG
data. The classifiers were tested on a dataset of 60 CAD patients and 70
healthy subjects, and they achieved classification accuracies of 98.5%
with Support Vector Machine (SVM), 95.4% with Logistic Regression,
94.6% with K-Nearest Neighbours (KNN), and 93.8% with Decision
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Tree. These experimental findings demonstrate the potential of the
suggested technology as a promising tool for CAD identification.

Keywords: coronary artery disease, blood pressure, cholesterol, SVM,
k-NN.

Introduction

Even now, coronary artery disease (CAD) is still the world’s most significant
cause of death and occurrence. The primary pathogenic mechanism of CAD
is atherosclerosis, a complex and continually evolving chronic inflammatory
process characterised by endothelial cell dysfunction, lipoprotein particle
accumulation, monocyte and macrophage migration, and vascular smooth
muscle cell (VSMC) proliferation. Ultimately, this leads to wvascular
constriction, which in turn blocks blood flow to the heart. Invasive coronary
angiography is the gold standard in detecting CAD because it provides a real-
time assessment of the location and severity of coronary stenosis. Coronary
artery disease occurs when the myocardium receives insufficient blood and
oxygen. Coronary artery blockage causes an imbalance in the supply and
demand of oxygen. Plaques that impede blood flow in the coronary artery
lumen are often the cause [1]. It is the most significant cause of death in both
the United States and the world. At the turn of the century, it was an unusual
cause of death. Though the number of fatalities from CAD has decreased since
its peak in the mid-1960s, it is still the leading cause of death worldwide.

Major Contribution

According to WHO publications, present methods for accurately detecting
CAD are inadequate. Early medical intervention can significantly improve
health outcomes. Our main contributions to this paper are the following:

1. A new strategy for collecting clinical information from ECG data that
focuses on anatomical differences between people with CAD and
healthy controls.

2. Validation of an automatic detection system to differentiate between
normal individuals and SCA patients using four classifiers.
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Literature Survey

Although the identification of CAD using ECG features has been extensively
studied, a rapid and exact method for CAD detection still needs to be
developed. In one study, Savita et al. [1] proposed a technique for applying
machine learning to create a predictive model for classifying coronary artery
diseases. A second study by Dipto et al. [2] demonstrated how to use the
ECG’s repolarisation anomaly patterns to diagnose Sudden Cardiac Arrest
(SCA) and evaluated several machine learning algorithms in the prediction of
coronary artery disease. In Akella et al.’s technique, a maximum score of 93%
was suggested [3] to use machine learning methods to identify CAD.
Enhancing an Intelligent Coronary Heart Disease Detection System, Tama et
al. demonstrated the use of a Two-Tier Classifier Ensemble [4]. Bayu et al.
refined a machine learning-based approach for the more precise identification
of CAD based on fluctuations in heart rate. Studies conducted by Yilmaz et al.
[5] showed an accuracy of 92.9% for different classifiers in the early detection
of CAD in patients. Furthermore, studies performed by Acharya et al. [6] using
deep learning revealed 94.95% accuracy in distinguishing between CAD
patients and normal individuals. Despite their high accuracy, most CAD
detection-based previous studies.

Sustainable Machine Learning Approach for Detecting CAD
(Coronary Artery Disease) from Clinical ECG Features

Beginning with the basic phases of the technique, as shown in Figure 1, the
raw ECG signal, as shown in Figure 2, is initially recorded as an introductory
step. However, it undergoes denoising thanks to a bandpass filter, which helps
exclude noise while preserving the essential frequencies of the Signal.
Following this step, a Crucial cleaning of the Signal takes place, ensuring that
pertinent information, such as glucose amount, total cholesterol, heart rate,
and blood pressure, is secured. These features are essential when looking for
cardiovascular illnesses. After that, the current information is put into various
sustainable machine learning classifiers, including Support Vector Machines,
Logistic Regression, k-NN, and Decision Tree Classifier. The classifier
attempts to assess the information to calculate the potential for cardiovascular
diseases. The application of these results in the analysis helped in the
development of a robust prediction model. Ultimately, the output enables the
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system to identify the presence of CAD [6] within the patient, thereby serving
as a reliable diagnostic tool for routine checkups and enhancing the accuracy
of patient detection [7]. Using input features, the model may predict a patient’s
likelihood of developing CAD. For example, depending on a new patient’s
blood pressure, heart rate, and cholesterol levels [8], the model can make a
binary prediction or likelihood assessment about whether CAD is present.
Physiological data such as Glucose, heart rate, blood pressure, and cholesterol
are used by machine learning models to identify patterns and predict the
presence of CAD. Individualised care and an early diagnosis may benefit from
this.

Normal

Raw ECG De-noising the Signal
Signal "| using a Bandpass Filter
|
l List of Features
Glucose
Feature ——| Total Cholesterol
Extraction Blood Pressure
Heart Rate
|

Classification

CAD

Figure 1. Schematics of the working mechanism.

QRS Complex

PR Scegment ST Scgment

77\

| PRInterval | Q

QT Interval

-

Figure 2. Standard ECG signal.
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Preprocessing

The Kaggle database contained ECG signals from 60 patients with CAD and
70 healthy participants. A single dataset is used for the analysis of both CAD
and normal patient data, proceeding with a five-minute ECG segment obtained
from the patient’s ECG signals [9]. This segment is then filtered using a third-
order Butterworth bandpass filter to remove external noise and power line
interference.

Feature Extraction

This study utilises four critical features - Glucose, cholesterol, blood pressure,
and heart rate for classification, since they are crucial for the identification of
Coronary Artery Disease. These features are essential for the identification of
CAD and were chosen based on their relevance and detection accuracy. By
focusing on these features, our study aims to enhance the accuracy and
reliability of CAD diagnosis, ultimately leading to improved patient outcomes.

Glucose

Diabetes causes glucose spikes in the blood, which raise glucose levels,
damage arteries, and contribute to the development of Coronary Artery
Disease (CAD) via arterial injury and plaque accumulation [10]. Increased
blood glucose levels promote inflammation, oxidative stress, and damage to
the endothelium of blood vessels, raising the risk of atherosclerosis and
coronary artery constriction. This causes progressively decreased circulation
of the heart muscle, eventually leading to a rise in the frequency of heart
ischemia events and cardiovascular illnesses. Because of this link, Glucose is
seen as a crucial variable to incorporate into machine learning models aiming
to predict CAD, as it reveals metabolic derangements and the consequences
of such dysregulation on the heart.

Blood Pressure (BP)

High blood pressure, often known as hypertension, is one of the greatest risk
factors for developing CAD. Hypertension places extra pressure on the walls
of arteries, causing them to become inflamed and promoting the formation of
plaques. [11, 12] This plaque also induces stenosis, causing limited blood
supply to the heart, resulting in discomfort, angina, arrhythmias, and a high
risk of heart attack. It causes the heart to pump more than normal, and this can
lead to hypertrophy and heart failure. Therefore, both lifestyle interventions
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and medications to control blood pressure are very important in preventing
CAD and its effects. [13, 14] There is a need to identify early causes of
hypertension and mechanisms to prevent or manage it better.

Total Cholesterol

Cholesterol levels can alter blood pressure in various ways, the most
significant of which is their contribution to the artery-clogging disorder known
as CAD. Controlling blood pressure and cholesterol is vital for reducing the
risk of cardiovascular disease and improving overall heart health. Excess
cholesterol can cause xanthomas, or cholesterol deposits, to form on the
tendons or skin [15]. These are obvious indicators of elevated cholesterol.

Heart Rate

The count of times the heart beats each minute, known as heart rate, has
various consequences on coronary artery disease. Heart rate and CAD have a
complex relationship that includes both direct and indirect effects. Heart rate
plays a significant role in detecting heart diseases, including Coronary Artery
Disease [16]. Hence, it is crucial to maintain a healthy heart rate through
proper dietary adjustments and regular medical checkups to reduce its
severity.

Sustainable Classification

Sustainable classification is the process of categorising information into
predefined categories or groupings to enhance clarity and usability. The
classification algorithms mentioned in this article are fundamentally stable;
therefore, data points do not overlap. These methods are crucial in various
applications, including data management and automation, as they facilitate the
creation of well-defined concepts and processes. As a result, they boost
information comprehension and practical application [17, 18].

Support Vector Machine (SVM)

SVM is a significant and sophisticated classification interference for its
numerous applications in practice. As a general-purpose learning machine, the
Support Vector Machine is considered robust. It works in a variety of
conditions, particularly when there is rich, dimensional, and complex data
[19]. This class of algorithms is particularly suitable for learning applications
due to their focus on margins and their use of kernel methods, which can
transform the input space into a nonlinear space.
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Logistic Regression

A logistic regression is considered a good statistical model when dealing with
a problem that has two complementary outcomes. In contrast to single
regression, logistic regression generates a probability that estimates whether a
variable should fall into a particular class [20]. The log (odds) ratio is said to
be bounded to values less than one to avoid making the application load ideal
from the logistic (sigmoid) function, which enables it to rescale a value closer
to one. Those probabilities are then classified by using a class boundary
typically set at 0.5. Due to its ease of application and the fact that it appears to
yield great results, logistic regression is widely applied within the fields of
medicine, finance, and marketing.

K-Nearest Neighbour (KNN)

The K-Nearest Neighbour is another comparatively simple but effective
approach for dealing with classification and regression problems. It is derived
from the proximity of corresponding data points in the feature space. KNN is
a straightforward, simple, and easy-to-expand algorithm that uses closeness to
make predictions [21]. Considering its algorithms, the KNN model is best
suited for small datasets or when there are minimal constraints on processing
resources.

Decision Tree

Decision trees are a widely used machine learning algorithm for solving
regression and classification problems. Every internal node in the decision tree
uses a feature and its value to divide the data at that internal node. Decision
trees form the basis of other, more complex ensemble methods, such as
Random Forest and Gradient Boosting Machines, which construct and utilise
many trees to enhance performance and robustness. Additionally, the presence
of CAD, or coronary artery disease, can be predicted using decision trees.
They help healthcare professionals in decision-making regarding patients due
to their ability to handle different kinds of features and provide explainability
properly [22].

Performance Evaluation

e True Positive (TP): In our present research, TP is calculated as the
fraction of CAD patients correctly identified by the classifier [23].

Contributor Copy



154

Prakash Banerjee, Soumyadeep Bala, Sarnava Dey et al.

False Positive (FP): A false positive is calculated by determining the
count of regular volunteers who are incorrectly identified as CAD
patients by the classifier [24].

True Negative (TN): True negative is defined as the number of regular
participants correctly identified by the classifier [24].

False Negative (FN): False negative is defined as the count of CAD
patients wrongly recognised as usual by the classifier [24].
Sensitivity: It is defined as the proportion of True positives to the sum
of true positives and false negatives

Sensitivity =TP/(TP+FN)

Specificity: It is defined as the ratio of True Negative to the total of
True Negative and False Positive.

Specificity = TN/(TN+FP)

Accuracy: The ratio of all correctly identified samples to all samples
represents the classification accuracy of any particular classifier.

Accuracy = TP + TN / (TP + TN + FP + FN)

Table 1. Statistical analysis of current features

Features p-Value Mean = SD Mean = SD Median | Median
(CAD) (Normal) (CAD) (Normal)
Glucose <0.0001 143.97 £24.26 79.51£15.15 143 78
Total Cholesterol <0.0001 | 271.97 +38.30 169.69 +45.03 275 156.5
Blood Pressure <0.0001 156.92 +22.08 116.74 £ 13.72 156 114
Heart Rate <0.0001 105.03 +£23.95 79.17 +£9.81 108.5 71.5
Table 2. Performance evaluation of existing classifiers

Classifier Performance Metrics Performance Evaluation

TP | TN FP | FN | Accuracy Sensitivity Specificity
SVM 59 | 69 1 1 98.5% 98.33% 98.57%
Logistic Regression 57 67 3 3 95.4% 95% 95.71%
KNN 56 | 67 4 3 94.6% 94.91% 94.36%
Decision Tree 56 | 66 4 4 93.8% 93.33% 94.28%
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Figure 3. Confusion matrices of classifiers.
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Value for Each Feature Set

The median values of each feature for the two classes across the three intervals
are presented in Table 1, column 3. Based on these median values, it can be
inferred that most traits for CAD patients differ significantly from those of
normal subjects. The current study employs a 5-fold cross-validation method
based on the dataset and sample size. Figure 3 and Figure 4 display the
simulated classifier confusion matrices, along with a scatter plot of the best
results. Figure 4 shows the simulated categorisation results compared to total
cholesterol and Glucose. Patients recently diagnosed with CAD were classed
as either genuine positive (CAD-TP) or false negative (CAD-FN). The false
positive (FP) and true negative (TN) rates of normal patients are plotted.

Table 3. Comparative analysis with earlier studies

Author Methodology % (Accuracy)

Savita et al. [1] Using optimised techniques with SVM =93%
machine learning.

Imran et al. [2] Using ML techniques as Logistic Naive bayes = 85%

Regression, SVM and Neural Network
Aravind et al. [25] Predictive Modelling using Machine Random Forest = 83%

Learning SVM = 82%

Bayu et al. [4] A new CHD detection approach based | XG Boost =76.82%
on machine learning.

Ali et al. [28] CAD detection is an invasive Random Forest=85%

approach that needs a laboratory
Acharya et al. [26] Applying the Deep Learning method 94.95%

Yilmaz et al. [5] Based on Machine Learning methods 92.9%
Moloud et al. [27] Using Support Vector Machine SVM =93%
Current Work Using SVM, Logistic Regression, SVM =98.5%
KNN and Decision Tree Logistic Regression = 95.4%
KNN = 94.6%

Decision Tree = 93.8%

Discussion of Suggested Work

In the proposed work, one of the key contributions mentioned in Section 1 of
this paper is the extraction of accurate and distinctive statistical features.
Significant p-values (first column of Table 1), mean + SD (second column of
Table 1), and median values (third column of Table 1) support the importance
of these statistical traits. Another significant accomplishment was the creation
of several classifiers for discriminating between CAD and normal individuals.
Table 2 and Figure 3 reveal that these classifiers are highly effective, with an
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accuracy of 98.5%. Furthermore, the current study has been compared to
cutting-edge methodologies in Table 3, confirming its relevance for CAD
detection in comparison to regular participants.

Conclusion

In this work, machine learning models were successfully used to predict
Coronary Artery Disease (CAD), with the SVM classifier outperforming the
others, having the highest accuracy (98.05%), sensitivity (98.3%), and
specificity (98.57%). Scatter plots and confusion matrices provided valuable
insights into the models’ decision-making processes, demonstrating the
SVM’s resilience and interpretability. These outcomes demonstrate the
potential of machine learning as a strong, non-invasive technique for CAD
detection, offering a promising alternative to established diagnostic methods.
The inclusion of a live dataset, along with additional clinical variables, may
be utilized in the future to enhance CAD detection accuracy and potentially
save lives.
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Chapter 13

Ocean Energy: A Sustainable Frontier in
the Indian Ocean

Rahul Basu”

Emeritus JNTU, VTU, Bangalore, India

Abstract

The Indian Ocean has reservoirs of wealth concerning energy resources
waiting to be harvested. Places with strong tidal forces have generally
been the most active regions in Ocean power development; however,
countries bordering the Indian Ocean are also catching up in terms of
blue and green technology. Tidal hydroelectric dams, on the other hand,
are located at river deltas, where water from tides is retained for power
generation. India has a capacity of approximately 9 GW of tidal energy.
OTEC is yet another alternative resource that allows the generation of
steam-powered energy driven by thermal gradients. On the coasts of
India, the Andaman Islands, and Macpherson Strait, currents can provide
a source of hydrokinetic energy. Turbine prototypes have been tested,
and there are possibilities of an annual energy generation potential of
around 5 Mwh/m. India has a vast coastline, but the sad reality is that it
remains underutilized. Other regions and hybrid projects hold promise
and are also discussed.
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Introduction

Wave energy harvesting converts wave kinetic energy into usable electricity.
Ocean energy is reliable and sustainable. Various methods for harvesting
ocean wave energy include the following:

Wave energy converters (WECs):(Zhang, 2022)

Floating platforms: (Gayathri, 2024)

Oscillating water columns (OWCs):(Konispiolatis, 2024)
Salter ducks: (Jiang, 2021)

Rl S e

Wave energy converters generate clean, renewable energy without
greenhouse gas emissions. The development of wave energy is advancing in
response to the growing demand for renewable energy and technological
innovation. Proper investment in infrastructure can elevate it as a significant,
sustainable power source. In the Indian Ocean, several devices, such as point
absorbers and oscillating water columns, can harness wave energy to generate
electricity. Over-topping devices drive water onto a reservoir, which then
generates hydroelectricity. Key challenges for wave energy in the Indian
Ocean include high costs, maintenance demands, and efficient grid
integration. Several littoral countries, India, South Africa, and Australia, have
invested in ocean power. The Indian government has proposed several coastal
wave energy projects with prospects of up to 1,500 MW of renewable energy
(but as of 2021, these are on hold). South Africa has committed to a wave
energy research program, which is expected to be deployed by 2025.

Sri Lanka, with its ideal wave conditions, has initiated projects to harness
wave energy, aiming to reach 200 MW by 2030. The government and private
sector are collaborating to capitalize on this renewable resource, driven by
rising energy demands.

Bangladesh has a high potential for renewable wave energy (IRENA,
[Online]).

The Bangladesh Sustainable Renewable Energy Development Authority
(SREDA) aims to develop policies, plans, and strategies to promote renewable
energy, and the Bangladesh Oceanographic Research Institute (BORI) has
been researching the wave energy potential of the Bay of Bengal.
Additionally, many international organisations have supported Bangladesh’s
renewable energy programs (Solar Quarter, 26 May 2021, [Online]).
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The Palk Straits wave energy power generator is another proposed
system. Strong, consistent waves occur in the narrow Palk Straits. The power
generators would have to be anchored to the ocean floor. As the waves pass
over these devices, they will cause them to move, which in turn generates
electricity through the use of a generator. This source represents a significant
amount of renewable energy to the region, as the Palk Straits have significant
wave energy potential. Furthermore, it would be environmentally friendly.
The Palk Straits present an exciting opportunity for power generation.

The wave power generators in Bengal are also buoys anchored to the
seafloor. The buoy sways and pulls the mooring line. The buoy contains a
generator. The device typically consists of several buoys connected to a central
hub. The electricity generated travels to an onshore facility through a
transmission cable. Such energy is helpful in households, industries, and even
for whole villages.

Kerala, located in India, has several advantages, as it borders the Arabian
Sea to the west. Several state governments have initiated various initiatives to
harness this potential and develop renewable energy sources. The Indian
Ocean Rim Association (IORA) has also recognised Kerala as a strong
candidate for the research and development of wave energy technology. The
state has already established the first stage of a wave energy farm in
Vizhinjam. Additionally, the government plans to develop a 10 MW wave
energy park in the Alappuzha district, utilizing the most advanced wave
technology in India. This technology for wave power generation can reduce
greenhouse gas emissions by a credible margin.

In most other regions dealing with wave energy, companies focusing on
developing wave energy power generators continue to work in, including:

1. EDF Energies Nouvelles: This French company has an interest in
wave energy, working on a wave energy converter which they refer
to as Wavegen. The technology aims to transform wave energy into
electrical power using oscillating water columns.

2. HydroQuest: HydroQuest is a French company with a focus on tidal
and river energy, but it is also developing wave energy converters that
utilize sea levels to generate electrical power. The company’s devices
are wave energy converters for offshore installations in shallow
waters.

3. Subhydro: Another French company working towards wave energy is
Subhydro. Subhydro is a wave energy converter using a buoy to
harness wave energy to give power to an offshore turbine.
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4.  Ocean Power Technologies: Ocean Power Technologies is not French
but has installed some of its wave energy buoys near the coasts of
France as part of its trial studies. The company’s PB3 PowerBuoy is
engineered to harness the forces of the waves to generate electricity
using a direct drive generator system

In general, companies in France and those working on wave energy
projects are keen on developing innovations to harness energy from the raging
and chaotic waves of the ocean. Also, still at the nascent stage, wave energy
has the potential to play a significant role in France’s transition to renewable
energy sources (ec-nantes.fr., Cruz,2008, Cavallero,2021}

Technology

1. Various wave energy scavenger devices include: 1) Oscillating Water
Column (OWC). The OWC comprises two chambers separated by
partitions, with one chamber facing the sky and the other facing the
ocean. The device has a piston that can reciprocate linearly by placing
it centrally between two flexible chambers.

2. Point absorbers - The construction of a buoy plays a vital role in point
absorber systems. Buoy construction involves a circular, cone-shaped
floating object that sits partially above the ocean surface, with its base
underwater. The motion is enhanced by the geometry of the buoy,
which is elliptical in cross-section, and improves wave sensitivity.
These devices can be interconnected. Recent innovations have
optimised this device (Jiang, 2021).

3. Wave snakes - This device utilises a series of connected floating
modules, which move up and down independently in response to
wave action. The relative motion generates electricity that can be
collected and used. The wave energy converter is named after a genus
of sea snake, due to its long, snake-like shape. The device consists of
several hinged cylindrical modules, which flex as waves pass over
them. This movement drives hydraulic rams that pump high-pressure
fluid through hydroelectric generators. The -electricity can be
transmitted to shore via cables and integrated into existing power
grids. The technology has been successfully tested in Portugal and
Scotland and can be a significant renewable energy source in coastal
regions worldwide (Shipon, 2021).
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4. Oescillating wave surge converters - This device utilizes the surge
motion of waves to generate electricity by using hydraulic systems to
convert the motion into rotational motion (B-Munoz, 2021).

Wave power is a consistent and reliable source of energy. However, such
devices are still in the development stage, facing numerous technical
challenges, such as adapting to harsh environments and efficiency limitations.

Methods of Estimation

1. The energy density is defined as the extractable power from the
motion of the wave and is mostly quantified in kilowatts per meter
(kW/m).

2. The size of the wave energy generator is predicted. The output power
of a generator is proportional to its size and its type. Most wave
energy converters are between a couple of meters and several tens of
meters in length.

3. The capture width is calculated. This is the part of the device that
collects the wave energy.

4. The efficiency of the wave energy converter is estimated. The usual
value of conversion ratios is between 0.3 and 0.5.

5. Calculate the output power by applying the formula: Power = Energy
density x Capture width x Converter efficiency. For example, if
Energy density = 20 kW/m, Capture width = 10m, and Converter
efficiency = 40%. Then, Power = 20 kW/m * 10 m * 0.4 = 80 kW.
This implies that’ the wave energy generator is capable of producing
electrical energy up to 80 kilowatts in these circumstances.

Several other tweaks apply statistics and spectral techniques to work out
the net power output.
Feasibility Analysis
Wave Energy Potential in Sri Lanka
Sri Lanka’s potential for wave energy generation is substantial (Karunarathna,

2021). The country has identified 14 sites along its coastline for building
power plants that utilise energy from ocean waves (Eco-Business, online). The
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research analysed wave patterns in the coastal belt to identify suitable
locations for implementing wave energy converters. Existing wave energy
conversion technologies were compared, and computational simulations were
conducted to determine the most appropriate technology for local wave
conditions. It was found that the optimal solution for the selected coastal
region was the “point absorber”. Buoy geometry further analysed using
simulations, revealed that the half-capsule shape resulted in the highest force
extraction compared to other shapes (Anjna et al, 2021).

Prospects of Meeting SDGs

Renewable Wave power generation can assist in multiple UN Sustainable
Development Goals (SDGs), highlighting its future significance and
contribution to sustainable economic Growth and environmental preservation.

Wave power energy, having an energy density five times greater than
wind and 10 to 30 times higher than solar, can offer a consistent annual source,
making it a promising option for sustainable power generation in various
regions (P-Rodriguez et al, 2021). By harnessing this largely untapped clean
energy source, ocean power generation can meet a significant portion of the
world’s electricity demand, greatly supporting the global transition to
affordable and clean energy (Goal 7) (Rupesh et al, 2021). Moreover, wave
energy generation contributes to reducing emissions from ships and promoting
the utilization of marine energy, aligning with environmental protection and
energy-saving initiatives, thus supporting efforts to combat climate change
and its impacts (Goal 13) (YuXin et al., 2020). It also offers an alternative to
fossil fuels, helping to reduce environmental harm and global warming while
meeting the increasing demand for electrical energy worldwide, which is
crucial for fostering innovation and infrastructure development (Goal 9) and
ensuring access to affordable, reliable, sustainable, and modern energy for all
(Balo etal, 2017).

The wide distribution, high quality, and vast potential value of ocean
energy in global energy markets emphasise its role in driving economic
Growth and promoting sustainable industrialisation (Goals 8 and 9). However,
challenges such as low efficiency and instability necessitate further research
and testing fo full exploitation (Sun etal, 2022).

Devices based on wave energy offer a promising solution for achieving
sustainable development goals by harnessing a pollution-free, clean, and
renewable energy source, positively contributing to marine construction and
economic development. An estimated potential worldwide contribution of
wave energy to the electricity market is approximately 2,000 TWh per year,
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representing around 10% of the world’s electricity consumption. This
significantly furthers efforts toward sustainable consumption and production
patterns (Goal 12) (Zhang et al., 2023; Benassi et al., 2009).

In summary, the integration of wave energy into the global energy mix
presents an effective avenue for mitigating climate change, fostering economic
Growth, and promoting social well-being in conjunction with environmental
sustainability, echoing the interconnected and holistic nature of the SDGs.
Studies have also been done to test conformity with IEC standards
(Lokuliyana et al., 2020).

Financing of Renewable Projects

A commonly raised objection to renewable energy projects is the high capital
outlay. Funding agencies are wary of investing in projects with high risk
involved. To counter these misgivings, it needs to be emphasised that the
source is perpetual, being solar energy and gravitation. Amortization tables for
various payback periods, interest rates, and annual income streams are
available for renewable energy schemes. Recent studies based on the Pelamis
generator calculated the costs (Dixit et al.,, 2023; Guo et al., 2023). The
“levelized cost of energy” (LCOE) for the Pelamis was estimated to be EUR
735.94 per MWh.

The cost of Energy formula is

[CC =Capital Cost + [PresentValue(O&M)]/[PresentValue(Energy
Production)]

(D

Economic analyses of wave energy projects often involve using key
financial indicators such as Net Present Value (NPV) and Levelized Cost of
Energy (LCOE). (Tetu et al.,2021, Teillant et al., 2012).

o Levelized Cost of Wave Energy (LCOE): LCOE to assess wave
energy generation costs, combining capital expenditure (CAPEX),
operational expenditure (OPEX), decommissioning costs, annual
energy production, discount factor, and project lifespan. Findings
indicate that with significant CAPEX and OPEX reductions and
gradual increases in availability and capacity factors, LCOE
decreases from USD 470/MWh to USD 120/MWh (Tetu et al., 2021),
(Teillant, 2012)
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o Economic Assessment Guidance for Wave Energy Converters: a
framework for evaluating wave energy concepts at early stages,
focusing on achieving target LCOE. It outlines entry costs for specific
markets and uses a technology-agnostic cost database for detailed
cost breakdowns.

e  Productivity and Economic Assessment of Wave Energy Projects: a
novel approach to assess wave farm profitability through detailed
operational simulations and economic evaluations.

o Cost of Energy — Ocean Energy Systems: This study examines the
development, fabrication, and integration of wave, tidal, and OTEC
systems into commercial arrays and large-scale plants. Economic
analyses highlight cost drivers and strategies to make wave energy a
more viable renewable source.

Discussion
International Commitments

The Paris Agreement is a legally binding commitment entered into by 196
countries in Paris at the COP21 in 2015, coming into effect on November 4,
2016. It works on NDCs (Nationally Determined Contributions) in five-year
cycles. COP27 recognised that the 1.5 °C rise in global temperature required
a recommitment to the 2020 targets (UNFCCC, 2022, online). Unfortunately,
the reality falls short of achieving this goal. A question posed in the Indian
Parliament in 2007 elicited a reply that renewable projects for wave energy
were being scrapped if not kept on hold (Angadi, online, 2007).

Future Directions

1. Challenges and Opportunities: Infrastructure - Extending grids to
islands remains a challenging and costly endeavor [29]. Extending
grids to islands presents unique challenges and can be expensive.

2. Mini-Grids and Decentralized Energy Technologies: Decentralized
energy technologies, mini-grids, and off-grid solar home systems can
efficiently bring electricity to rural consumers.
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3. Challenges in Island Grid Systems: Meeting energy needs
sustainably, affordably, and reliably is a challenge. Remote Islands
have historically relied on fuel imports.

4. Operational Challenges in Small Grids: Smaller electric grids face
operational challenges similar to those in larger grids, but with
additional constraints. They must manage varying load profiles with
fluctuating demand, fewer generation facilities, and no
interconnection, resulting in limited options for addressing supply
constraints.

5. Cost of Grid Extension for Rural Electrification: can be high, and
various factors can affect these costs. This is discussed in earlier
works (Tetu 2021, Teillant 2012).

Innovations in ocean energy conversion are crucial for achieving
sustainability, as renewable energy sources like ocean power play a key role
in global energy transitions.

o Diversification of Energy Sources — Ocean energy offers a clean,
renewable, and reliable alternative, particularly beneficial for
resource-constrained nations.

e Reduction of Carbon Emissions — being a zero-emission energy
source, ocean energy helps combat climate change by lowering the
carbon footprint.

e  Energy Security — Ocean energy, unlike wind or solar, is a stable and
predictable power supply, unaffected by most weather conditions.

e Economic Growth — The development of ocean energy technologies
creates employment in manufacturing, installation, and maintenance,
boosting economic development.

o  Empowering Remote Communities — Ocean energy can be a cost-
effective power source for remote coastal and island regions.

Innovation can accelerate sustainable Growth, and integrating sustainable
practices into agriculture and urban planning will also ensure food security
and preserve natural ecosystems.

Public education and understanding of sustainability also encourage
awareness of environmental conservation. Balancing Growth with the
Environment is a challenging task, but it is certainly possible with collective
attention and innovative thinking.
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Efforts to Integrate Wave Energy into Power Grids

e Ireland is researching grid integration of wave energy devices, and
storage technologies used for grid integration of (WECs), [30, 31]
(Sucetti et al., 2023) (Said et al., 2021)

e The first floating device in the country is located off the Vizhinjam
coast in Kerala, India. The project cost was between 15 and 320
crore (The Hindu, 2020).

e A Tidal Power project located in the Sundarbans area of West Bengal,
India, has a capacity of 3.75 MW and spans an area of 4.5 km. [33]
(Mongabay, 2021 (online).

These projects represent significant steps towards harnessing the power
of ocean waves and tides for renewable energy generation in India. The
development and implementation of such projects involve substantial
challenges, high costs, and advanced technologies.

o  Kutch Tidal Energy Project: The Gujarat government in India is
developing the country’s first tidal energy plant. The Gulf of Kutch
has a total potential of 300 MW (Down to Earth, online)

o Sri Lanka Wave Energy Projects: Sri Lanka has identified 14 sites
along its coastline for building power plants that harness energy from
ocean waves. Apart from this, other projects on the island are:

— WERPO Wave Power Plant:(Lokuliyana etal, 2020)
(Renewables, 2017)

— AW-Energy Project: around south SriLanka (News.lk, 2017)

— Wave energy projects in the Maldives, Fiji, and Tonga: The
Maldives: WEC experiments will be conducted with the
invaluable assistance and cooperation of Holiday Inn Resort
Kandooma at South Male Atoll, Maldives (OIST News, 2023).

e Fiji: Although Fiji has monitored wave potential at two sites,
implementing projects will be pretty costly. However, Fiji is making
strides in other areas of renewable energy. For instance, a feasibility
study is being set up to assess remote communities that lack access to
electricity, and then prioritise sites for capital investment in new
solar-powered mini-grids (Singh, 2017).

e Tonga: The Kingdom of Tonga has signed an agreement with an Irish
Sea-based Group for the development and deployment of the first
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pilot commercial-scale two-megawatt (2 MW) Wave Power Park in
the Pacific (Renewable Energy, 2023).

These projects represent significant steps towards harnessing the power
of ocean waves for renewable energy generation in these regions. However,
such projects involve advanced technologies. A small commercial wave power
generator is described in “Details of Japanese prototype” (OISWT, 2023).
Policy Support: Governments must promote the development and
implementation of renewable energy sources, including ocean energy, to
achieve sustainable development. They can incentivise ocean energy projects
by the following:

Government Funding for R&D

Governments can advance ocean energy by providing and purchasing
electricity from ocean generators, thereby ensuring a stable income for
producers. Public-private partnerships can help mitigate the risks of
developing new technologies. Legislation can also mandate that a portion of
the total national energy come from renewable energy.

India has initiated a scheme known as O-SMART, which focuses on
harnessing ocean resources and establishing ocean observation systems. For
instance, a self-powering desalination plant has been set up in Kavaratti,
Lakshwadeep islands (MOES, GOI, online)

India has declared ocean energy eligible for the non-solar Renewable
Purchase Obligations (RPO) targets.

U.S. DOE recently announced up to $27m in federal funding for R&D
projects on ocean waves for Offshore Renewables: provides several funding
programmes for offshore renewable energy projects, including wind and ocean
energy (Hydro Review, 2023)

Offshore Wind Projects Incentives in the U.S.: provides incentives such
as investment tax credits, associated tax credit bonuses, and $100 million for
offshore wind transmission planning.

Promising Directions: Research and Global Collaboration

o Wave Energy Integration: While many Wave Energy Converter
(WEC) concepts have been tested globally, few have successfully
exported power to the grid. Accelerating design and integration with
government support is crucial for sustainable energy development
(SINTEEF, online)
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e Carbon Emission Reduction: Local supply chains reduce
transportation distances, significantly lowering emissions during
transportation.

e Economic Development. Localized supply chains generate jobs,
support local businesses, and improve living standards by increasing
income levels.

e Resilience: Reducing dependence on global supply chains
strengthens economic stability and ensures the consistent availability
of goods.

e Quality Improvement: Local supply chains offer better control over
production, thereby enhancing the quality of goods and services.

o Community Engagement: Involving local communities fosters loyalty
and prosperity by creating stronger connections between producers
and consumers.

In light of the UN’s overarching mandate on climate change, most nations
have acceded to this. They have made or are making provisions in their local
legislation to enhance the transition to alternative energies. Excuses of the past
no longer hold water and can be challenged legally. An international agency
to help entreprencurs challenge entrenched bureaucracy needs to be
established independently or under UN auspices, to enforce compliance with
International Law.

Conclusion

Governments can enable a shift to a low-carbon energy future. Local supply
chain integration and the development of regional supply chains offer
numerous advantages, including reduced carbon emissions, socioeconomic
development, improved resilience, enhanced quality, and increased population
involvement. To enhance understanding, technical assistance, investment in
infrastructure, patronage of local customers and businesses, and collaboration
at the grassroots level through the promotion of best practices are sufficient.
The recent climate agenda of the United Nations has gained popularity,
prompting nations to prepare for some of the threats posed by fossil fuels. The
reasons why campaigns were not conducted earlier are that they are losing
relevance, and bringing lawsuits can now make the bureaucracy a little more
accountable. The establishment of an international authority with the power to
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compel all nations to comply with international treaties would be a good
strategy to hasten these developments. At the moment, we cannot make any
forecasts, although we hope the entire world shifts to carbon neutrality
between the years 2030 and 2050. Only Time will tell, as hindsight is the best
Indicator.
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Abstract

Wood and charcoal are often used as cooking and heating agents in bio-
stoves in both rural and urban areas of most developing and
underdeveloped countries, as access to modern energy sources is limited.
However, conventional bio-gas stoves tend to be inefficient and have
harmful emissions. This work is part of research efforts to optimise an
advanced biofuel-based stove commonly found in a typical village, as
applied towards addressing the challenges. A prototype stove was
developed at the University of Engineering and Management, Jaipur, and
was tested for various activities. The analysis was performed using
Response Surface Methodology, with the response variables being
thermal efficiency and the boiling time required to heat 5 kg of water.
From the study, the primary design parameters considered for analysis
were the fuel weight (charcoal), the fuel grade, and the fan control level.
The results of the experiment were statistically and analytically tested,
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following a scientific model design that was modelled using ANOVA.
The results indicated that 'Weight of Fuel' and 'Fan Control Value' affect
the efficiency of the stove and the boiling time. The optimal results for
the study have been recorded at the fan control value of 2.87, weight of
fuel (charcoal) being 0.55 kg, and the grade of fuel being natural lump
charcoal, to produce the result of efficiency of the stove being 40.67%
and the boiling time being 11.79 minutes. Interpreting the results of the
entire study yields a comprehensive understanding of the relationship
between the forecast and actual outcomes, which is validated using the
development models. Overall, this study highlights that RSM can be
effectively employed to optimise stop performance, resulting in
improved fuel efficiency and reduced emissions.

Keywords: bio-fuels, environment, performance, efficiency

Introduction

In India, renewable energy remains a significant source of energy; however,
the country's dependence on natural fuels, such as wood and charcoal, remains
high. Although natural fuels like wood and charcoal account for only 10% of
the national primary energy supply, it is vital for 2.8 million people solely rely
on it for their cooking and eating needs in remote areas[Piabuo, S. M.,
Ngouhouo et al]. Domestic cooking, a fundamental aspect of daily life, is not
just essential for survival but also crucial for maintaining a healthy lifestyle.
In India, approximately 1.8 million people rely on biofuels as their primary
source of energy, with over 90% of these individuals residing in developing
countries. Instead of the availability of a variety of energy resources, around
84% of Indian village households are unable to access reliable cooking and
lighting fuels[Cunha, M. P. (2019)]. In rural areas, access to gas or electricity
is limited, oil fuels are expensive to afford, and kerosene is a luxury for a few,
primarily in urban regions[FAO (2023)].

India is a pioneer producer of wood. Wood is a prevalent fuel that has
been used for heating and cooking, particularly in rural areas where access to
modern energy sources is limited. There has been extensive research in this
field, which concludes that more than 60% of rural communities rely on wood
as their primary source of fuel for cooking. On the other hand, in metropolitan
areas, where various alternative fuels like LPG and electric stoves are more
widely available, this dependence is noticeably much greater in rural, remote
areas.
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India obtains most of its fuel from a variety of sources, including
plantations, farms, and natural forests. About 62% of this wood is harvested
from public and private properties, with the remaining lumber coming from
purchased timber (15%) and private lands (23%). Although this method of
gathering fuel is necessary, it also leads to environmental damage and
deforestation, particularly in areas with a strong demand for wood fuel.

Although less common in urban settings, wood fuel consumption remains
significant, particularly in slum areas and among lower-income households.
In many places, the shift to cleaner and more efficient cooking technology is
made more difficult by widening economic and population gaps.

The Government of India has initiated several initiatives to promote the
use of updated biomass stoves and alternative fuels, such as LPG and biogas,
to mitigate the health risks associated with traditional wood-burning stoves.
Currently, several restrictions exist that hinder addressing the problem,
including accessibility issues, cultural disparities, and concerns about
affordability. These reasons hinder the widespread adoption of technological
advancements.

After subsequent research, the results and observations emphasise the
present difficulties in reducing India's consumption of wood as a fuel,
underscoring the demand for more comprehensive interventions and
sustainable energy solutions [The Energy and Resources Institute].

There has been a significant global push towards the acceptance and
sustainability of safe, clean, and eco-friendly fuels, with numerous initiatives
aimed at developing cleaner energy sources to protect both human health and
the environment [Okedere, O. B., et al]. Despite these efforts, a substantial
portion of the population in developing countries, up to two-thirds, continues
to rely on bio-fuels for various household activities such as cooking in the
kitchen and keeping the house warm. In India, over thirty per cent of the
population still relies on traditional cookstoves, which remain the most
prevalent and widely used technology in both urban and rural communities for
household heating and cooking [Chanchangi, Y. N].

The use of biofuels, such as food and charcoal, as energy sources has been
around for a long time and is an essential field of study in the field of
Sustainable energy and systems. This practice has been widely adopted in
regions where conventional sources of energy are limited or have not yet been
developed, such as in underdeveloped areas and remote villages. Among the
various technological developments to utilise the energy potential of biofuels,
gasification of stoves has proven to be a promising solution, which utilises
LPG and also electric stoves, such as induction cookers. These stoves offer a
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cleaner and more efficient method of converting biofuel materials, such as
timber (wood), residual items from the agricultural sector, and charcoal, into
usable forms of energy, including heat and gas. Hence, the traditional method
of cooking using open-fire methods with biofuels contributes to environmental
degradation, including deforestation and air pollution. Additionally, the smoke
produced by this open-fire cooking method poses serious health risks to
humans by releasing harmful pollutants, including carbon dioxide, carbon
monoxide, and particulate matter.

The necessity to significantly enhance the working efficiency of an
improvised biofuel-based stove becomes particularly justified for maximising
fuel efficiency, reducing pollutant emissions, and improving application
effectiveness. There has been relevant research works which says that with
technological enhancements, new stoves are designed to decrease the
utilisation of fuel by up to 43% as studied in comparison to conventional open-
fire based stoves|Ahmed, A et al], also, satisfying the design goals of the
furnace, critical parameters such as the geometry of the combustion chamber,
air inlets, and heat shields must be engineered. Working in this field, Response
Surface Methodology (RSM) is a standard method that connects stove
performance parameters to the response variables using statistical and
engineered experimental design approaches for optimisation technique
[Erhimona, D.K. et al].

In this study, an approach has been made to implement RSM to enhance
the efficiency of the application of an improved bio-fuel-based stove by
analysing how design variables influence fuel efficiency and the time required
to boil a standard quantity of water as a test method of the apparatus.

Literature Review

Traditional stoves, however, often exhibit thermal efficiencies as low as 5-
15% and release significant amounts of pollutants. Wood and charcoal are
commonly utilised sources of fuel to be used in household works, mainly in
the kitchen and keeping the house warm in winters, in many developing and
underdeveloped countries to be used in open air stoves which have a thermal
efficiency of approximately 5-15% [Khan, R. A et al].

Many studies indicate that air pollution within the house itself, from
conventional biomass stoves, has proven to be a major contributor to human
health hazards, such as asthma, lung cancer, and various breathing disorder
problems [WHO, 2023]. Therefore, the need for improved heating and
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cooking stoves is a key area of research in the current scenario. New-age
stoves are designed to regularly monitor the harmful emissions that affect
health and efficiency concerns by utilising more sophisticated and standard
combustion technology.

Optimising the parameters in which a stove operates is essential to
enhance stove efficiency and reduce cooking time. The efficiency of a furnace
is influenced by several factors, including the properties of the fuel used, the
design of the combustion chamber, the airflow rate, and the heat transfer
mechanisms. Response Surface Methodology (RSM) is a statistical
experimental design technique used to create optimal designs. Several
research studies have been conducted on the fabrication and performance
assessment of an advanced charcoal stove, achieving a thermal efficiency of
34% with the aid of improved experimental design techniques [Komolafe, M.
O et al].

Some researchers have highlighted the application of experimental design
to observe the performance of charcoal cookstoves and obtain satisfactory
statistical results [Ndécky, A.K., et al.]. The methods include Fischer's
statistical test (F-test) and the Newman-Keuls test. The techniques were used
to analyse the impacts of factors such as the material of the fuel, initial fuel
consumption, Alternate air circulation, and the air circulatory system on the
thermal efficiency and carbon monoxide emissions of cookstoves during
various phases of cooking, including boiling and simmering.

Some research studies have focused on insulation techniques for stoves,
involving the enhancement of ceramic insulation for cooking stoves by using
carbonised (unburnt carbon particles removed) organic waste [Kyuvi, N. et
al.].

The application of Multi-response Robust Parameter Design (MRPD) was
experimented with to optimise a hybrid built prototype biomass cook stove,
utilising RSM models to improve stove performance, increase efficiency, and
minimise emissions and errors [Kshirsagar, M. P et al.].

Some studies have evaluated the performance of locally fabricated
cookstoves in underdeveloped countries, such as Nigeria [Abasiryu, A. R., et
al.].

Some scientists and researchers have investigated the optimisation of
biofuels, such as natural lump charcoal and activated carbon materials, using
jute-extracted core materials through Artificial Neural Network (ANN)
combined with Response Surface Methods [Natrayan, L et al].

This study aims to highlight environmental conservation by researching
to enhance the performance of an improved bio-fuel-based heating and
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cooking stove, by applying RSM to optimise the design and working of the
furnace and also focusing on optimising the overall efficiency and reducing
harmful emissions that pollute the environment.

Research Methodology

In this study, an advanced prototype biomass stove was employed for
experimentation. The store is composed of several key components, including
the main body, liner, stove top, base, combustion chamber, insulation, grate,
handle, and fan. The built-up of the stove features precise measurements,
standing 300 mm tall, with a diameter of 250 mm, and a Sheet thickness of 0.8
mm. The combustion and heating chamber is crafted from 1 mm-thick 304-
grade stainless steel, with dimensions of 200 mm in height and 125 mm in
diameter. Air flow is facilitated by a primary intake fan, sized 92 x 92 x 25
mm, which channels the air into a 75 mm diameter circular channel port
located at the bottom half of the stove. Additionally, the stove is equipped with
an insulation panel of a right cylindrical shape, made from a mixture of
briquette rice husk and a binder, with dimensions of 250 x 210 x 53.5 mm,
attached to the top and sides of the combustion chamber. The 3D CAD model
was created using Revit Software.

A. Sample Preparation/Experimental Setup

During the experimental setup for the study, four different types of fuel
were used: 'natural lump charcoal', 'coconut charcoal', 'activated charcoal', and
'briquettes’. To ensure an equitable comparison, several experimental
adjustments were made to standardize the quantity of each sample according
to its respective weight differences. Experiments were conducted in a
laboratory to evaluate the thermal efficiency and boiling time of the biomass
gasifier stove under controlled conditions. During the experiment, the fan
speed was meticulously regulated. The setup included crucial instruments such
as a digital weighing scale and thermocouples. The experiment utilized K-type
thermocouples to capture key response variables, including temperature
readings at continuous points internally within the gasifier stove, from main
application points such as the heating surface. The experimental setup also
included the deployment of a digital weighing scale to record the weight of
every fuel sample accurately.
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B. Experimental Designs

The experiment in this research study was conducted in a controlled
manner to obtain the most accurate results. A specialized statistical design,
known as the I-optimal design, an essential function within Response Surface
Methodology (RSM), was utilized. I-optimal designs are aimed at minimizing
prediction variance within the design space. This approach is crucial for
making accurate predictions in RSM. The applied algorithm strategically
selects points where the predicted variance across the experimental region is
minimized. This study focuses on enhancing the overall performance of a
stove that uses wood or charcoal as fuel, measuring three performance
attributes as responses.

Results
A. Analysis of Variance (ANOVA)

For the statistical modelling and data validation, ANOVA is used. It is a
process which includes statistical and estimated techniques. It is generally
used to interpret or examine variations in both inter-group and intra-group
settings. Hence, this experiment was evaluated with the implementation of
ANOVA. It significantly contributed to determining the outcomes, yielding
valid results. The tables below, Table 1 and Table 2, illustrate how the
outcomes from ANOVA have been beneficial in understanding the values of
thermal efficiency and boiling time performance outcomes from the
experiment carried out. The following tables also help highlight the statistical
significance of the response variable factors considered in the study, providing
valuable information regarding the design coefficients involved in the applied
models.

Table 1 presents the results from the ANOVA for the thermal efficiency
test, highlighting the significance of various factors that influence it. The
model is statistically significant (p = 0.0004) with a high F-value of 39,
indicating its effectiveness in explaining variability. Among the factors, "Fan
control value" (A) and "Type of Charcoal" (C) are highly significant with p-
values <0.0001 and 0.0014, respectively, demonstrating their substantial
impact on thermal efficiency. Additionally, the quadratic effect of the fan
control value (A?) is also highly significant (p = 0.0001). Interactions such as
AC (Fan control and Type of Charcoal) show moderate significance (p =
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0.0050), while the AB and BC interactions are insignificant with p-values
greater than 0.05. The residuals are low, indicating a well-fitted model,
confirming the model's adequacy in capturing the experimental data.

Table 1. Results from ANOVA for thermal efficiency

Source Sum of Squares df | Mean Square | F-Value | p-Value
Model 152 14 | 10.68 39 0.0004
A-"Fan control value’ 38.97 1 39.55 142.36 <0.0001
B-"Weight of the Charcoal’ 2.08 1 2.05 7.51 0.0305
C- ‘Type of Charcoal’ 23.55 3 7.75 28.52 0.0011
AB 0.149 1 0.149 0.5638 0.4870
AC 14.42 3 4.79 17.38 0.0050
BC 0.3762 3 0.1235 0.4529 0.7261
A2 31.97 1 32.08 116 0.0001
B2 0.1630 1 0.1711 0.6212 0.4666
Residual 1.29 5 0.2768

Lack of Fit 1.34 2 0.6928

Pure Error 0.0000 3 0.0000

Table 2. ANOVA results for boiling time performance

Source Sum of Squares df | Mean Square | F-Value | p-Value
Model 53.57 14 | 392 19.07 0.0017
A-"Fan control value’ 38.80 1 38.72 195 <0.0001
B-"Weight of the Charcoal’ 0.280 1 0.328 1.62 0.2712
C- ‘Type of Charcoal’ 5.97 3 2 10 0.0148
AB 0.0917 1 0.0937 0.4676 0.5140
AC 0.3811 3 0.1261 0.6410 0.6007
BC 0.1951 3 0.0649 0.3289 0.8044
A2 0.2918 1 0.2911 1.50 0.2781
B2 0.0396 1 0.0388 0.1980 0.6618
Residual 0.9897 5 0.1987

Lack of Fit 0.9888 2 0.4945

Pure Error 0.0000 3 0.0000

Table 2 presents an analysis of the results from an ANOVA examining
the recorded boiling time of 5 kg of water, with a focus on the significance of
various factors influencing the process. The "Model" explains a substantial
segment of the response variance (Sum of Squares = 53.57, p-value = 0.0017),
indicating a strong overall fit. Among the individual factors, the "Fan control
value" (A) is highly significant with a p-value < 0.0001, making it the most
impactful variable on boiling time. In contrast, the "Weight of the Charcoal"
(B) and other interactions, such as AB, AC, and BC, show a limited influence
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with higher p-values, indicating non-significance. The "Type of Charcoal" (C)
is moderately significant (p-value = 0.0148). The residual sum of squares is
relatively low, indicating minimal unexplained variance, while the lack-of-fit
test suggests that the model adequately fits the data without significant error
contributions.

B. Efficiency of the bio-fuel stove

Based on the recorded observations and experimental design, a table was
created to enhance the optimization of the store's performance using Design
Expert software. For each case, coded equations were formulated and
developed to determine the expected outcomes from the given data.
Investigating the formulation and recorded data, a graph can be plotted for
further research studies comparing the 'predicted’ values with the 'actual'
experimental results.

Table 3. Comparative metrics of actual and predicted values
for thermal efficiency

Run Order Actual Value Predicted Value Residual Leverage Run Order
1 39.2 38.77 0.2416 0.928 1
2 38.1 38.57 -0.6558 0.412 2
3 40.1 40.21 -0.3008 0.412 3
4 46.1 45.74 0.1700 0.980 4
5 38.1 37.87 0.0433 0.492 5
6 39.1 38.88 0.0322 0.496 6
7 36.1 36.15 -0.2389 0.887 7
8 43.1 42.61 0.2995 0.888 8
9 39.1 38.88 0.0322 0.496 9
10 37.1 36.89 0.0222 0.987 10
11 38.3 38.16 -0.0492 0.977 11
12 38.1 37.87 0.0433 0.492 12

Table 3 presents the results of a study analyzing the relationship between
actual values, predicted values, residuals, and leverage for 20 experimental
runs. The "Actual Value" represents the observed measurements, while the
"Predicted Value" shows the expected outcome. The "Residual" is the
difference between the actual and predicted values, indicating the model's
accuracy, with most values showing minor deviations. "Leverage" measures
the influence of each data point on the regression model, with values near 1
signifying high influence. Overall, the slight variations in residuals and
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leverage indicate a reliable model with consistent predictions that closely align
with actual observations.

The analysis reveals a close match between 'Predicted' and 'Actual' values.
The results for the predicted data and the exact values for the charcoal-based
stores' thermal efficiency are plotted and organized as shown in Table 3.
Figure 1 presents a contour diagram that explores the relationship between
three variables of the biomass gasifier — 'fan control value' (A), 'charcoal
weight' (B), and 'activated charcoal' (C)- and thermal efficiency. The figure
illustrates a significant relationship between the fuel's weight and size in terms
of thermal efficiency. As the weight of the fuel increases with the decrease in
particle size, it is observed to enhance the efficiency of the stove. This
indicates that heavier and smaller charcoal enhances the stove's thermal
efficiency. Figure 2 further elaborates on this relationship by depicting a 3D
diagram that illustrates the interplay between these three variables and thermal
efficiency.

Table 4. Analysis of variance results in the experimental approach

Source Sum of Squares | df | Mean Square | F-Value | p-Value
Model 53.61 14 | 3.87 19.41 0.0020
A-"Fan control value’ 38.53 1 38.50 195.03 <0.0001
B-"Weight of the Charcoal’ 0.3328 1 0.3328 1.70 0.2512
C- ‘Type of Charcoal’ 6.01 3 2.01 10 0.0148
AB 0.0918 1 0.0928 0.4676 0.5240
AC 0.3806 3 0.1267 0.6418 0.6207
BC 0.1949 3 0.0654 0.3293 0.8054
A2 0.2918 1 0.2917 1.51 0.2791
B2 0.0396 1 0.0396 0.1985 0.6748
Residual 0.9894 5 0.1978

Lack of Fit 0.9894 2 0.4948

Pure Error 0.0000 3 0.0000

Table 4 presents an ANOVA analysis of the boiling time for 5 kg of
water, evaluating the effects of various factors. The model remains
significant overall (Sum of Squares = 53.61, p-value = 0.0020), indicating
that it explains a substantial variance in boiling time. The "Fan control
value" (A) is the most significant factor, with an extremely small p-value
(<0.0001) and the highest F-value (195.03), demonstrating its critical
influence. The "Type of Charcoal" (C) also makes a significant
contribution (p-value = 0.0148). In contrast, factors like "Weight of the
Charcoal" (B) and interactions such as AB, AC, and BC exhibit non-
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significance with higher p-values. The residual variance is minimal (Sum
of Squares = 0.9894), and the low mean square values for residuals indicate

the model's reliability in fitting the data with minimal unexplained
variance.
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Figure 2. Efficiency curve of the stove in the experiment.
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Figure 3. Efficiency of the stove with natural lump charcoal.

Based on the analysis of the combination of the three categorical factors,
the optimal design adjustments and design parameters were determined to be
a 'fan control value' of 2.87, a 'charcoal weight' of 0.55 kg, and the 'grade of
fuel' being Natural Lump Charcoal. These conditions are expected to yield a
thermal efficiency of 40.67% and a boiling time of about 11.79 minutes to
bring 5 kg of water to a boil, as in this study.

Conclusion

Based on the analysis of the combination of the three categorical factors, the
optimal settings were determined and recorded at a fan control value of 2.87,
a fuel weight (charcoal) of 0.55, and a grade of fuel (natural lump charcoal).
These conditions are expected to yield a thermal efficiency of 40.67% and a
boiling time performance of 11.79 minutes to bring 5 kg of water to a boil.
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VHF Radar and Radiosonde Observations
of the Tropical Tropopause
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Abstract

In the present investigation, an attempt has been made to study the
variation in tropopause height over three geographical locations:
Chennai, Bangalore, and Hyderabad. The tropopause height is derived by
identifying the coldest temperature in the upper troposphere and is
referred to as the freezing point tropopause. The variability of cold point
tropopause over different periods has been studied during the year 2002.
Radiosonde and MST radar observations are made to measure the
tropopause height and vertical wind variability in the vicinity of the
tropopause. The Indian MST radar is installed at Gadanki (13.470°N,
79.180°E, and 0.375 km above mean sea level) near Tirupati, Andhra
Pradesh. The location of the Indian MST radar is well covered by the area
enclosed by the three stations mentioned above. In this communication,
we conduct a comparative study of tropopause height over different time
scales, including day-to-day and seasonal variations of the cold point
tropopause. Finally, our analysis reveals that the vertical wind variability
in the region of the tropopause indicates the existence of tropopause
oscillation. Moreover, the vertical extent of the tropopause increases due
to the highly developed thermal mixing and warm temperature.
Furthermore, we extend our analysis to correlate the variation in
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tropopause height with wind variability in the vicinity of the tropopause
at these three stations.

Keywords: tropopause, MST radar, radiosonde, vertical wind, solar radiation

Introduction

The Earth’s atmosphere is a comparatively thin film of gaseous mixture that
extends from the ground to the upper boundary. Below the height of 100 km,
the atmosphere is treated as a neutral fluid, whereas the ionised plasma plays
a crucial role above it. The structure of the neutral atmosphere strongly
depends upon temperature, which varies with solar activity. In the vertical
direction, more than 99% of the atmospheric mass is found below an altitude
of 30 km. The atmospheric physical properties, such as pressure, density,
temperature, water vapour, refractive index, and wind velocity, are non-
uniform in vertical and horizontal directions. These parameters are most
sharply varied in the vertical direction compared to the horizontal direction.
Typically, four different criteria—air composition, thermal condition,
dynamics (Gettelman et al., 2011), and chemistry—are applied to divide the
atmosphere into distinct layers in the vertical direction. According to
composition, the atmosphere is classified into two parts — the Heterosphere
and the Homosphere. In the homosphere from the surface up to 90-95 km
level, the proportion of leading gases is argon (0.93%), oxygen (20.95%), and
nitrogen (78.08%). Approximately 0.04% greenhouse gases, such as COy,
CHy, and 03, are present within the air. Since these greenhouse gases are present
in tiny amounts, they play a significant role in trapping heat radiation and
retaining it in our atmosphere. Thereby affecting the warming of our planet
and contributing to the Earth’s greenhouse effect. Water vapour is another
important greenhouse gas which warms and humidifies the atmosphere. Tiny
liquid and solid particles (aerosols) are generated by natural or human
activities, and are present in variable amounts. Solar radiation is the basic
source of energy for the Earth’s atmospheric system. The lower atmosphere is
continuously unstable due to variations in its specific heat, atmospheric
density, and refractive index.

Meteorologists typically define the tropopause as the lowest level at which
the rate of temperature decrease with height is approximately 6.5°°C/km.
Vigorous vertical mixing of turbulent air in the vicinity of the tropopause is an
essential property of the tropopause. The troposphere contains approximately
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80% of the atmospheric mass, and all climate-related phenomena occur in this
layer. For each kilometre of altitude increase in the troposphere, the
temperature naturally decreases by the mean lapse rate. Its main characteristic
is the atmospheric stability that resists the vertical and horizontal movement
of air particles. The thickness of the troposphere (Fueglistaler et al., 2009)
varies, with the tropospheric layer extending up to 16 km in the tropics. In
contrast, its thickness in the polar regions is approximately 8 to 9 km. The
vertical extent of the tropopause increases due to the highly developed thermal
mixing and warm temperature.

The incoming solar radiation acts as the primary source of energy for the
atmosphere. This energy remains responsible for all kinds of weather and
climatic processes worldwide. Meteorologists have divided the weather
system into four broad categories. Table 1 represents the scale size of the
weather system.

Table 1. Different weather systems

Scale of Horizontal Time Example
Weather System | Scale (km) Scale
Planetary 5000-10000 Weak or ITCZ, JET Stream, Rossby waves
more
Synoptic 1000-5000 2-7 days | Monsoon Depression, Tropical Cyclone,
Low-pressure systems, Easterly waves, etc.
Mesoscale 100-1000 Few Thunderstorm, Gust, Gale, Squall, etc.
hours
Small Few kms Hours or Dust Storm, Trubulance
less

Tropopause - the upper boundary of the troposphere, which is
characterised by hydrostatic stability and plays a key role in Stratosphere-
Troposphere Exchange (Boothe and Homeyer, 2017). Variation in the height
of the tropopause is one of the mechanisms through which interactions
between tropospheric air and stratospheric air take place. Oscillations of the
tropical tropopause (Jaya Rao and Jain, 2000) were observed during the
passage of atmospheric waves, characterized by oscillations of 50-70 days, 30-
50 days, and 10-20 days. Both vertical and horizontal propagations are
possible for atmospheric waves (Birner, 2006), which can transfer momentum
and energy from their point of origin to other locations.
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Probing of the Atmosphere

Surface instruments and remote sensing techniques play a crucial role in
studying various weather phenomena, a method known as atmospheric
probing. Radiosondes and balloon sounding are examples of instruments used
to maintain direct contact with the sample air. Measurements that depend on
the position and direction of the radiosonde’s flight (Son et al., 2011) are
collected in this observation. However, they have some drawbacks, including
poor height and time resolution. These limitations can be overcome to an
excellent extent by the remote sensing technique. Remote sensing is a
technique that involves collecting physical data about an object without direct
contact with it. Radar and satellite are two necessary remote sensors to probe
the atmosphere.

The remote sensing technique utilises electromagnetic energy at different
bands of the electromagnetic spectrum. Any remote sensing system consists
of three components: the source, which generates the electromagnetic signal;
the transmitting antenna, which transmits the signal into the atmosphere; and
the sensor, which receives the scattered or reflected energy from the target.
Satellites, photometers, and radiometers are examples of passive remote
sensors. The main advantage of passive remote sensors is that they are
relatively simple in operation, both electrically and mechanically.
Additionally, passive remote sensors require less power. However, they have
certain limitations in preparing a good signal due to their extreme dependence
on favorable weather conditions. However, different types of active remote
sensors are used to probe the atmosphere, such as radar and lidar. In the case
of active remote sensors, electromagnetic radiation transmitted in the form of
pulses interacts with the target. The scattered energy, which depends on the
target’s characteristics, is received and provides basic information about the
atmosphere. The following table shows that radar operates in different
electromagnetic bands.

Table 2. Radar operating in different electromagnetic bands

Electromagnetic Operating Scatterers Frequency Range
Band Wavelength

S-Band 10 cm Precipitation 2-4 GHz
Ka-Band 1 cm Precipitation, Cloud Droplets 18- 27 GHz
UHF 75 cm Refractive index 300 MHz- 3 GHz
VHF 6m Refractive index 30— 300 MHz
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Duplexer

X G

Figure 1. Simple Radar Block Diagram.

The radar transmitter generates short pulses of signals, which are radiated
by the antenna. Figure 1 shows the block diagram of a radar system. A
duplexer allows a single antenna to transmit and receive electromagnetic
signals, protecting the receiver from the high power of a radar pulse during
transmission. After interception, the target re-radiates a portion of the incident
radiation (echo) in the direction of the radar. Few returned signals are collected
by the antenna and detected by the receiver. Essentially, radar echoes occur
due to variations in the refractive index of the atmosphere.

Data Analysis and Results

The study seeks to investigate the height profile of temperature for three
stations Chennai (13°N, 80.18° E, altitude 16m), Bangalore (12.96°N, 77.58°
E, altitude 921m) and Hyderabad (17.45°N, 78.46° E, altitude 545m) using
radiosonde observational data for the year 2002. In Figure 2, it is seen that the
minimum temperature is reached in the range -77° °C to -85° °C for these three
stations over a height range of 15-17 km. It is noted that the heights of the
tropopause for Chennai, Bangalore, and Hyderabad are approximately 15.73
km (=77.7°°C), 16.52 km (-81.1° °C), and 15.53 km (—84.3° °C), respectively.
From this comparative study, it is clearly understood that the tropopause
height is maximum at the Bangalore station compared to the other two
stations. Since the elevations from mean sea level for these three stations
differ, they represent distinct environments, as indicated by the cold point
tropopause.

The subsequent investigation is the day-to-day variation of tropopause
height for the station Chennai (shown in Figure 3). Through a thorough
analysis, it is observed that the tropopause height variation is most significant
in May. This indicates that the atmosphere is drastically heated during
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summer, as the maximum amount of solar radiation incident on the Earth’s
surface occurs during this season. The height of the tropopause is observed to
be lower during the June-August period (monsoon) compared to the pre-
monsoon and post-monsoon periods. Due to the cloud cover in monsoon, less
solar radiation falls on the terrestrial surface, which diminishes the tropopause
height.

Temperature Profile

2] o0 --8—Chennai

E Py e Hyderabad
205 o° » Bangalore
18—_ ’.“f.
Y

Height(km)
B

10 .-
8 y KQQ‘!Z °
&l A \?ﬂ?b“
4 n,
"t B,
0 T T T T T T T T T | 8.
-100 -80 -60 -40 -20 0 20 40
Temperature(°C)

Figure 2. Plot of Height Profile of temperature for Chennai, Bangalore,
and Hyderabad.

We also conducted a fascinating comparative study of tropopause
oscillation for all three stations - Chennai, Bangalore, and Hyderabad.
Tropopause height fluctuations are observed to be more pronounced (as seen
in Figure 4) at the Hyderabad location compared to the other two stations.
Simultaneously, a similar type of oscillation (Figure 5) is detected in
tropopause temperature. The reason for this is found to be the fact that due to
the presence of wind circulation in the vicinity of the tropopause. This air
circulation (Peevey et al., 2014) is responsible for the exchange of air masses
between the troposphere and the stratosphere. Hadley circulation and jet
streams (Manney et al., 2014) play a significant role in wind circulation.
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Station: Madras(13.0°N, 80.18°E)
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Figure 3. Plot of variation of tropopause height for the station Chennai (Day-to-day).
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Figure 4. Variation of tropopause height (Day-to-day).
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Figure 5. Variation of tropopause temperature (Day-to-day).
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Figure 6. Monthly variation of tropopause height.

In this communication, we have extended our study to examine the
monthly variation of mean tropopause height. A comparative study of the
monthly variation in mean tropopause height is presented in Figure 6. From
the analysis, it is clear that variability in height of the tropopause over
Hyderabad is observed to be more than at the other two stations.
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Monthly variation of mean wind speed
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Figure 7. Monthly variation of mean wind speed in the height region 13-18 km.

The height of the tropopause at the station Hyderabad shows a higher
value (~17 km) in March, followed by a sudden decrease (~16 km) in the next
month. To understand such rapid variation of tropopause height (Xian and
Homeyer, 2019), wind fluctuations in the vicinity of the tropopause have been
studied (Figure 7). We analyse mean wind circulation within a height range of
13-18 km over these three stations. It is clearly understood that there is an
enhanced variation in the mean wind at the Hyderabad station compared to the
other two stations. It suggests that wind fluctuation influenced tropopause
oscillations. Such observations are very significant as tropopause height
variation generates the stratospheric-tropospheric exchange (Berthet, Esler,
and Haynes, 2007).

Discussion
In the present study, we investigate the variability of tropopause height over
different locations: Chennai (13%° N, 80.18° E, altitude 16m), Bangalore

(12.96° N, 77.58° E, altitude 921m), and Hyderabad (17.45° N, 78.46° E
altitude 545m). Observations show an enhanced variation in tropopause height
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at the Hyderabad station compared to the variations over Chennai and
Bangalore. The meteorological parameters, such as solar radiation, cloud
cover, long-wave radiation, and wind field, also play a vital role in maintaining
the equilibrium of the troposphere. Our comparative analysis correlates the
tropopause height and vertical wind velocity in the vicinity of the tropopause.
In the present work, MST radar observations of vertical winds display a
variation in both magnitude and direction over a height range of 13-18 km.
The goal of this study is to investigate the occurrence of strong vertical wind
shear within this height range. The existence of such a tropopause boundary is
based on the thermal equilibrium of the troposphere, without considering the
stratosphere and its variations. The air circulation is responsible for the
exchange of air between the troposphere and the stratosphere. Further, when
stratospheric air is transported isentropically downward, the tropopause
boundary moves three-dimensionally with the air. The troposphere primarily
influences the stratosphere through various atmospheric waves that propagate
upward. Recent evidence clearly indicates that stratospheric air exchange can
impact the weather and climate in the troposphere. Overall, this analysis
presents a thorough understanding of the dynamical structure of the transition
region between the troposphere and the stratosphere.
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Abstract

Building Information Modelling (BIM) is a substantially effective tool
for various engineering projects. The rapid acceptance of BIM has
resulted in increased utilisation of BIM in the Architectural, Engineering
and Construction (AEC) projects. The Collaboration tool in BIM has
facilitated effective infrastructural and resource management in various
projects. However, the causes of reworks and errors prevailing during the
modelling of structures have some practical issues. In this paper, a
process is developed to enhance the collaboration-based method of
model development (CBMD) using BIM tools to aid the Infrastructure
Management System (IMS). This study proposes an iterative process to
enhance the effectiveness of information-sharing and real-time work-
tracking systems for CBMD in large-scale construction and infrastructure
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projects within the AEC sector. It promotes BIM Managers, General
Contractors (GC), and General Managers to interpret and oversee the
model development using BIM and IMS for AEC projects. This novel
and innovative approach is applied to a sample project of a multi-storey
multi-utility structure and performed well, enhancing the process of
CBMD for IMS. The paper concludes with an overview of the overall
pros and cons of the proposed system for IMS.

Keywords: BIM, infrastructure management, efficiency, information, project

Introduction

Looking into the current scenario, the AEC industry has undergone significant
transformations in recent decades, driven by the need to enhance project
efficiency, cost-effectiveness, and sustainability. During the initialisation of
this transformation, i.e., Building Information Modelling (BIM), a digital
innovation that has revolutionised how projects are considered, prepared, and
implemented. BIM is way more than just a three-dimensional modeling tool;
it is a comprehensive process that helps to accumulate all the different domains
of a construction project into a unified digital environment that further
facilitates seamless communication, Collaboration, and coordination among
all the stakeholders (Eastman et al., 2011; Ngouhouo et al., 2020).

The application of BIM across all major sectors, including Architecture,
Engineering, and Construction (AEC), can’t be overstated due to its
properties. Furthermore, the acceptance of a tool as immersive as BIM has
shifted the paradigms from traditional approaches; this type of process
involves methods of Construction Management in incorporating and
combining approaches. In the context of large-scale projects, this type of shift
becomes crucial, as components such as complexity and scale require a high
level of coordination and real-time information sharing. With the help of BIM,
stakeholders can easily envision the entire timespan of the Project, from its
initial design to construction, completion, and facility management, ensuring
that the data is accurate and up-to-date (Azhar, 2011).

The extensive capabilities of BIM have proven to be one of its most
significant and valuable assets. Collaboration in BIM enables the integration
of various disciplines, including architecture, engineering, and construction,
into a single, comprehensive model. This integration minimises conflicts
between different systems, such as structural and mechanical, and reduces the
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need for costly and time-consuming reworks (Linderoth, 2010). The real-time
nature of BIM collaboration tools ensures that all stakeholders have access to
the latest project information, enabling quicker decision-making and reducing
the likelihood of errors (Hardin & McCool, 2015; TERI, 2023).

Nevertheless, the advantages and real-time utilisation of BIM in Large-
Scale Projects are challenging. Reworks, errors, and inefficiencies are some
of the issues that can still arise due to the Project’s complex nature, along with
the active participation of distinct stakeholders, as well as the variation in BIM
efficiency levels among team members. Few of these types of Challenges
highlight the significant need for refinement and a proper systematic approach
toward BIM implementation, particularly in areas related to Infrastructure
Management Systems (IMS) (Love et al., 2013; Oguntoke & Shitta, 2022).

This research paper addresses these challenges by proposing a
Collaborative-Based Model Development (CBMD) approach that utilises
BIM tools designed explicitly for Infrastructure Management Systems. The
aim is to develop an iterative process that enhances Collaboration, improves
information sharing, and enables real-time work tracking across large-scale
AEC projects (Jung & Joo, 2011). The proposed approach not only facilitates
more effective project management but also supports BIM Managers, General
Contractors, and General Managers in overseeing the model development
process more efficiently.

The real-time importance of this research study lies in highlighting the
incorporation of CBMD in AEC for improved IMS. The results clearly show
a broader spectrum on the aspect of utilising BIM and its implementation for
the AEC industry. The proposed method in this research provides better
efficiency in inventory and resource management, thereby optimising
infrastructural management. Additionally, the use of BIM is proving
beneficial in the AEC sector, particularly for large-scale projects. The
continuous information flow across the entire system, from the planning phase
to the construction phase and for future maintenance operations, makes this
research important.
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Analytical Framework
Literature Review

In the field of BIM, some researchers have found that this platform integrates
multiple sectors, including project data from architectural, structural, and MEP
components into a single model. This combination of several information
enhances interoperability among various software platforms, allowing for
broader data exchange.

The primary advantage of using BIM tools is their ability to detect and
coordinate clashes during the modelling phase of project development. Thus,
it helps to identify and resolve conflicts within various fields, such as
architecture, structural engineering, HVAC systems, fire safety systems, and
electrical systems, even before actual construction begins. With the help of
this type of detection ability, BIM prevents costly reworks and delays during
project completion (Barlish & Sullivan, 2012).

During the design phase of a building or a large-scale project, it is
essential to predict the serviceability of the Project. Thus, the Lifecycle
Assessment (LCA) process is applied to a project. In the present era, BIM
makes it much easier to assess various materials and their applications to
estimate the overall project lifecycle (Bynum et al., 2013).

Researchers and Engineers have been satisfied with the facilities provided
by BIM tools. It enables the design of a project with comprehensive data,
which helps GCs and all managers perform effective maintenance, manage
assets, and prepare for future upgrades accordingly (Lee & Yu, 2015).

BIM offers cloud-based systems and real-time data analysis. These types
of tools enable all stakeholders, including architects, Engineers, and
Contractors, to frequently study and analyse the same Model (Zhang et al.,
2016).

The Model BIM encompasses various types of analyses and simulations,
including those that assess elements such as structural integrity, energy
performance, and construction sequence. The building’s energy consumption
can be predicted with the help of energy simulation, which also identifies
opportunities for improving its efficiency (Clevenger & Haymaker, 2011).

The tool BIM provides detailed analytics and visualisations, which are
enabled by the data-driven decision-making factors. This unique ability of
BIM enables stakeholders to analyse alternatives and access impactful project
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outcomes that require decisions based on quantitative data (Guo et al., 2017;
N., 2022).

Several research studies and real-world project-based observations have
drawn certain conclusions, suggesting that BIM models can be linked to cost
data, material cost calculations, and their serviceability. Additionally, the
integration of various elements enhances the data to meet the Project’s needs.
Thus, a booklet of total information is available for CBMD in BIM (Oraee et
al., 2017).

Overall, several studies conclude that BIM offers numerous benefits in
terms of Infrastructure Management for projects in the AEC sector. However,
there are some practical drawbacks to the utilisation of BIM in all projects due
to the complex model management system and a lack of proper resources. The
proposed CBMD approach can address these required updates by enhancing
the IMS.

Method
Research Designs

This section influences the mixed-methods approach by combining both
qualitative and quantitative methods to define the research objectives. This
study has two phases: The development of the CBMD Approach and the
Evaluating and Testing phase. In the CBMD phase, the BIM tools and IMS
involve the iterative development of the Model by incorporating the tailored
requirements from the BIM Managers, General Managers, and General
Contractors. Several distinct systems have been developed to enhance the
communication and process management of BIM models. Hence, no different
than the currently used BIM tools and software, the planned and proposed
system, carefully designed in this paper, has been developed to enhance
CBMDM tasks.

Data Collection
The phase for data collection was conducted using various sources, including

Literature Review, Case Study, Surveys, and Interviews. In the Literature
Review section, we have considered literature on BIM, IMS, and a few
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collaborative methodologies that have significantly contributed to the
foundationowleresource aresources in thise Case Study consists of empirical
structures like multi-story, multi-utility structures, where the data were
collected through the project documentation, BIM models, and by conducting
interviews with the Stakeholders.

Collaboration
CBMDM sy
Feedback BIM
model
Tracking
BIM engineers CBMDM tasks }» Track BIM model ]' Problems
Develop BIM model

Project engineers ‘l

Management

| Monitoring | Workflow H Recording || Self-checking

BIM models for BIM models for BIM models for
civil section building section MEP section

Figure 1. Workflow of the proposed approach during CBMD in IMS.

Forms
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Checklist form
Alarm
Identified form
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CBMDM tasks RFI form
Participants RF reply form
[ BIM engi } [ BIM g ‘] [ Project engineers ] Modification form
BIM models
— [ BIM model ] [ BIM model ] [ BIM model ] |: BIM model ]

Figure 2. Block diagram of the overall system.
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In the final phase, we conducted surveys and semi-structured interviews,
which were again led by the BIM managers, General Managers, and General
Contractors to collect important qualitative data based on their experiences
with the CBMD approach.

Alongside the process of Collaboration-based Model Development
(CBMD) for a particular project, the inclusion of Infrastructure Management
(ISM) provides an efficient overview of materials. The following figures,
Figures 1 and 2, illustrate the workflow of the proposed approach to enhance
the IMS in CBMD using BIM in AEC projects.

Discussion

This study yields various observations that encompass not only statistical
information but also several crucial insights, highlighting the application of
CBMD in AEC projects to optimise IMS with the aid of BIM. This study aims
to facilitate a revised approach to address the prevailing constraints by
enhancing Collaboration, information sharing and real-time work tracking
through an iterative and systematic approach.

E.

Resotr

§ »

e 0= agananned v 8 ke
G il
eu i

Figure 3. Overview of the sample model.
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Figure 4. Comparative overview of the architectural Model and the MEP model.

Table 1. Stages of CBMD to be implemented in BIM

Task [Description

IData Gathering A collection of all the information needed to start the CBMD

IModelling [To develop the targeted ModelModel through various stages and LODs

Collaboration To facilitate multiple departments working together in a collaborative
lenvironment

Identification To enable clash coordination and look out for errors

IRevision Modifying and revising the Model in real-time with multiple departments

Publishing To finalise the Model and prepare the various schedules for resource
management

Table 2. Overview of the proposed approach and statistical observation

IDesigned System Application Standard Deviation |Average Rating
Real-time collaborative work for CBMD 0.39 4.3
Reduction of rework 0.41 4.7
Ease of information retrieval 0.47 4.7
Ease of use for CBMD 0.59 4.1
Time saving 0.43 4.3
Quick monitoring of project resources 0.42 4.6
'Well-planned schedules and estimation 0.33 4.7
[Understanding of various tasks and sharing 0.45 4.2

A sample multi-storey multi-purpose building is modelled in Revit
software, which incorporates BIM. Through this software, the various
elements of the Project were assessed by reviewing the schedules and lists of
objects created. An overview of the Model is shown in Figure 3 in a 3D
perspective view. Additionally, Figure 4 illustrates how BIM tools highlight
the IMS facility by generating a schedule in conjunction with CBMD. It also
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illustrates the overall Model developed in Revit software for the research
study.

Table 1 provides the list of selective tasks to accomplish for implementing
this process, and Table 2 provides an overview of the perspective feedback
from the survey panel. Various findings from surveys, interviews, and real-
time project sharing and Collaboration using Revit software with various AEC
experts, including GCs, BIM Managers, BIM Engineers, Architects, MEP
Engineers, Project Managers, and General Managers, provide insights into the
practical implementation and benefits of the proposed approach in this study.
The use of CBMD in IMS can significantly benefit the AEC industry. About
87% of the BIM beneficiaries shared 95% positive feedback about the
proposed system, which enhances the IMS by 11%, as observed from this
study.

The findings from this research indicate that the CBMD approach
significantly improves project efficiency and coordination in BIM-based AEC
projects. By integrating advanced BIM tools and methodologies, the CBMD
approach addresses key challenges identified in the literature, such as reworks,
errors, and inefficiencies, through a more refined and collaborative process.
The pre-gaining of sufficient information about the Project to be built,
including its construction stages, materials and resource allocation, workforce,
completion time, potential delays, etc., can be achieved through CBMD using
BIM in IMS. Improved coordination and real-time tracking contribute to better
resource management, ensuring that project resources are utilised effectively
and project timelines are adhered to.

Conclusion

The study concludes with an emphasis that, although the approach of CBMD
yields promising results in Construction projects, there remains a significant
need for further research in the same domain to understand the potential within
the construction industry fully. This phase of Future research should
emphasise the application of CBMD beyond its current scope, also ensuring
that it is utilised in diverse project types. Furthermore, refining the
methodology to incorporate broader aspects of feedback from industrial
professionals will enhance its effectiveness. A detailed investigation into the
integration of advanced Building Information Modelling (BIM) tools and
Technologies into the CBMD framework could yield more solutions for the
Project. We also need to understand the impact of CBMD on the project
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performance, including the aspects of Sustainability outcomes that drive
efficiency and innovation in construction practices. This research could
contribute to a more holistic understanding of Infrastructure Management.
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Abstract

Plastic pyrolysed char (PPC) with a high surface area and adsorptive
potential is obtained as a byproduct in the pyrolysis of waste plastics.
Hazardous metals like cadmium, lead, chromium, and mercury are
frequently found in landfill leachate, which must be effectively handled
to prevent contamination of the ecosystem. This study examines the
efficacy of plastic PPC in removing heavy metals from multi-element
synthetic samples, evaluating PPC’s competitive adsorption properties.
Batch studies were conducted to assess PPC’s heavy metal adsorption
capabilities under three different pH levels (4, 6, and 8) and two different
PPC dosages (2 g and 4 g per 20 mL of solution). Characteristics of PPC
were analysed by microscopically, spectroscopically and Brunauer—
Emmett-Teller (BET) studies. Metal removal was examined using
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). Batch study
results revealed that PPC adsorbs heavy metals efficiently, with a
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removal efficiency of ~93% to 100%. PPC was found to have removal
efficiency on par with or better than that of other sorbents reported.
According to the findings, PPC provides a viable alternative for
eliminating heavy metals present in leachate and aids in the valorisation
of plastic waste simultaneously. This study demonstrates how PPC can
play a valuable role in both effectively managing waste and protecting
the environment.

Keywords: plastic pyrolysed char, heavy metals, adsorption, batch study,
adsorption mechanism

Introduction

Contamination by heavy metals is a serious environmental problem since they
are poisonous, persistent, and bioaccumulative. Hazardous metals such as
mercury (Hg), chromium (Cr), cadmium (Cd), and lead (Pb) are widely
present in the environment due to mining, industrial processes, and
agricultural practices. These metals, which pose significant threats to
ecosystems and human health, are commonly found in landfill leachates.
Heavy metal-containing leachates have the potential to lower agricultural
output and deteriorate drinking water quality when they seep into soil and
groundwater. According to studies, leachate from landfills can significantly
increase the levels of heavy metals in nearby soils, leading to bioaccumulation
in both plants and animals (Hussein et al., 2021; Parvin and Tareq, 2021;
Essien et al., 2022; Dagwar and Dutta, 2024).

Even after a landfill has been closed, leachate can still cause a
considerable rise in the quantities of hazardous metals in groundwater,
presenting a long-term risk that may persist for many years (Kjeldsen et al.,
2002). Heavy metals may remain in landfills for about 150 years, assuming a
leaching rate of 400 mm per year, even though the organic content in leachate
tends to decrease as methane is produced from the waste (Yusof et al., 2009;
Adelopo et al., 2018).

Local ecosystems may be disturbed by the presence of heavy metals in
leachate, with aquatic life being particularly vulnerable. Fish and other
creatures can bioaccumulate certain metals, which can have detrimental
impacts and reduce biodiversity (Hredoy et al., 2022; Al Raisi et al., 2014).
The accumulation of mercury in fish populations causes a cascade of harm,
affecting not only the fish but also the birds and other creatures that consume
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them, altering their behaviour and affecting their ability to reproduce (UNEP,
2008). These alterations have long-term effects on the environment, changing
the species composition of the region and reducing the ecosystem’s ability to
sustain its natural processes.

Heavy metal exposure can lead to a variety of health issues, including
kidney failure, cognitive abnormalities, and an elevated risk of cancer.
Therefore, removing heavy metals from leachate is crucial to maintaining
environmental safety and safeguarding public health. Lead is especially
harmful, as it can cause heart and kidney problems in adults and brain
development issues in children, which impact their thinking and behaviour
(UNEP, 2002; Tchounwou, 2012; Mitra et al., 2022). Mercury harms the
body’s natural defences, kidneys, and nerves, among other systems.
Methylmercury, its most hazardous form, is particularly harmful to young
children and unborn infants (Mitra et al., 2022; Balali-Mood et al., 2021).
Cadmium accumulates in the body over time, causing long-term health
concerns, including breathing difficulties, kidney problems, and weakened
bones (Tchounwou et al., 2012; Mitra et al., 2022).

Table 1. Efficacy of different adsorbents in the removal of heavy metals
from landfill leachate as reported in early studies

Adsorbent studied | Removal efficiency Reference

Calcined eggshell Pb: 93%, Cr: 60% Jaradat et al., 2021

waste

Orange and Cd: 99.9%, Cr: 98.18% Duwiejuah et al., 2024

banana peels

Wasted biosolids Cd: 28.8% Mamun et al., 2011

Fly ash Pb: 74%, Cd: 71% Mohan and Gandhimathi, 2009
Pb: 59.24%, Cd: 55.37%, Cr: 28.14% | Xue etal., 2014

Zeolite Cr: 63% Limetal., 2016

Biochar Pb: 88% Zand and Abyaneh et al., 2020
Cd: 94.4% Soudani et al., 2024
Pb: 92.07%, Cd: 86.14% Rabiee Abyaneh et al., 2024

Given the widespread distribution of heavy metal pollution, immediate
action is necessary to mitigate its detrimental impacts on both humans and the
environment. Various procedures, including coagulation, electrochemical
treatment, biological treatment, and adsorption, are used to remove heavy
metals from leachate (Jaradat et al., 2021; Esfahani, 2021; Tiirkme et al., 2022;
Kocaman et al., 2023). Adsorption is a commonly used technique for
eradicating heavy metals present in leachate. This method employs different

Contributor Copy



218 A. Safa Jabeen, V. Meera and Vinod P. Raphael

adsorbents to capture and concentrate heavy metal ions. During the adsorption
process, several mechanisms, such as complexation, ion exchange, and
physical adsorption, can facilitate the adherence of metal ions to the adsorbent
surface. Various factors, including pH, contact time, and the concentration of
metals in the leachate, can influence the effectiveness of this process. Various
adsorbents have been studied for the removal of heavy metals (Ilead, cadmium,
and chromium) from leachate, along with their corresponding removal
efficiencies, as shown in Table 1.

Many recent studies in this area have focused on the use of biochar derived
from various materials. However, the application of plastic pyrolysed char
(PPC) for the adsorption of heavy metals has received less attention. PPC is a
solid residue obtained when plastic wastes are treated at a higher temperature
in the absence of oxygen. Studies related to the properties and applications of
PPC are minimal. Char derived from a mix of polyethene (PE), polypropylene
(PP), and polystyrene (PS) wastes pyrolysed at 550°C for lead adsorption in
an aqueous medium revealed the highest adsorption capacity of 61.3 mg/g at
a pH of 5 (Martin-Lara et al., 2021). Char derived from a mix of PE and
polyvinyl chloride (PVC) demonstrated the highest rate of removal of arsenic
(As), in the range of 71.6% to 99.4%, suggesting that plastic chars hold
significant potential as effective sorbents for As removal (Singh et al., 2020).
Since PPC has a very high carbon content and porous structure, it can act as a
prominent adsorbent for leachate treatment. The use of burnt ashes poses a
risk of hazardous materials, particularly metals and inorganic salts, potentially
leaching into the environment. These residues may contain toxic contents,
whereas washing the ash is a straightforward method to reduce these
contaminants to some extent. Washing typically removes soluble components,
particularly chloride and alkali ions (Schneider et al., 1994; Sabbas et al.,
2003).

The use of PPC as an adsorbent for heavy metals, such as lead, cadmium,
chromium, and mercury, from landfill leachate has not been explored. This
study aims to examine the adsorption capacity of PPC for the competitive
removal of these heavy metals from synthetic multi-element solutions, which
mimic the concentrations present in leachate, through batch studies. The PPC
collected from the pyrolysis plant is characterised morphologically and
spectroscopically. A leaching test was also employed to compare the
properties of PPC before and after washing.
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Materials and Methods

The PPC was obtained from a pyrolysis facility in Navi Mumbai, utilising
Cross-Linked Polyethene (XLPE) and Polypropylene (PP) plastic wastes as
primary feedstocks, which were subjected to pyrolysis at a temperature of
450°C. The sample was collected from the site in a moist condition and
exhibited a greyish-black colour with varying particle sizes. Before testing,
the material was dried and then filtered through a fine-mesh screen with 75-
micron openings.

Characterisation of Plastic Pyrolysed Char

Scanning Electron Microscopy (SEM)

A specific Jeol 6390LA/OXFORD XMX N machine that combines energy-
dispersive X-ray spectroscopy (EDS) and scanning electron microscopy
(SEM) was used to analyse the microscopic structure of PPC. With its tungsten
filament, the device could magnify pictures up to 300,000 times and ran on a
voltage between 0.5 and 30 kV. The EDS component used a 30 mm? detector
and had a resolution of 136 eV. EDS examined the PPC’s chemical
components, whereas SEM displayed its physical structure.

Fourier Transform Infrared Spectroscopy (FTIR)

The interaction of a material with infrared light at various frequencies is
investigated via FTIR spectroscopy. Absorption peaks, the identification of
functional groups, and chemical structure analysis are among the insightful
information provided by the resultant spectrum. A Perkin Elmer UATR Two
spectrophotometer with a resolution of 4 cm™ was used to obtain the FTIR
spectra for PPC. The spectrum helps identify the bonds and functional groups
in the sample by showing unique peaks that correspond to the absorption of
infrared radiation at particular frequencies by different chemical functional
groups.

Brunauer—Emmett—Teller (BET) analysis

With nitrogen acting as the adsorbate gas at 77 K, the surface area and pore
volume of PPC were measured using a BET surface area analyser (SA-9600,
Horiba Scientific).
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Cation Exchange Capacity (CEC)

Cation Exchange Capacity indicates how well a material can store and
exchange positively charged ions, or cations. The CEC is the total number of
exchangeable cations that a material, particularly one that is porous, may hold
on its negatively charged sites. These cations can be replaced with other
positively charged ions from a solution. Usually, they are stated as
milliequivalents per 100 grams (meq/100g) or centimoles per kilogram
(cmol/kg). CEC of PPC was determined using the sodium acetate method
(Chapman, 1965).

Effect of Washing

30 g of PPC was mixed with 200 mL of distilled water, and the filtrate was
analysed for parameters such as Total Dissolved Solids (TDS), salinity, and
chloride content to evaluate its environmental compatibility. The same
parameters were measured again after washing the sample to assess the effect
of washing. For this, 30 g of pyrochar was washed with 1 litre of distilled
water. After drying, the PPC sample was re-extracted with 200 mL of distilled
water, and the resulting effluent was examined for the parameters above.
Chloride content was determined using Argentometric titration, whereas the
other three parameters were analysed using a microprocessor-controlled
conductivity, salinity & temperature meter with auto-ranging facility HI-83.

Batch Sorption Studies on PPC

The batch sorption study was conducted to analyse PPC’s adsorption capacity
for heavy metals —mercury, lead, cadmium, and chromium. Two adsorbent
dosages of 2g and 4g were chosen to evaluate the influence of adsorbent
concentration on the adsorption of heavy metals. A standard multi-element
stock solution of Cd, Hg, Cr, and Pb with 0.01M was prepared by dissolving
measured amounts of the appropriate metal salts (Pb(NOs)2, Cd(NOs).4H-0,
Hg(NO:s)2.H20, Cr(NOs)3.9H20) in a 20 mL of Nitric acid (HNO3) and further
in deionised water. The stock solution was diluted to achieve the desired
concentrations of Pb, Cd, Hg, and Cr (2.07, 1.12, 2.00, and 0.52 ppm), which
mimic the concentrations of metals present in the leachate.

Twenty millilitres of the above-diluted solution was mixed with 2 g and 4
g of washed and dried PPC in 50 mL beakers under three different pH
conditions (pH 4, 6, and 8). Using 0.1 M NaOH and 0.1 M HNO3, the pH of
the solutions was adjusted to three different levels to represent acidic, neutral,
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and basic conditions, based on the known chemistry of metal ions and their
adsorption behaviour. The beakers were placed on a microprocessor-based
Digital Orbital Shaker at room temperature for one hour. After 24 hours, the
supernatant was filtered by centrifugation and collected in glass vials.

The concentrations of Cd, Hg, Cr, and Pb remaining in the solution after
adsorption were determined using Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS). The instrument used for the analysis was Thermo
Scientific, iCAP RQ with Helium Kinetic Energy Discrimination mode.

The amount of metal adsorbed ge (mg/g) and heavy metal removal
efficiency, n (%), calculated using Eq. (1) & (2) respectively:

— (Co—Ce)V

qQe =" )
where q. = Quantity of metal retained at equilibrium. (mg/g), Co & Cc =
Concentration of the metal ion in solution initially & finally (mg/L), V
Solution volume (L), and m = Adsorbent mass(g).

= =% x 100 @)

0

The efficiency of the adsorbent in lowering the metal ion concentration
from its initial level to the equilibrium concentration following the sorption
process is expressed by Eq. (2).

Results and Discussion
Characterisation of Plastic Pyrolysed Char

Scanning Electron Microscopy (SEM)

SEM image of the PPC sample (Figure 1) revealed a porous structure,
consistent with the findings of other studies (Singh et al., 2020; Wijesckara et
al., 2021). The particles appeared to be irregularly agglomerated with a rough,
nearly spherical shape. Additionally, several rod-like formations observed in
the previous study (Barracco et al., 2024) were also present in this image. The
average particle size was estimated to be approximately 5 micrometres.
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Figure 1. SEM micrograph of PPC.

Figure 2. EDS spectrum of PPC.

The EDS spectrum of PPC (Figure 2) shows the presence of several
elements, including C, O, Mg, Ca, Na, Si, Al, Fe, Cl, and Ba. The results
indicate the possible presence of metal oxides or metal chlorides of Ca, Si, Al,
Na, Mg, Fe, and Ba. Carbon was identified as the most abundant element in
the char sample. No significant levels of other harmful heavy metals were

Contributor Copy



Competitive Removal of Heavy Metals from Leachate ... 223

detected in the EDS analysis. Carbon was found to have a higher weight
percentage of 43.46%, which is typical for char samples where carbon is often
a dominant component. This also suggests that the PPC may have a high
adsorption capacity.

Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectrum of PPC is shown in Figure 3. The FTIR spectrum exhibited
a relatively simple pattern with only a few distinct peaks. This observation is
likely due to the low concentration of organic compounds in the PPC. A low-
intensity peak at 3850.31 cm™ corresponds to the O-H stretching vibration of
alcohol molecules. A moderately intense peak at 1432.4 cm™ is attributed to
the bending vibrations of O-H (from carboxylic acids) and/or C-H scissoring
vibrations from hydrocarbons. The peak further supports the presence of
carboxylic acid in the PPC at 1013.6 cm™, which corresponds to the C-O
stretching frequency. Additionally, a narrow, low-intensity peak at 873.02
cm™! can be assigned to the C-H bending vibrations (rocking mode) of
hydrocarbons present in the PPC.

Spectrum

%T
sﬁ”$$33233$$$$8$$2$

Figure 3. FTIR spectrum of PPC.

Brunauer—Emmett—Teller (BET) studies
The BET plot of PPC is shown in Figure 4, and the BET analysis results are
given in Table 2.
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Figure 4. BET plot of PPC.
Table 2. BET analysis of PPC
Description Value
Surface area (m%/g) 9.2582
Pore volume at STP (cm®/g) 2.1271

Cation Exchange Capacity (CEC)

The CEC value obtained for PPC was 20.26 meq/100 g, which compares
favourably to conventional adsorbents, such as fly ash (Travar et al., 2009;
Singh, 2021). This indicates a superior removal efficiency of PPC for heavy

metals.

Effect of Washing

The Variation of TDS, salinity, and chloride content for PPC before and after
washing is given in Figure 5. All values were significantly reduced, aligning
with findings from prior studies on incinerated ashes (Schneider et al.,1994;
Sabbas et al., 2003). The washing process effectively removed a substantial
amount of chloride ions, leading to decreased TDS and salinity levels. So,

washing the PPC is recommended before any engineering applications.
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SALINITY CHLORIDE CONTENT

Before Washing Before Washing Before Washing
98% 938% 99%

Figure 5. The Variation of different parameters of PPC concerning washing.

Batch Sorption Studies on PPC

Table 3 presents the amount of metals adsorbed and the corresponding
removal efficiency. A dosage of 2g/20 mL was found to have a percentage
efficiency of more than 99% for all metals considered, and a dosage of 4g/20
mL had an efficiency of more than 99% for all metals except cadmium. Results
on the Quantity of metal retained at equilibrium per unit weight of the
adsorbent show that PPC has a higher affinity for mercury, followed by
cadmium, chromium, and lead.

Adsorption Mechanism of PPC

The structure of PPC significantly influences its adsorption efficiency,
primarily through its surface area, pore size, and functional groups. The higher
surface area allows more adsorption sites, enhancing the material’s ability to
capture contaminants (Singh et al., 2021). Chars produced at higher
temperatures exhibit increased adsorption capacities due to the development
of a more porous structure and a higher degree of carbonisation, which
enhances the stability and reactivity of the char (Martin-Lara et al., 2021).

A higher carbon content typically correlates with better adsorption
performance (Martin-Lara et al., 2021; Pereira et al., 2024). Functional groups
on the PPC’s surface also affect adsorption efficiency, which occurs through
various mechanisms, including hydrogen bonding and electrostatic
interactions (Singh et al., 2021).
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Table 3. Competitive adsorption efficiency of heavy metals by PPC

Dosage of pH Amount of metal adsorbed (ng/g) Removal Efficiency (%)
PPC (g) maintained | Pb Cd Hg Cr Pb Cd Hg Cr
2 4 >27.33a 79.69 >147.73a 14.38 >99.96a 99.15 >99.93a 99.69
2 6 >27.33a 80.14 >147.73a 14.39 >99.96a 99.71 >99.93a 99.71
2 8 27.33 80.34 >147.73a 14.30 99.98 99.96 >99.93a 99.09
4 4 13.63 37.50 73.48 7.20 99.74 93.34 99.41 99.90
4 6 >13.66a 39.68 >73.86a 7.20 >99.96a 98.74 >99.93a 99.86
4 8 >13.66a 40.16 >73.86a 7.17 >99.96a 99.93 >99.93a 99.47
(a)
n 218 2emt
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Figure 6. FTIR spectrum of PPC before and after adsorption.
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The functional groups with oxygen, such as hydroxyl (-OH), carbonyl
(C=0), and carboxyl (-COOH) groups, can be introduced by pyrolysis in PPC.
The presence of such functional groups in PPC was confirmed by FTIR
analysis (Figure 3). These properties collectively contribute to the
effectiveness of PPC as an adsorbent for various pollutants, including heavy
metals.

The result also shows that pH has no significant influence on removal
efficiency. This implies that there is no necessity for pH adjustment during
leachate treatment. PPC’s simultaneous removal of over 99% of most metals
highlights its exceptional capability for heavy metal adsorption, surpassing
other adsorbents reported in Table 3.

The FTIR spectrum of PPC before and after adsorption is shown in Figure
6. The two spectra exhibit nearly identical patterns, except for some slight
peak shifts in the 1500 cm™! to 500 cm™! frequency range. This may be due to
the overall electronic rearrangement in PPC due to the adsorption of metal
ions. A new peak was also observed at 560 cm™!, indicating the formation of a
metal oxide bond after adsorption. The adsorption mechanisms for PPC likely
involve two main factors: electron-rich adsorption sites that readily trap
positively charged metal ions and the presence of functional groups, such as -
COOH, -OH, and Si-O-Si, on the char surface, which enhance interactions
with these metal ions. Since the FTIR spectrum shows only slight peak shifts,
it confirms that a minor portion of the adsorbed metals interacts with the
functional groups present on PPC.

@ ppc

@ O Electron rich site
&% Heavy Metal

\ Existing Cations

Figure 7. Proposed adsorption mechanism of heavy metals by PPC.
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In contrast, a significant portion of adsorption occurs at the electron-dense
sites of PPC. A substantial portion of heavy metals is retained in the pores by
a strong electrostatic force of attraction. Additionally, adsorption can also
occur due to PPC’s cation exchange capacity, which was already confirmed
through the sodium acetate method. The proposed mechanism of adsorption
of heavy metals by PPC is illustrated in Figure 7.

Conclusion

Effective removal technologies are essential for managing landfill leachates
and preventing their contamination consequences. The results of this study
show that PPC performs better than other adsorbents already investigated for
the simultaneous elimination of heavy metals, such as lead, mercury,
cadmium, and chromium. A percentage removal from 93% to >99% was
obtained for all metals. This can be attributed to its surface area, porous
structure, and functional groups, which enable its effective adsorption of
heavy metals.

In addition to its adsorptive effectiveness, PPC promotes plastic waste
valorisation, providing a dual benefit of mitigating plastic pollution while
addressing environmental risks associated with leachate contaminants. PPC’s
scalability and no cost make it a promising candidate for broader applications
in wastewater and leachate treatment systems.

Future research should concentrate on optimising pyrolysis conditions for
customised PPC characteristics, assessing long-term adsorption stability, and
exploring potential regeneration techniques to improve PPC’s reusability. This
study highlights the viability of PPC as an efficient and sustainable adsorbent,
reinforcing a circular economy framework in waste management and
environmental remediation initiatives.
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Investigation of Unconventional Magnetism
in Iridates

Shreemoyee Ganguly”

Centre of Excellence in Multifunctional Materials and Devices,

Department of Basic Science and Humanities, Institute of Engineering & Management,
University of Engineering and Management, Kolkata, India

Abstract

In this communication, we present a comparative study of various
iridates, including the archetypal S7,1r0,, the spin-orbit-driven insulator
BasYIr,04, the 6H-perovskite-based Ba;IrTi, 09 and Ba;Tilr, 04, and
the 3d-5d transition metal-based La,ColrOg and La,ZnlrOg. Our
objective is to investigate the origin of magnetism in these novel
compounds through first-principles calculations wusing multipolar
analysis. It is essential to understand the origin of magnetism to
manoeuvre magnetic crossovers in systems crucial for quantum
computation and quantum information-based applications. Interestingly,
the order parameter responsible for breaking time-reversal symmetry in
these compounds is not necessarily the spin moment. In most of these
compounds, the spin-orbit entangled higher-order multipole, namely the
triakontadipole, is responsible for driving the unusual magnetic states in
these systems. Remarkably, our study reveals that in strongly correlated
La,ColrOg,the magnetism of the 3d and 5d ions has entirely different
origins. While the usual spin moment drives magnetism in Co, the
higher-order magnetic multipole, the triakontadipole, is responsible for
breaking the time-reversal symmetry in Ir. Finally, we have extended our
investigation to an osmium-based [5d?] compound, Ba>ZnOsOg, to
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determine whether our developed formalism aligns with the recent
neutron diffraction study on the compound.

Keywords: spin-orbit coupling, iridates, multipolar analysis

Introduction

Since time immemorial, magnetism in 5d oxides has attracted condensed
matter physicists (Witczak-Krempa W., Chen G., Kim Y. B. and Balents L.,
2014) firstly due to the intriguingphysics arising due to correlated electron
behavior and secondly due to the non trivial physics arising due to the presence
of strong spin-orbit coupling (SOC) in these materials. Since SOC is a
predominant phenomenon in heavy elements having a high value of atomic
number Z, the magnetism arising due to spin-orbit entanglement was initially
investigated in f-electron systems (Santini P., Carretta P., Amorreti R.,
Caciuffo R., Magnani N., and Lander G. H., 2009). However, currently the
focus has shifted to 5d based compounds, especially the iridateswhere both
electronic correlation and spin-orbit entanglement compete to determine the
electronic structure and corresponding magnetic nature of the system (Kim B.
J.,Sin H.,, Moon S. J.,, Kim J. Y., Park B. J.,, Leem C. S., Yu J.,, Noh T. W,
Kim C., Oh S. J., Park J. H., Durairaj V., Cao G. and Rotenberg E.., 2008)
Although the correlation effect seems to be weaker in the 5d systems
compared to their corresponding 3d counterparts, the predominant role of SOC
in these compounds reinforces the impact of correlation physics in these
compounds. Due to the widening of the d orbitals in the 5d elements as
compared to their 3d counterparts and thus delocalisation of the d electrons,
the effect of electronic repulsion and therefore their correlated behaviour
seems to be diminished in such systems (Witczak-Krempa W., Chen G., Kim
Y. B. and Balents L., 2014). However, due to SOC, the degenerate d orbitals
split up into narrow levels, thus again reincarnating the features of correlated
physics. Therefore, we observe SOC-driven Mott insulators in 5d compounds,
such as iridates (Jackeli, G., and Khaliullin, G., 2009). Being able to control
the conducting properties of a system by tuning its magnetic nature through
doping or by applying mechanical stress makes these materials potential
candidates for spintronics and quantum computer-based applications (Kitaev,
A., 2006; Jackeli, G., and Khaliullin, G., 2009).

In this prospective SOC-driven correlated behaviour regime, experimental
studies have shown interesting characteristics of the 5d compounds known as
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iridates, where iridium is generally present in the d*' state (Ye F., Chi S.,
Chakoumakos B. C., Fernandez-Baca J. A., Qi T., and Cao G., 2013; Nichols
J., Bray-Ali N., Ansary A., Cao A., and Ng K. W., 2014). As the Ir atom is in
a d° state and located in an octahedral crystal field of the oxygen atoms in these
compounds, the 6-fold degenerate to; levels (including the spin degree of
freedom) have a single hole. Thus, the system is expected to be in a low-spin
state (Jackeli, G., and Khaliullin, G., 2009).- In this respect, the SOC-driven
correlated insulator Sr>IrO4 has generated considerable interest (Nichols J.,
Bray-Ali N., Ansary A., Cao A., and Ng K. W., 2014; Dai J., Calleja E., Cao
G., and McElroy K., 2014). This system is considered a weak ferromagnet
having a substantial magnetic moment (Jackeli G. and Khaliullin G., 2009)
(0.14pB). Interest in this system is piqued by the proposal of an engineering
“spin flop” transition in this compound. Sr2IrOshas a similar crystal structure
to its 3d counterpart- the undoped high T, cuprate La,CuO4 (Parschke E. M.,
Wohlfeld K., Foyevtsova K. and Brink J. V., 2017). In this compound, the Ir**
ions form a square-shaped lattice structure. This happens because the IrO6
octahedra in the system are corner-sharing. These octahedra are also slightly
distorted, having an elongation along the c-axis and a rotation of nearly 11
degrees about it. The corresponding spin canting angle of the Ir ions (¢ = 8
degrees) is very close to the octahedral rotation angle, indicating a coupling
between the geometric and spin structure of the system (Ganguly Shreemoyee,
Granas Oscar and Nordstrom Lars, 2015). Thus, by distorting the system’s
geometric structure, the magnetic structure of the system can also be
manipulated. The canted spin structure of the system can be converted to a
collinear Néel antiferromagnetic structure (the said spin flop transition) by
tuning the tetragonal distortion parameter 8 of the system, as shown in Figure
1. Being able to manipulate such spin crossovers can be significant in quantum
computation and quantum information theory. However, to handle such
magnetic transitions, we should be able to understand and identify the primary
magnetic order parameter (POP), responsible for driving magnetism in the
system. We have studied a host of iridates with the primary objective of
identifying the phase of the various systems and thus attempting to determine
the root cause of magnetism in these compounds. For this purpose, we have
developed a methodology (Ganguly Shreemoyee, Granas Oscar and
Nordstrom Lars, 2015; Panda S. K., Bhowal S., Li Ying, Ganguly
Shreemoyee, Valent{ Rosa, Nordstrom Lars, and Dasgupta Indra, 2015;
Bhowal Sayantika, Ganguly Shreemoyee, and Dasgupta Indra, 2019; Ganguly
Shreemoyee and Bhowal Sayantika, 2020) based on magnetic multipolar
analysis combined with constrained moment variation.
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Next, after investigating and understanding magnetism in the iridates
satisfactorily, we extended our study to analyse and identify the POP in an
osmate (5d? electronic configuration), namely the compound Ba,ZnOsOg. This
is because in recent times, there has been a remarkable claim through neutron
and x-ray diffraction studies (Maharaj D. D., Sala G., Stone M. B., Kermarrec,
Ritter C., Fauth F., Marjerisson C. A., Greedan J. A. and Paremakanti A.,
2020) that in this compound, a strange octupolar magnetic order parameter
seems to be predominant. We aim to confirm this claim through our study, as
presented in the current communication.

O/o

c<a c>d
W

Figure 1. A study [Jackeli G. and Khaliullin G., 2009] of the angle of canting of sping
(in terms of the angle of octahedral rotation o) as a function of 0, the parameter
indicating the tetragonal distortion of the system, is demonstrated in the figure.

A representation of the planar structure of the IrO; is shown in the inset. When 6 =
n/5, then the system exhibits a perfect cubic geometry. In this situation, the spin
canting angle is equal to the tetragonal distortion angle. However, the most
significant feature observed here is the magnetic crossover from the canted spin
structure to a collinear antiferromagnetic Néel order alongthe z-axis. This crossover
is observed at 9——;[. Such spin crossovers are significant for quantum computation

and quantum information theory.

Theoretical Understanding of the Iridates and Our Analysis

In literature, the Hubbard Hamiltonian (N. F. Mott, 1990; Hubbard, J., 1963)
is widely used and highly successful in explaining the magnetic and
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conducting properties of 3d oxides. In 5d materials, it was previously believed
that the widening of the d bands would significantly reduce the effective value
of the Hubbard correlation U. Thus, correlation effects would be extremely
weak. However, surprisingly, the 5d compound Sr2IrO4 turned out to be a
correlation-driven insulator. To explain this SOC-driven correlation effect, a
new model, popularly known as the jeir = 1/2 model, was proposed (Kim B. J.,
JinH.,MoonS.J.,,KimJ. Y., Park B. G.,, Leem C. S., YulJ., Noh T. W., Kim
C., Oh S. J., Park J. H., Durairaj V., Cao G., and Rotenberg E., 2008). This
model introduced the concept of forming a new quantum state in these 5d
compounds. The 10-fold degenerate (including the spin degree of freedom) d
orbitals split into the t2g and eglevels in an octahedral environment. The six-
fold degenerate ty levels are divided into the four-fold degenerate j.r=3/2 and
the doubly degenerate jeir= 1/2 states due to strong spin-orbit coupling. The
name “jeif” model and “jes?” state thus originates from the fact that the total
angular momentum J = L + Sis formed through the coupling of orbital angular
momentum Land spin angular momentum S, andit is the interplay of orbital
and spin angular momentum which is responsible for the formation of the
Jeit=1/2 state. The jerr= 1/2 band splits into the upper and lower Hubbard bands
under the influence of the Coulomb repulsion represented through the
interaction parameter “U.” The Ir atom in Sr2IrOy is in a d° state, having 5
electrons. Thus, the four-fold degenerate j.ir=3/2 state is filled, and the higher
jet=1/2 level is half-filled. While the lower Hubbard band is filled, the upper
Hubbard band is empty. The gap between the upper and lower Hubbard bands
makes the compound Sr2IrO4 an insulator.

While the jer model was extremely successful in explaining various
features of this archetypal SOC-driven insulator SroIrO4, when we started
studying the system, we realised that a few features of the system remained
unexplained. Firstly, the joff model predicted the magnetic moment at the Ir
site to be 1 pg, which is significantly higher than the experimentally obtained
magnetic moment of 0.3 ppper atom. Secondly, the experimentally determined
band gap for the system is 240 meV, which is significantly larger than what
would be expected if the spin moment and the corresponding magnetic
exchange energy associated with it were solely responsible. To seek answers
to these discrepancies, we conducted a magnetic multipolar-based study
(Ganguly, Shreemoyee, Granas, Oscar, and Nordstrom, 2015). In our study,
we employed the standard relativistic density functional theory approach,
supplemented with an additional Hubbard parameter U that represents the
enhanced Coulomb interaction. However, the additional analysis we
conducted was a multipolar expansion of the corresponding enhanced
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Coulomb interaction term in the mean-field limit. This expansion translates
the information carried by the density matrix corresponding to the d orbital
into various multipoles, including spin, orbital, dipole, quadrupole, octupole,
hexadecapole, and triakontadipole. The exchange energy associated with the
various multipoles can be estimated (Ganguly, Shreemoyee, Granas, Oscar,
and Nordstrom, Lars, 2015), and by doing so, the hierarchy of the multipoles
can be established. Through this analysis, we identified the magnetic multipole
primarily responsible for breaking time-reversal symmetry and driving
magnetism in our magnetic system. This dominant magnetic multipole was
termed the primary order parameter (POP) of our system, and the other
magnetic multipoles, which had a lesser exchange energy associated with
them than the POP, were referred to as secondary order parameters (SOPs) in
our study. In the above-discussed system, Sr»IrOs, the spin moment was
identified as being driven solely by the triakontadipole moment (magnetic
multipolar moment of order 5), which is the actual POP (Ganguly,
Shreemoyee, Granas, Oscar, and Nordstrom, Lars, 2015). This is clear from
Table 1. This moment is formed through the entanglement of spin and
magnetic moments. This highlights the importance of spin-orbit coupling
interaction (SOC) in the system. Next, we studied (Panda S. K., Bhowal S., Li
Ying, Ganguly Shreemoyee, Valenti Rosa, Nordstrom Lars, and Dasgupta
Indra, 2015) a d*3 system, namely the 6-H perovskite BasYTIr.O9. Here, as seen
from Table 1, unlike the previously studied system, the spin moment is the
POP. This is because an additional interaction, the intradimer Ir-Ir interaction,
becomes relevant in this system. Due to the effect of this interaction, the d
orbitals get widened, and thus the effect of SOC gets diminished. After this,
we investigated [Bhowal Sayantika, Ganguly Shreemoyee, and Dasgupta
Indra, 2019] a couple of hexagonal d° iridates, namely Ba3IrTi209and
BasTilr,O9. While in one of the iridates (BasTilr,Oo) the Ir-Ir dimer interaction
plays a role, in another iridate (BasIrTi2Oo) such an interaction is not relevant.
Despite this, in both sister compounds, the higher-order magnetic multipole,
namely the triakontadipole formed through spin-orbit entanglement, is found
to be the POP (as seen from Table 1). The reason for this was found to be that
the jerr model is preserved in the P> Ir atom, even in the dimeric state, to
stabilise the intra-dimer interaction through hopping between the two jer=1/2
states of the two Ir atoms forming the dimer. The next investigation was a
fascinating and challenging study (Ganguly Shreemoyee and Bhowal
Sayantika, 2020) because the compound studied comprised both a 5d and a 3d
element. We studied the iridate LaColrO¢ next. Here, while Coulomb
localisation (introduced through Hubbard U) plays the primary role in driving
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magnetism in the 3d Co atom, we have already seen that SOC plays an
important role in d® Ir atom. However, we wanted to understand how the
magnetism of one Ir and Co atom is affected by the other when they are
connected through two corner-sharing octahedra. We also conducted a
comparative study of this compound with its isomorphous compound
LayZnlrO¢. The Zn atom, though a 3d element, is nonmagnetic. So, in this
isostructural compound, the magnetic nature of the Ir atom is certainly not
influenced by the magnetism of any 3d transition metal species. Surprisingly,
Table 1 reveals that in LaxColrOs, two primary order parameters exist. In
contrast, one of the order parameters (spin moment) is responsible for
magnetism in the 3d Co atom, the other order parameter (triakontadipole
moment) serves as the POP in the 5d Ir atom. The magnetic nature of the Ir
species in La,ColrOg is similar to that in the isostructural La,ZnlrOg species,
indicating that the strongly correlated 3d species do not dominate the
magnetism of the 5d Ir atom.

Table 1. A study of magnetic multipoles and the exchange energy associated
with them in various iridates

Material Multipole Moment Value of Moment Exchange Energy
Ug/atom (meV/atom)
Ir in Sr,IrOy4 Spin 0.08 2.4
Orbital 0.24 -4.2
Octupolar 0.56 -41.3
Triakontadipole 3.18 -71.8
Ir in Ba;YIr,Oy Spin 0.55 -120.0
Orbital 0.34 -10.0
Octupolar 0.73 -35.0
Triakontadipole 1.96 -36.0
Irin Irin Spin 0.14 0.13 -6.5 -5.0
Ba;IrTi,0y | BasTilr,Oy | Orbital 0.29 0.28 -5.8 -8.3
Octupolar 0.62 0.52 -50.7 -46.6
Triakontadipole 3.68 2.94 -96.1 -74.5
Coin Irin Spin 2.37 0.065 -1423.84 -0.71
La,ColrOs | La,ColrOs Orbital 0.224 0.149 | -14.90 -3.11
Octupolar 4.12 0397 | -89.92 -0.45
Triakontadipole 8.80 4.07 -512.69 -58.75
Ir in LayZnlro6 Spin 0.091 -2.77
Orbital 0.325 -7.45
Octupolar 0.36 -0.74
Triakontadipole 4.11 -120.0
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Current Extension to Os in Ba;ZnOsQOg

In this communication, we have extended our study to an osmium-based
compound, Ba;ZnOsQOs. Os®" is in a 5d? state in this compound. The
motivation behind this extension is an experimental study on osmates
(Maharaj D. D., Sala G., Stone M. B., Kermarrec, Ritter C., Fauth F.,
Marjerisson C. A., Greedan J. A., and Paremakanti A., 2020), conducted using
neutron powder diffraction and X-ray diffraction techniques. This study
indicates that a very interesting magnetic multipolar order parameter, namely
the magnetic octupolar moment, is the primary order parameter. We wanted
to test our developed methodology on one of the osmates studied in the
mentioned work. Remarkably, in the osmate that we have studied, namely
Ba;,Zn0s0s, we found that the POP driving magnetism in the system is the
magnetic octupole as seen from Table 2. This correspondence of our study
with experimental results further establishes the validity and applicability of
our developed methodology for various 5d-based oxides.

Table 2. A study of magnetic multipoles and the exchange energy associated
with them in an osmate

Multipole Moment Value of Moment (meV/atom) Exchange Energy (meV/atom)
Spin 0.472 -67.33
Orbital 0.163 -6.024
Octupolar 4.05 -78.86
Triakontadipole 1.49 -13.43
Discussion

In the present study, we have initially discussed the magnetic nature of 5d
oxides and how it differs from that of 3d oxides. While the Coulomb
interaction is the dominant interaction in localised 3d oxides, 5d oxides are
generally SOC-driven. It is essential to comprehend the magnetic order
parameter, which is responsible for breaking time-reversal symmetry and
driving magnetism in 5d oxides. Understanding this parameter would provide
a means to control the magnetic order and conducting properties of these
compounds, which could be beneficial for quantum computation and
spintronics-based applications. Next, through a comparative analysis, we
identified the POP driving magnetism in various iridates, as previously studied
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by us using a magnetic multipolar-based methodology developed through
multiple studies. Our comparative analysis demonstrates (Table 1) that in
systems where SOC is the dominant interaction, spin moment is merely a SOP.
A higher-order moment formed through spin-orbit entanglement is the actual
POP driving magnetism in such systems. To establish the validity and
applicability of our developed methodology, in the present work, we tried to
identify the POP for an osmate (Ba>ZnOsOgs), which has been experimentally
studied in recent times. The authenticity of our methodology is further
established through this work, as our identified POP in this 5d*> osmate, namely
the magnetic octupole, exactly corresponds to the experimentally indicated
primary magnetic order parameter.
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Chapter 19

Assessing Seasonal Vegetation Dynamics
for Sustainable Ecosystem Management:

A Comparative Analysis of NDVI, NDMI,
NDWI, and AMMI Indices on Henry Island
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University of Engineering and Management, Kolkata, West Bengal, India

Abstract

Mangroves have long been monitored using satellite photographys;
however, in remote areas, challenges such as deep mud, signal loss, and
the complex root systems of mangroves present significant obstacles to
this process. For climate resilience and sustainable ecosystem
management, a precise and automated mangrove map that graphically
represents canopy density using satellite imagery is desperately needed.
To support conservation efforts, this project aims to develop a reliable,
automated method for locating, mapping, and tracking mangrove forests.
This method reduces expenses and improves efficiency by eliminating
the need for time-consuming human digitisation, utilising publicly
available satellite data. For experimental validation, Sentinel-2 footage
from several mangrove forests is used to generate the canopy density
index. The maps successfully depict the spatial extent of mangroves and
visually match satellite pictures, indicating good accuracy. The study
highlights the methodology’s potential for extensive ecological
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monitoring by applying it to the mangrove complex at Henry Island in
the Sundarbans, West Bengal. The suggested technique is practical and
easy to use. It enables the quick creation of mangrove maps, the updating
of sustainability indices, and the monitoring of how mangrove conditions
evolve. This study supports long-term conservation plans by offering a
practical and affordable means of preserving coastal habitats and
lessening the effects of climate change.

Keywords: vegetation indices, remote sensing for vegetation monitoring,
Seasonal vegetation dynamics, Satellite-based vegetation assessment,
Remote sensing

Introduction

Woody plants known as mangroves are found both inland and along the shore,
particularly in tropical and subtropical regions [1, 2]. High environmental
dynamics, including temperature, sedimentation, and tidal currents, are
characteristic of mangrove ecosystems [3]. Due to their contributions to the
coastal zone, productivity, and ecologically important habitats, mangroves are
highly beneficial to shallow seas and coastal ecosystems [4]. Freshwater from
the land via rivers and saltwater from the sea often influence the environment’s
unique features [5, 6]. The mangrove ecosystem offers several benefits,
including nutrient cycling and serving as a nursery for various marine fisheries
[7], providing habitat for diverse animal species, serving as landing grounds
for thousands of migrating birds [3], and supporting biodiversity [8].
Mangroves are crucial for sequestering carbon in the context of climate change
because they can do so through photosynthetic processes and because the
majority of the carbon they store is also stored in the soil [9—14]. Mangroves
are susceptible to both natural and artificial disturbances. According to the
Food and Agriculture Organisation of the United Nations (FAO) [15], since
the 1980s, deforestation has resulted in the destruction of 20% of the world’s
mangroves. Significant anthropogenic impacts include urbanisation [16-20].
Relevant data to monitor mangrove conditions include Sentinel-2 images,
which have a spatial resolution of between 10 and 20 meters, as well as
Landsat 5 Thematic Mapper, Landsat 7 Enhanced Thematic Mapper, and
Landsat 8 Operational Land Imager, all of which have a spatial resolution of
15 meters or less. Mangroves were apparent when viewed through Red, Green,
Blue (RGB) composite satellite imagery, which blended recognisable Near
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Infrared (NIR) and Shortwave Infrared (SWIR) bands. For instance,
mangroves appear more visually distinct when viewed through Landsat 8’s
RGB combination of NIR-SWIR1-Red.

Nevertheless, no translation technique has yet been developed to
satisfactorily mechanically depict the canopy density and trace and record the
presence of mangroves visible in the composite photos. Tracing the
mangroves using the traditional method involves manually matching the
appearance of the RGB composite image. Using the current techniques, the
canopy thickness indices are then mapped [24]. The case study is located in
Henry Island, West Bengal, India (Figure 1). Geographically, Henry Island is
situated approximately at 21.5481° N latitude and 88.2227° E longitude. The
island is part of the South 24 Parganas district, a region renowned for its rich
biodiversity and serving as a gateway to the Sundarbans. The native
populations and ecosystems of Henry Island are seriously threatened by the
effects of climate change, which include increasing sea levels and more
frequent storms. The authors thus suggested the following algorithm,

(pNIR — pRed)/ (pRed + pSWIR1) * (pNIR — pSWIR1)/ (pSWIRI —
0.65pRed) (D

Figure 1. The case study is located on Henry Island, West Bengal, India.

Literature Review in Sustainable Ecosystem Management

The novel method of Automatic Mangrove Map and Index (AMMI) for
effectively monitoring changes in mangrove ecosystems is presented in the
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paper “AMMI Automatic Mangrove Map and Index: Novelty for Efficiently
Monitoring Mangrove Changes with the Case Study in Musi Delta, South
Sumatra, Indonesia” by Suyarso and Praditya Avianto. The study focuses on
the South Sumatra, Indonesia, Musi Delta region, where mangrove trees are
essential for supporting livelihoods, conserving biodiversity, and protecting
the coastline. The AMMI technique generates precise maps and indicators of
mangrove distribution and health by integrating remote sensing technology
with Geographic Information Systems (GIS). The authors efficiently evaluate
changes in mangrove density, moisture content, and water availability over
time by combining satellite imagery with vegetation indices, such as the
Normalized Difference Vegetation Index (NDVI), Normalized Difference
Moisture Index (NDMI), and Normalized Difference Water Index (NDWI).
Policymakers, researchers, and local communities can monitor mangrove
ecosystems extensively with the help of the AMMI technique, enabling them
to make informed decisions about conservation and sustainable management
projects. The Musi Delta case study highlights the potential for broader
deployment of AMMI in other coastal regions facing similar issues by
showcasing its usefulness and effectiveness in providing insightful
information about mangrove dynamics and environmental changes [21]. A
thorough analysis of the various spectral indices employed in remote sensing
for mangrove ecosystems is presented in the work “A Review of Spectral
Indices for Mangrove Remote Sensing” by T. Tran. R. Reef and Xuan Zhu,
which was published in Remote Sensing in 2022. It emphasises the
significance of mangroves for supporting biodiversity, protecting coastlines,
and sequestering Carbon, while highlighting the necessity of efficient
monitoring and management. Based on their uses in species recognition, stress
identification, and evaluation of vegetation health, spectral indices are
categorized and evaluated in this review. It examines the benefits and
drawbacks of each indicator, taking into account ambient considerations and
sensor compatibility. The writers also discuss the potential of remote sensing
technology to improve mangrove tracking. To increase the precision and
dependability of mangrove remote sensing, they advocate for uniform
techniques and the integration of data from several sources. Researchers and
practitioners seeking to create and utilise spectral indices for efficient
mangrove management and preservation may find this publication to be a
valuable resource [22].
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Research Gap Analysis

Despite improvements in remote sensing and vegetation monitoring using
indices, gaps remain in our understanding of seasonal vegetation changes.
Although NDMI and NDWI offer more accurate moisture information, NDVI
struggles to distinguish between soil moisture and vegetation water content.
To investigate vegetation dynamics during the wet and dry seasons—a crucial
aspect of sustainable ecosystem management—very few studies have
integrated these indices. Particularly for complex ecosystems like mangroves,
which are essential for biodiversity conservation, carbon sequestration, and
coastal protection, a more comprehensive strategy is needed. Nevertheless,
despite recent advancements, charting these ecosystems remains inconsistent
and prone to error. The majority of mangrove mapping systems currently in
use employ manual or semi-automated classification techniques, which
restrict scalability and increase the risk of human error. Long-term ecological
monitoring and conservation planning require the integration of multi-
temporal and multispectral data for increased accuracy; however, there are
currently no fully automated research frameworks that accomplish this.
Although the AMMI index attempts to address these problems, additional
verification is necessary to ensure regional accuracy. Mangrove mapping can
be significantly enhanced by integrating data with machine learning and
cutting-edge remote sensing methods, thereby supporting efforts to manage
resources sustainably and build climate resilience.

Methodology

e Materials: The materials used for this research include high-
resolution optical imagery from satellites with open-access data,
specifically Sentinel 2.

o Satellite Import: Gather pertinent satellite imagery.

e Visualisation Parameters: Adjust the visualisation settings to
improve the sharpness and detail of the images.

e Date Range: Establish a lengthy range of dates for your investigation.

o Definition of Dry and Wet Seasons: Determine and categorise the
dataset’s dry and wet seasons.

e [ndex Calculation: Utilise the designated calculation techniques to
determine the vegetation indices (NDVI, NDWI, NDMI, and AMMI).
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e Season-wise Reporting: Create reports broken down into the dry and
rainy seasons for each index.

e Dot Graph: Construct dot graphs to show data points for every index
across time.

o DOY Charts: To show seasonal and annual trends, create Day-of-
Year (DOY) series charts and Day of Year-by-Year series charts.

o Line Chart: Create line charts that illustrate how the indices have
changed throughout time.

o  Annual and Seasonal Images: Create GIFs to illustrate annual and
seasonal variance.

Result Analysis

Figure 2 shows the mean NDVI readings for each date throughout the wet
season from 2018 to 2023. Because monsoon rains promote enhanced
vegetation growth, the wet season usually has higher NDVI values. Variations
within a single year can reveal the distribution and intensity of rainfall. Peaks
in the NDVI represent times when the health and density of the vegetation are
at their highest, indicating how the monsoon rains affect the growth of the
vegetation.

Figure 3 shows the mean NDVI values for each date during the dry season.
Lower NDVI readings may be observed during the dry season due to reduced
moisture and slower plant growth. Peaks may still happen during this season,
particularly if there is still rainwater from the previous wet season in the early
dry season (October to December). The decrease in vegetative health resulting
from the absence of rainfall is evident in the progressive decline of NDVI
values from January to May.

The NDVI for the wet season is plotted against the day of the year in this
graphic. As the monsoon intensifies, the Day of Year Series should exhibit an
increasing tendency, which should either steady or decline as the season
concludes. This pattern illustrates how the first upsurge in vegetation growth
occurs as the rains begin, and then it stabilizes as the vegetation reaches its
maximum.
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The NDVI for the dry season is plotted against the day of the year in this
graphic. As moisture levels drop throughout the dry season, the NDVI may
exhibit a declining trend, with sporadic maxima occurring in the months
following the monsoon. The downward trend indicates the stress the plants are
experiencing due to water deficiency.

This graph displays the NDVI readings for the wet season for several
years. It enables the comparison of vegetation between years, demonstrating
how fluctuations in rainfall and other climatic factors affect the response of
plants each year. More favourable monsoon conditions were probably seen in
years with higher NDVI levels.

This graph displays the NDVI values for the dry season for several years.
The comparison highlights interannual variability, as well as the impact of dry
season conditions on plant health. It’s possible that years with higher NDVI
readings during the dry season benefited from less extreme dry conditions or
residual moisture. The mean NDMI values for each date throughout the wet
season are displayed on the chart. Higher NDMI values indicate vegetation
with a higher moisture content. As the monsoon intensifies, the NDMI tends
to increase during the wet season, suggesting that vegetation is absorbing more
precipitation. The NDMI peaks represent times when the vegetation moisture
content is at its highest, signifying the effective monsoon rains. The mean
NDMI values for each date throughout the dry season are displayed.

Lower NDMI values indicate the reduced moisture content in vegetation
during the dry season. It is anticipated that the general trend will be downward,
with sporadic peaks resulting from isolated rainstorms or rainwater leftover
from the rainy season. The drying conditions typical of the dry season are
reflected in the reduction in NDMI levels. The NDMI for the wet season is
plotted against the day of the year. As the monsoon advances, the DOY series
ought to exhibit a rising trend, indicating the vegetation’s absorption of
moisture. As the season closes and the amount of moisture available declines,
the tendency either stabilises or reverses. The NDMI for the dry season is
plotted against the day of the year. There may be a declining trend in the dry
season series, which would suggest a lower moisture content. Remaining
moisture or isolated rain events may cause occasional peaks in precipitation.
The general trend is consistent with the drying conditions that occur during
the dry season. The NDMI levels for the wet season in several years are
compared, and the interannual comparison highlights changes in moisture
content resulting from variations in the intensity and distribution of the
monsoon. More effective monsoon rains were probably experienced in years
with higher NDMI levels.
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The NDMI levels have been stable for several years during the dry season.
The comparison demonstrates how annual variations in the dry season
circumstances affected the moisture content of the Vegetation. Higher NDMI
readings during the dry season in a given year may indicate less extreme dry
conditions or the effectiveness of efficient water management techniques. The
mean NDWI values for each date during the wet season are displayed. Because
there is more water in the soil and vegetation during the wet season, higher
NDWI values are anticipated. The presence of surface water and vegetation
moisture can be reflected in this indicator. Peaks in the NDWI occur when the
most water is available, demonstrating how effectively the monsoon rains
replenish water supplies. The mean NDWI values for each date throughout the
dry season are displayed as the amount of water in the soil and vegetation
decreases during the dry season, NDWI levels usually decline. However,
because of the residual moisture from the wet season, some peaks may still
occur, particularly in the early dry season. Generally, NDWI levels are
expected to be lower within this time frame than they are throughout the rainy
season. The NDWI for the wet season is plotted against the day of the year,
and as the monsoon intensifies, the DOY series should exhibit an upward trend
that corresponds with the increase in water content. As the season finishes and
the amount of water available diminishes, this pattern either stabilises or
reverses. The NDWI for the dry season is plotted against the day of the year.
There may be a declining trend in the dry season series, which would suggest
a lower moisture content. Remaining moisture or isolated rain events may
cause occasional peaks. The general trend is consistent with the drying
conditions that occur during the dry season. The NDWI values for the wet
season in several years are compared, and the interannual comparison
highlights changes in water content resulting from variations in the intensity
and distribution of the monsoon. More effective monsoon rains were probably
experienced in years with higher NDWI levels. The NDWI for the dry season
is plotted against the day of the year. There may be a declining trend in the dry
season series, which would suggest a lower moisture content. Remaining
moisture or isolated rain events may cause occasional peaks. The general trend
is consistent with the drying conditions that occur during the dry season.

The mean AMMI readings for each date in the wet season from 2018 to
2023 are displayed. AMMI values represent the distribution and condition of
the mangrove vegetation during the rainy season. A healthy mangrove cover
is characterised by higher AMMI values, which are essential for carbon
sequestration, biodiversity, and coastal protection. AMMI peaks represent
periods when mangrove growth and density are at their optimal levels. The
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mean AMMI values for each date in the dry season are displayed. The ability
of mangrove ecosystems to tolerate environmental stressors, such as salinity
and water scarcity, is demonstrated by AMMI levels during the dry season.
Sustained AMMI values indicate the presence of robust mangrove stands that
can withstand challenging conditions, even though they are often lower than
during the wet season.

The AMMI for the wet season is plotted against the day of the year in this
graphic. The temporal fluctuation in mangrove health and productivity over
the wet season is depicted by the AMMI Day of Year (DOY) series. Peaks in
AMMI, which are influenced by factors such as tidal inundation, sediment
deposition, and freshwater intake, may correspond with periods of peak
mangrove growth. The AMMI for the dry season is plotted against the day of
the year in this graphic. The DOY series for AMMI in the dry season sheds
light on the resilience of mangrove ecosystems to changing weather patterns
throughout the year. While continuous or variable levels exhibit adaptive
responses to changing environmental conditions, lower AMMI values may
indicate periods of stress. The AMMI levels for the wet season in several years
are compared in this chart. During the wet season, the graphic enables the
comparison of mangrove productivity and health across several years by
displaying AMMI values for each year. Changes in AMMI from year to year
could be caused by variations in the surrounding environment, in management
techniques, or by human influences on mangrove ecosystems. This research
displays the AMMI readings for the dry season spanning several years. This
figure enables the comparison of mangrove health and resilience throughout
the dry season across several years, much as the wet season DOY series by
year. An understanding of the long-term dynamics of mangrove ecosystems
and how they adapt to shifting external conditions can be gained from
variations in AMMI values throughout time.

Discussion and Conclusion

By evaluating the moisture content, structure, and health of the plants, indices
such as NDVI, NDMI, NDWI, and AMMI can be used to track changes in the
vegetation during the dry and wet seasons. While NDMI compares near-
infrared and shortwave infrared reflectance to provide information on plant
water content and moisture changes, NDVI evaluates vegetation density and
greenness. Sentinel-2 satellite images covering Henry Island, West Bengal,
from 2018 to 2023 are used in the study to assess vegetation and water
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indicators, including AMMI, NDVI, NDMI, and NDWI. With an emphasis on
mangrove environments, it offers insights into vegetation health and moisture
content by mapping seasonal and temporal patterns. To track differences
between the rainy and dry seasons, the research also includes time series and
day-of-year charts. The study highlights how a deeper understanding of
vegetation responses to seasonal climate variations can be achieved by
combining NDVI, NDMI, and NDWI. This comprehensive method enhances
the monitoring of hydrological conditions, moisture content, and vegetation
health, facilitating the identification of stress and recovery periods that are
crucial for efficient ecosystem management. The study demonstrates that the
combination of NDVI, NDMI, and NDWI is beneficial for environmental
management, conservation, and policymaking, as it offers a more
comprehensive understanding of vegetation dynamics. It also emphasises how
effective computerised mangrove mapping is at removing human error and
facilitating quicker, more precise monitoring for scientists and community
members. Scientifically, the initial data for the forest condition in the
upcoming research is the geographical distribution of mangroves across a
larger region and the characterization of the surrounding areas. Other
supporting data, including geochemical data, biota content statistics, and the
density and age of trees per unit area, will contribute to determining the
mangrove health index. Adopting advanced, automated, and scalable remote
sensing methods that improve vegetation mapping accuracy and minimise
human error is essential for sustainable ecosystem management. Better
conservation and climate adaptation methods can be achieved by enhancing
the identification of vegetation changes through the use of machine learning
and multi-temporal data fusion. To develop more reliable, automated
frameworks that support long-term monitoring and informed decision-making
for biodiversity conservation, carbon sequestration, and ecosystem resilience,
future research should focus on integrating these technologies. To make sure
that scientific discoveries are translated into practical sustainability measures,
interdisciplinary cooperation and policy support must be strengthened.
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Abstract

Biosensors have emerged as invaluable tools in various fields, including
healthcare, environmental monitoring, and food safety. Their ability to
detect and quantify specific biological molecules or analytes has
revolutionised  diagnostics and monitoring processes. Recent
advancements in nanotechnology have led to the development of
nanocomposite-based biosensors, which offer enhanced Sensitivity,
selectivity, and stability. This comprehensive review examines the
application of nanocomposites in biosensors, providing a detailed
analysis of their design, fabrication, and performance.
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Introduction
Introduction to Biosensors and the Importance of Nanocomposites

Biosensors, at the intersection of biology, chemistry, and materials science,
are powerful analytical devices designed to detect specific biological
molecules or analytes and convert this information into measurable signals.
These devices have found widespread application in healthcare [1],
environmental monitoring [2], food safety [3], and biotechnology [4] due to
their ability to provide rapid and accurate information about biological
processes and the presence of specific substances. In recent years, the
Integration of nanocomposites has significantly advanced the capabilities and
versatility of biosensors, opening up new horizons for sensitive and selective
detection. Biosensors have become indispensable tools in various fields for
several compelling reasons.

e Disease Diagnosis and Monitoring [5-7]: In healthcare, biosensors
facilitate the early detection of biomarkers associated with diseases,
including cancer, diabetes, and infectious diseases. This enables
timely diagnosis and more effective treatment.

o  Environmental Monitoring [8-10]: Biosensors play a crucial role in
monitoring environmental parameters, including pollutants,
pathogens, and toxins. They help ensure the safety of air and water
resources, contributing to ecological sustainability.

e Food Safety [11, 12]: In the food industry, biosensors are used to
detect contaminants, allergens, and spoilage markers. This ensures
the quality and safety of food products throughout the supply chain.

e Biotechnology and Drug Development [13, 14]: Biosensors play a
crucial role in drug discovery and development, enabling researchers
to investigate molecular interactions, screen for potential drug
candidates, and monitor cellular responses to treatments.

e  Point-of-Care Testing [15]: Miniaturized biosensors are utilized for
point-of-care diagnostics, enabling rapid testing in remote or
resource-limited settings. This is particularly valuable in global
healthcare initiatives.

Furthermore, Nanocomposites, which consist of nanomaterials integrated
into a matrix material, have revolutionised the field of biosensors by
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addressing key challenges and enhancing their performance. Here’s why
nanocomposites are crucial in this context.

o  Enhanced Sensitivity [16, 17]: Nanocomposites offer a high surface
area-to-volume ratio, enabling the immobilisation of a larger number
of recognition elements (e.g., antibodies, aptamers, DNA strands).
This results in higher Sensitivity, allowing the detection of trace
amounts of analytes.

o Selectivity [18, 19]: The functionalisation of nanocomposite surfaces
with specific receptors ensures selectivity, allowing the biosensor to
interact only with the target analyte. This minimises false positives
and enhances the accuracy of detection.

e Rapid Response [20, 21]: Nanocomposites, with their nanoscale
dimensions, facilitate rapid analyte diffusion to the sensor surface.
This leads to fast response times, which are crucial in real-time
monitoring and diagnostics.

o JVersatility [22, 23]: Nanocomposites can be tailored for specific
applications by choosing different types of nanoparticles and matrix
materials. This versatility allows researchers to design biosensors for
a wide range of targets, including proteins, nucleic acids, and small
molecules.

In summary, biosensors play a pivotal role in various domains, from
healthcare to environmental protection, due to their ability to detect and
monitor specific biological molecules and analytes. Nanocomposites have
significantly improved the performance and versatility of biosensors, making
them highly sensitive, selective, and rapid devices. As the field of biosensors
continues to advance, nanocomposite technology is set to play a critical role
in shaping the future of analytical and diagnostic tools.

Scope and Purpose of the Present Review
The scope and purpose of the review on nanocomposites as biosensors are to
provide a comprehensive and in-depth exploration of the current state of

research, advancements, challenges, and prospects in this exciting and rapidly
evolving field. Here is a breakdown of the scope and purpose.
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Nanocomposite Types: The review will cover a wide range of
nanocomposite materials commonly used in biosensors, including
carbon-based nanocomposites (such as graphene and carbon
nanotubes), metal nanoparticle-embedded nanocomposites, polymer-
nanoparticle composites, and quantum dot nanocomposites.
Functionalisation and Surface Modification: 1t will delve into the
strategies and methods used for surface functionalisation and
modification of nanocomposites to impart selectivity and specificity
to biosensors. This will include discussions on the immobilisation of
recognition elements, such as antibodies, aptamers, and DNA strands.
Advantages: The review will highlight the benefits of using
nanocomposites in biosensors, including their high Sensitivity,
selectivity, rapid response times, and miniaturisation potential. These
advantages will be illustrated with examples from various
applications.

Applications: This will encompass a broad spectrum of
nanocomposite-based biosensor applications, including healthcare
(disease diagnosis and monitoring), environmental monitoring
(pollutant and pathogen detection), food safety (contaminant
detection), and biotechnology (drug development and cellular
response monitoring). The review will emphasise how
nanocomposites are contributing to advancements in these areas.
Challenges and Limitations: The challenges and limitations
associated with nanocomposite-based biosensors, including issues
related to reproducibility, scalability, and cost-effectiveness, will be
discussed to provide a balanced perspective on the technology.

Purpose

Inform and Educate: The primary purpose of the review is to inform
and educate readers about the significance of nanocomposites in the
context of biosensors. It aims to provide a clear understanding of how
nanocomposites enhance the performance of biosensors, enabling
sensitive and selective detection of biological molecules and analytes.
Highlight Recent Advances: The review will showcase recent
developments and breakthroughs in nanocomposite-based
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biosensors, emphasising the most cutting-edge research in the field.
This serves to keep researchers, scientists, and practitioners up-to-
date with the latest advancements.

o Identify Challenges and Future Directions: By discussing challenges
and limitations, the review aims to identify areas where further
research is needed. It will suggest potential avenues for overcoming
current limitations and improving the technology.

o [nspire Future Research: The comprehensive exploration of
applications and potential uses of nanocomposite-based biosensors
aims to inspire future research and innovation in this field. It
highlights the potential for biosensors to address pressing challenges
in healthcare, the environment, and biotechnology.

e Facilitate Decision-Making: For professionals and decision-makers
in fields where biosensors are relevant, the review will provide
valuable insights into the advantages, limitations, and areas of
application for nanocomposite-based biosensors, helping them make
informed choices about adopting and developing this technology.

In summary, the review of nanocomposites as biosensors aims to provide
a comprehensive understanding of the current landscape, opportunities, and
challenges in this field. Its purpose is to inform, inspire, and guide researchers,
practitioners, and stakeholders interested in leveraging nanocomposites for the
development of advanced biosensor technologies.

Nanocomposites in Biosensors

Defining Nanocomposites and Their Relevance
in Biosensor Applications

Nanocomposites are materials composed of a matrix or host material that
incorporates nanoparticles or nanoscale filler materials. These nanoparticles
are typically 1 to 100 nanometers in size and are dispersed throughout the
matrix material. Nanocomposites can be engineered to possess a wide range
of desirable properties by adjusting the type, size, shape, and concentration of
the nanoparticles, as well as the properties of the matrix material. These
materials have found numerous applications across various industries due to
their unique and tunable characteristics.
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Nanocomposites have gained significant relevance in biosensor
applications due to their ability to enhance the performance and Sensitivity of
biosensors. Here are some key ways in which nanocomposites are utilised in
biosensor technology.

o [mproved Sensitivity: The incorporation of nanoparticles into the
biosensor design can significantly enhance its sensitivity [24].
Nanoparticles offer a high surface area-to-volume ratio, which
enables increased surface interactions with target molecules (e.g.,
biomarkers or analytes) [16, 25, 26]. This results in improved
detection limits and the ability to detect low concentrations of
analytes.

e  Enhanced Selectivity: Functionalised nanoparticles can be designed
to bind to specific biomolecules selectively. By using
nanocomposites with tailored surface chemistry, biosensors can
achieve high specificity for the target analyte while minimizing
interference from other substances [27-29].

o Faster Response Times: Nanocomposite materials can facilitate faster
signal transduction in biosensors. For instance, carbon nanotubes or
graphene can enhance electron transfer rates, resulting in speedier
sensor responses [30-33].

o  Stability and Longevity: Nanocomposites can provide improved
mechanical stability and resistance to environmental factors, making
biosensors more robust and suitable for long-term use in various
conditions [34, 35].

e  Miniaturization: Nanocomposite-based biosensors can be designed
on a nanoscale, enabling the development of miniaturized and
portable devices. This is especially advantageous for point-of-care
diagnostics and wearable biosensors [36-38].

e  Multiplexing: Nanocomposites can be engineered to enable
multiplexed detection, allowing for the simultaneous measurement of
multiple analytes on a single biosensor platform. This is valuable for
comprehensive analysis in medical diagnostics and research
applications [39-42].

e  Functional Diversity: Nanocomposites can be customised to
incorporate various types of nanoparticles, such as metallic,
semiconductor, or magnetic nanoparticles, depending on the specific
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requirements of the biosensor application. This versatility allows for
a wide range of functionalities [43-46].

e Bioimaging: Some nanocomposite materials, such as quantum dots
and up-conversion nanoparticles, are not only used in biosensors but
also serve as imaging agents for visualizing cellular and molecular
processes in biological systems [47-49].

In summary, nanocomposites have revolutionised biosensor technology
by improving Sensitivity, selectivity, speed, and overall performance. Their
versatility and ability to be tailored for specific applications make them
valuable tools in the fields of medical diagnostics, environmental monitoring,
and life sciences research.

Various Types of Nanocomposites Used in Biosensors
(e.g., Polymer-Based, Metal-Based, Carbon-Based)

Nanocomposites used in biosensors can be categorised into various types
based on the nanomaterials incorporated into them. Each type offers distinct
properties and advantages for specific biosensing applications. Here are some
common types of nanocomposites used in biosensors.

Polymer-Based Nanocomposites

e  Polymer Nanocomposites [50-52]: These are composed of a polymer
matrix with nanoscale fillers, such as nanoparticles, nanofibers, or
nanoclays.  Polymer-based  nanocomposites are  flexible,
biocompatible, and can be easily functionalized for biomolecule
immobilization.

o Conducting Polymer Nanocomposites [53-56]: Incorporating
conductive nanoparticles, such as carbon nanotubes or graphene, into
conducting polymers enhances their electrical conductivity, making
them suitable for electrochemical biosensors.

e Hydrogel Nanocomposites [57-61]: Hydrogel-based nanocomposites
can absorb and retain a large volume of water, making them suitable
for immobilising biomolecules. Nanoparticles or nanofibers can be
added to enhance their mechanical and sensing properties.
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Metal-Based Nanocomposites

e  Nanoparticle-Metal Nanocomposites [62-64]: Metal nanoparticles
(e.g., gold, silver) are often used due to their unique optical and
electrochemical properties. These nanocomposites are employed in
various biosensors, including colourimetric and surface-enhanced
Raman spectroscopy (SERS) sensors.

e  Metal Oxide Nanocomposites [65-67]: Metal oxide nanoparticles
(e.g., zinc oxide, tin oxide) can be incorporated into sensors for gas
sensing or pH monitoring. They provide high surface area and
Sensitivity.

o Magnetic Nanoparticle Nanocomposites [68-70]: Magnetic
nanoparticles, often coated with biocompatible polymers, enable
magnetic manipulation of biomolecules in biosensors. They are used
in magnetic biosensors and separation techniques.

Carbon-Based Nanocomposites

o Carbon Nanotube (CNT) Nanocomposites [71-74].: Single-walled or
multi-walled carbon nanotubes can enhance the electrical
conductivity and surface area of biosensors. CNT-based biosensors
are utilised in both electrochemical and field-effect transistor (FET)
biosensing applications.

o  Graphene-Based Nanocomposites [75-77]: Graphene and its
derivatives (e.g., graphene oxide) have exceptional -electrical
conductivity and a large surface area. They are used in various
biosensing platforms, including electrochemical, field-effect
transistor, and optical biosensors.

o Carbon Nanofiber (CNF) Nanocomposites [78-81]: CNF-based
biosensors offer a combination of mechanical strength and electrical
conductivity, making them suitable for various applications.

Hybrid Nanocomposites
e Polymer-Metal Nanocomposites [82, 83]: Combining polymers with
metal nanoparticles or metal oxides can yield versatile biosensors that

benefit from both the flexibility of polymers and the sensing
capabilities of metals.
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e Polymer-Carbon Nanocomposites [84, 85]: Hybrid nanocomposites
of polymers and carbon-based materials, such as graphene-polymer
composites, offer improved electrical conductivity and
biocompatibility.

e Multi-component Nanocomposites [86-88]: Some biosensors
incorporate multiple nanomaterials, such as metal nanoparticles,
carbon nanotubes, and polymers, to achieve synergistic effects and
enhanced sensing performance.

Quantum Dot Nanocomposites

Quantum Dots (QDs) are semiconductor nanocrystals with unique optical
properties. QD-based nanocomposites are employed in fluorescence-based
biosensors due to their tunable emission spectra and high quantum yields [89-
91].

Lipid-Based Nanocomposites

e Lipid Nanoparticles [92-94]: Lipid-based nanocomposites, such as
liposomes or lipid bilayers, are used for the encapsulation and
controlled release of bioactive molecules in biosensors, especially in
drug delivery and therapeutic monitoring applications.

The choice of nanocomposite type depends on the specific biosensing
requirements, including the target analyte, desired Sensitivity, and
environmental conditions. Researchers continue to explore new nanomaterials
and innovative combinations to develop biosensors with improved
performance and broader application potential.

Fabrication and Characterisation

Detailed Methods Used to Fabricate Nanocomposite Biosensors
Fabricating nanocomposite biosensors involves a series of steps to incorporate
nanomaterials into a sensor platform for the detection of specific biomolecules

or analytes. The following are some standard methods used to fabricate
nanocomposite biosensors.
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Chemical Synthesis

o Solution-Based Synthesis [95-97]: Nanocomposites can be prepared
by mixing and reacting precursor materials in a solution. This method
allows for precise control over the size, shape, and composition of
nanoparticles. For example, metal nanoparticles (e.g., gold, silver)
can be synthesised in solution and subsequently incorporated into a
biosensor platform.

o Sol-Gel Method [98, 99]: This technique involves the hydrolysis and
condensation of metal alkoxides or organosilanes to form a nanoscale
network within a gel matrix. It is commonly used to produce metal
oxide nanocomposites for biosensing applications.

Physical Deposition Techniques

e  Physical Vapour Deposition (PVD) [100-102]: PVD methods, such
as sputtering or thermal evaporation, can be used to deposit thin films
of nanomaterials onto a substrate. This is often employed to create
thin-film biosensors with specific surface properties.

e Chemical Vapour Deposition (CVD) [101-106]: CVD can be used to
grow nanomaterials, such as carbon nanotubes or graphene, directly
onto a substrate, allowing for precise control over the material’s
alignment and thickness.

Layer-by-Layer (LbL) Assembly

LbL assembly involves the sequential deposition of alternating layers of
oppositely charged materials, including nanomaterials, polymers, and
biomolecules. This technique is used to create nanocomposite thin films with
precise control over layer thickness and composition. LbL assembly is often
employed in electrochemical and optical biosensors [107-109].

Electrospinning

Electrospinning is used to create nanofibers or nanofiber mats by applying an
electric field to a polymer solution or melt. Nanomaterials, such as
nanoparticles or carbon nanotubes, can be incorporated into the polymer
matrix during the electrospinning process. The resulting nanofibers can serve
as a platform for biosensor construction [110-112].
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Template-Assisted Synthesis

Templates, such as porous membranes or sacrificial materials, can be used to
create nanoscale structures with specific shapes and sizes. Nanomaterials are
deposited within these templates and subsequently released to form
nanocomposites. This method is often employed to fabricate nanowire-based
biosensors [113, 114].

Chemical Functionalisation

Nanocomposite surfaces can be functionalised with biomolecules (e.g.,
antibodies, DNA probes) through chemical reactions. For example,
nanoparticles can be modified with thiolated molecules for attachment to a
gold surface, enabling the immobilisation of biomolecules for biosensing
[115-118].

Printing and Patterning Techniques

Printing techniques, such as inkjet printing or screen printing, can be used to
create patterned nanocomposite layers on substrates. These techniques are
suitable for the mass production of biosensors with well-defined sensor
regions [119, 120].

Self-Assembly

Some nanocomposites can self-assemble into ordered structures due to their
inherent properties. For instance, amphiphilic molecules can self-assemble
into lipid bilayers or micelles, serving as platforms for the development of
biosensors [121, 122].

3D Printing

3D printing technology allows for the fabrication of three-dimensional
nanocomposite structures with precise control over geometry and material
distribution. This is particularly useful for creating custom-designed
biosensors [123, 124].

The choice of fabrication method depends on the specific nanomaterials
used, the desired sensor configuration, and the intended application of the
biosensor. Researchers often select the most appropriate method to optimise
Sensitivity, specificity, and reliability for the detection of target biomolecules.
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Techniques Employed for Characterising These Biosensors

Characterising nanocomposite biosensors is essential to assess their structure,
properties, and performance. Various analytical techniques are employed to
gain insights into the composition, morphology, surface properties, and
functionality of these biosensors. Here are some commonly used
characterisation techniques.

Scanning Electron Microscopy (SEM) [125]

e  Principle: SEM uses a focused beam of electrons to scan the surface
of a sample. The interaction between the electrons and the sample’s
surface generates high-resolution images, providing information on
the sample’s topography and morphology.

e Application: SEM is valuable for visualising the surface structure of
nanocomposite  biosensors, including the distribution and
arrangement of nanoparticles or nanofibers on the substrate.

Transmission Electron Microscopy (TEM) [126]

e  Principle: TEM involves transmitting an electron beam through a thin
specimen. The interaction of electrons with the sample produces high-
resolution images, allowing for detailed examination of the internal
structure and nanoscale features.

o Application: TEM is used to study the morphology, size, and
distribution of nanomaterials within the biosensor, providing insights
into the nanocomposite’s internal structure.

X-ray Diffraction (XRD) [127]

e Principle: XRD measures the diffraction of X-ray photons by the
crystal lattice of a material. The resulting diffraction pattern provides
information about the crystal structure, phase composition, and
crystallinity of nanomaterials.

e Application: XRD is useful for characterising the crystalline nature
of nanoparticles or nanocrystalline components within the biosensor,
helping to identify the types of nanomaterials present.
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Atomic Force Microscopy (AFM) [128, 129]

e Principle: AFM employs a sharp tip to scan the sample surface. It
measures the interaction forces between the tip and the sample,
creating high-resolution topographic images.

o Application. AFM is used to investigate the surface roughness,
thickness, and mechanical properties of nanocomposite layers on
biosensors. It can also help assess the uniformity of nanomaterial
distribution.

Fourier-Transform Infrared Spectroscopy (FTIR) [130]

e  Principle: FTIR measures the absorption and emission of infrared
light by the chemical bonds in a material. It provides information
about functional groups, chemical composition, and molecular
interactions.

o Application: FTIR is employed to confirm the presence of specific
functional groups, coatings, or chemical modifications on the
biosensor’s surface or within its nanocomposite components.

Raman Spectroscopy [131-133]

e Principle: Raman spectroscopy measures the scattering of laser light
by molecules in a sample. It provides information about molecular
vibrations and can identify specific chemical compounds.

o Application: Raman spectroscopy is used to analyse the chemical
composition and structural properties of nanomaterials integrated into
biosensors. It is particularly valuable for studying carbon-based
nanomaterials, such as graphene or carbon nanotubes.

X-ray Photoelectron Spectroscopy (XPS) [134, 135]

e Principle: XPS analyses the energy distribution of photoelectrons
emitted from the surface of a sample when exposed to X-rays. It
provides information on elemental composition and chemical states.

e Application: XPS is employed to determine the chemical composition
of nanomaterials, identify surface functional groups, and investigate
the chemical environment of atoms within the biosensor.
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Electrochemical Characterisation [136]

e Principle: Electrochemical techniques, including cyclic voltammetry
and impedance spectroscopy, are used to assess the electrochemical
behaviour of biosensors. These methods provide information about
the sensor’s Sensitivity, response time, and electrochemical
performance.

Spectroscopy (UV-Vis, Fluorescence) [137, 138]

e Principle: UV-Vis and fluorescence spectroscopy measure the
absorption and emission of light by materials. They are used to assess
the optical properties, stability, and Sensitivity of biosensors,
especially those incorporating nanoparticles with unique optical
properties.

Surface Plasmon Resonance (SPR) [139-141]

e  Principle: SPR measures changes in the refractive index at the
biosensor surface due to biomolecular binding events. It provides
real-time information on binding kinetics, affinity, and specificity.

o Application: SPR is a powerful tool for studying the interaction
between biomolecules and nanocomposite surfaces in biosensors,
offering insights into their binding behaviour.

These characterisation techniques are essential for ensuring the quality
and performance of nanocomposite biosensors, aiding in the optimisation of
their design and functionality for specific applications in areas such as medical
diagnostics, environmental monitoring, and biotechnology.

Functionalisation and Surface Modification

How Nanocomposite Surfaces Are Functionalised to Enhance
Biosensor Performance

Functionalising nanocomposite surfaces is a critical step in enhancing the
performance of biosensors. Functionalisation involves modifying the surface
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of the nanocomposite with specific molecules or chemical groups to achieve
desired properties or functionalities. Here are several ways nanocomposite
surfaces can be functionalised to enhance biosensor performance.

Biomolecule Immobilisation

o Antibodies and Antigens [142]: Nanocomposite surfaces can be
functionalised with antibodies or antigens to create immunosensors.
These biomolecules selectively bind to target antigens, enhancing the
biosensor’s specificity for particular analytes.

o DNA Probes [143-145]: DNA-functionalized nanocomposites are
used in DNA biosensors. DNA probes with complementary
sequences can hybridise with target DNA, allowing for the specific
detection of genetic sequences.

Enzyme Immobilisation

o  Enzymes [146,147]: Enzymes can be immobilised on nanocomposite
surfaces to create enzyme-based biosensors (enzymatic biosensors).
These enzymes catalyse specific reactions with target analytes,
leading to a measurable signal change.

e Nanomaterial-Enzyme Conjugates [148]: Nanocomposites can be
functionalised with enzyme-nanomaterial conjugates to enhance
enzyme stability and activity, allowing for more robust enzymatic
biosensors.

Chemical Functionalisation

o Amine, Thiol, or Carboxyl Groups [149]: Nanocomposite surfaces
can be modified with chemical functional groups, such as amino (-
NH2), thiol (-SH), or carboxyl (-COOH) groups. These groups can be
used to attach biomolecules or linkers for further functionalisation
covalently.

e  PEGylation [150]: Polyethylene glycol (PEG) can be attached to
nanocomposite surfaces to improve biocompatibility, reduce non-
specific adsorption, and extend sensor stability.
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Affinity Ligands and Aptamers

Affinity  Ligands [151]: Nanocomposite surfaces can be
functionalised with affinity ligands, such as peptides or small
molecules, that have high binding affinity for specific target
molecules. These ligands enhance the selectivity of biosensors.
Aptamers [152, 153]: Aptamers are synthetic, single-stranded DNA
or RNA molecules that bind to target analytes with high specificity.
Functionalising nanocomposite surfaces with aptamers creates
aptamer-based biosensors with excellent target recognition
capabilities.

Molecularly Imprinted Polymers (MIPs) [154, 155, 156]

Molecularly imprinted polymers are synthetic polymers that are designed to
recognise and bind to specific target molecules. Nanocomposite surfaces can
be functionalised with MIPs to create highly selective biosensors for various
analytes.

Conductive Nanomaterials

Carbon  Nanotubes (CNTs) and Graphene [157, 158]:
Nanocomposite surfaces incorporating CNTs or graphene can be
functionalised with redox-active molecules or conductive polymers
to enhance the electrochemical properties of biosensors.

Metal Nanoparticles [96]: Functionalising nanocomposites with
metal nanoparticles, such as gold or silver, can enhance the electrical
conductivity and surface area of electrochemical biosensors.

Nanostructures for Signal Amplification

Nanozymes [159, 160]: Nanocomposite surfaces can be
functionalised with nanozymes, which are nanomaterials with
enzyme-like catalytic activity. Nanozymes can amplify the signal
generated by biochemical reactions, increasing biosensor sensitivity.
Quantum Dots [161, 162]: Functionalising nanocomposite surfaces
with quantum dots can enhance the fluorescence signal in optical
biosensors, improving the detection limits and Sensitivity.
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PH and Ionic Strength Adjustment

o  Buffer Solutions [43, 163]: Adjusting the pH and ionic strength of the
biosensor’s environment can optimise the binding kinetics and
stability of biomolecules on the nanocomposite surface, enhancing
biosensor performance.

Functionalisation of nanocomposite surfaces is a highly tailored process,
and the choice of functionalisation method and molecules depends on the
specific biosensing application and the desired sensor performance
parameters, including Sensitivity, selectivity, and stability. Proper
functionalisation is crucial for the successful development of effective
biosensors for a wide range of applications in healthcare, environmental
monitoring, and biotechnology.

Importance of Surface Modification for Specific
Biomolecule Detection

Surface modification plays a crucial role in detecting specific biomolecules
and is essential for various applications in biotechnology, diagnostics, and
medical research. Here are several key points highlighting the importance of
surface modification for the specific detection of biomolecules.

o  Enhanced Selectivity [164]: Surface modification allows for the
design of highly selective detection platforms. By functionalising
surfaces with specific ligands, such as antibodies, aptamers, or
molecular imprints, researchers can ensure that only the target
biomolecule interacts with the surface. This reduces false positives
and increases the accuracy of detection.

o Increased Sensitivity [165, 166]: Surface modification techniques can
improve the Sensitivity of detection methods. Functionalised surfaces
can concentrate biomolecules at the sensing interface, enhancing the
signal-to-noise ratio. This is particularly important when detecting
low-abundance biomarkers or when working with complex samples,
such as blood or tissue.

e Reduced Non-Specific Binding [167]: Unmodified surfaces often
exhibit non-specific binding, where molecules other than the target
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biomolecule adhere to the surface. Surface modification can reduce
this non-specific binding, leading to cleaner and more reliable
detection results.

Multiplexed Detection [168, 169]: Surface modification allows for
the creation of multiplexed detection platforms, where multiple
biomolecules can be detected simultaneously on the same surface.
Different regions of the surface can be functionalised with other
ligands, enabling the detection of various targets in a single
experiment.

Tailored Surface Chemistry [170, 171]: Surface modification
techniques can be tailored to the specific properties of the target
biomolecule. For example, hydrophobic or hydrophilic surfaces, as
well as surfaces with different charge characteristics, can be created
to optimise interactions with other types of biomolecules.
Long-Term Stability [172, 173]: Surface modification can improve
the stability of the detection platform over time. Coatings and changes
can protect the sensing surface from degradation or fouling, ensuring
consistent and reliable performance.

Miniaturisation and Integration [174-177]: Surface modification
techniques are compatible with miniaturisation and Integration into
microfluidic devices and lab-on-a-chip systems. This enables point-
of-care diagnostics, where rapid and specific detection of
biomolecules can be performed outside traditional laboratory settings.
Biomedical Applications [178-180]: Surface modification is crucial
in various biomedical applications, including disease diagnosis, drug
development, and personalised medicine. It enables the detection of
specific biomarkers associated with diseases, facilitating early
diagnosis and treatment monitoring.

Environmental Monitoring [181, 182]: Surface modification is also
necessary in environmental monitoring, where it can be used to detect
and quantify specific biomolecules, pollutants, or pathogens in water,
air, or soil samples.

Research Advancements [183, 184]: Surface modification techniques
continue to advance, providing researchers with more options and
tools for biomolecule detection. This contributes to the progress of
scientific knowledge and the development of new diagnostic
methods.
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In summary, surface modification is a fundamental aspect of biomolecule
detection, enabling increased selectivity, Sensitivity, and reliability in various
applications. It is a critical component of advancing research, diagnostics, and
technologies in the fields of biology, medicine, and environmental science.

Biosensing Applications Enabled by Nanocomposites

Nanocomposites, which are materials composed of nanoparticles dispersed
within a matrix, have enabled a wide range of biosensing applications due to
their unique properties and versatility. These applications span various fields,
including healthcare, environmental monitoring, and food safety. Here’s an
overview of diverse biosensing applications enabled by nanocomposites.

Healthcare Applications

o Disease Diagnosis [185-188]: Nanocomposites are used in
biosensors for the early diagnosis of diseases. Functionalised
nanoparticles can bind to specific biomarkers, enabling the detection
of diseases like cancer, diabetes, and infectious diseases.

e  Point-of-Care Testing (POCT) [189, 190]: Nanocomposite-based
POCT devices are portable and can provide rapid results for various
medical tests, such as glucose monitoring, cardiac biomarker
detection, and pregnancy testing.

e Drug Delivery [191, 192]: Nanocomposite materials can be used to
create drug delivery systems with enhanced precision and efficiency.
They can be designed to release drugs in response to specific
biological triggers or at controlled rates.

Environmental Monitoring

o Water Quality Monitoring [193-195]: Nanocomposites are utilised in
sensors to detect contaminants in water, including heavy metals,
organic pollutants, and pathogens. They enable real-time monitoring
and help ensure the safety of drinking water.

o Air Quality Monitoring [196, 197]: Nanocomposite-based sensors
can detect gases and particulate matter, contributing to air pollution
monitoring and the assessment of indoor air quality.
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Soil Analysis [198, 199]: Nanocomposites can be integrated into soil
sensors to measure factors such as pH, moisture content, and the
presence of pollutants, thereby aiding in agricultural and
environmental studies.

Food Safety and Quality Control

Foodborne Pathogen Detection [200,201]: Nanocomposite-based
biosensors are utilised to detect pathogens such as Salmonella and E.
coli in food products, thereby ensuring food safety.

Food Spoilage Detection [202,203]: Nanocomposite sensors can
detect spoilage markers, such as amines and volatile organic
compounds (VOCs), thereby helping to maintain food quality and
reduce food waste.

Authentication and Traceability [204-207]: Nanocomposites are
utilised in anti-counterfeiting measures for food products by creating
unique, traceable labels or tags that alter their properties in response
to environmental factors.

Environmental Remediation

Wastewater Treatment [208-211]: Nanocomposites are used in water
treatment processes to remove pollutants and heavy metals from
wastewater more efficiently.

Oil Spill Cleanup [212, 213]: Nanocomposites with high adsorption
capacities can be applied to absorb and remove oil and hydrophobic
pollutants from water surfaces during oil spills.

Biotechnology

Protein and DNA Detection [214, 215]: Nanocomposite-based
biosensors are used for the detection of proteins and nucleic acids,
supporting research in genomics, proteomics, and molecular
diagnostics.

Cell-Based Assays [216, 217]: Nanocomposites are incorporated into
cell culture substrates to support cell growth, differentiation, and
monitoring in tissue engineering and drug testing applications.

Contributor Copy



A Comprehensive Review of Nanocomposites ... 281

Energy Conversion and Storage

o Energy Harvesting [218, 219]: Nanocomposites are utilised in
energy-harvesting devices, such as piezoelectric or thermoelectric
nanogenerators, for biosensors that can harness energy from
biological processes or body movements.

e Biosolar Cells [220, 221]: Nanocomposites can enhance the
efficiency of biosolar cells that use biological molecules like
chlorophyll for energy conversion.

Nanocomposites have revolutionised biosensing by offering improved
Sensitivity, selectivity, and versatility in detecting a wide range of biological
and environmental analytes. Their unique properties, tunability, and
compatibility with various sensor platforms make them valuable tools for
addressing critical challenges in healthcare, environmental monitoring, and
food safety.

Performance Metrics Used to Evaluate
Nanocomposite Biosensors

Evaluating the performance of nanocomposite biosensors is crucial for
determining their effectiveness in detecting specific analytes or biomolecules.
Several key performance metrics are commonly used to assess nanocomposite
biosensors, including Sensitivity, selectivity, response time, and sometimes
also factors like stability and reproducibility [222, 223]. Here’s an explanation
of these key metrics.

Sensitivity

o Definition: Sensitivity measures the ability of a biosensor to detect
small changes in analyte concentration. It quantifies how effectively
the sensor can convert an analyte’s concentration into a measurable
signal.

e Measurement: Sensitivity is typically expressed as the slope of the
sensor’s calibration curve, which illustrates the relationship between
signal output and analyte concentration. Higher Sensitivity means a
steeper slope.
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e [mportance: High Sensitivity is crucial when detecting low
concentrations of analytes, such as in medical diagnostics or
environmental monitoring. It ensures that even minute amounts of the
target analyte can be accurately detected and quantified.

Selectivity

e Definition: Selectivity assesses the ability of the biosensor to
distinguish the target analyte from interfering substances or other
molecules present in the sample.

o  Measurement: Selectivity is often expressed as a selectivity
coefficient, which compares the sensor’s response to the target
analyte with its response to potential interferents. A higher selectivity
coefficient indicates better selectivity.

e [mportance: Selectivity is crucial to avoid false positives or false
negatives. A highly selective biosensor ensures that it specifically
detects the target analyte even in the presence of other substances,
enhancing its reliability.

Response Time

e Definition: Response time measures the speed at which a biosensor
produces a signal in response to changes in analyte concentration. It
quantifies the sensor’s speed in reporting changes.

e  Measurement: Response time is typically measured as the time it
takes for the biosensor signal to reach a steady-state value (e.g., 90%
of the final signal) after a step change in analyte concentration is
introduced.

o Importance: A shorter response time is critical in applications where
rapid detection or monitoring is required, such as point-of-care
diagnostics or real-time environmental monitoring.

Stability
o Definition: Stability refers to the biosensor’s ability to maintain its

performance over time and under various conditions, including
changes in temperature, humidity, and storage duration.
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e  Measurement: Stability can be assessed by monitoring the sensor’s
signal over an extended period, exposing it to various environmental
conditions, or analyzing its performance after repeated use.

e [mportance: A stable biosensor ensures consistent and reliable results
throughout its operational lifespan, reducing the need for frequent
recalibration or replacement.

Reproducibility

e Definition: Reproducibility measures the ability of the biosensor to
produce consistent results when tested multiple times with the same
analyte concentration.

e  Measurement: Reproducibility is typically assessed by conducting
multiple tests under identical conditions and calculating the variation
in sensor responses.

o [mportance: High reproducibility is essential for ensuring the
reliability and accuracy of biosensor measurements, particularly in
research, quality control, and clinical applications.

These key performance metrics collectively provide a comprehensive
assessment of a nanocomposite biosensor’s capabilities. Researchers and
developers often optimise these metrics to meet specific application
requirements, ensuring that the biosensor performs effectively in real-world
scenarios.

Challenges and Limitations Associated
with Nanocomposite Biosensors

Nanocomposite biosensors offer numerous advantages, but they also face
several challenges and limitations that must be considered during their
development and application. Here are some of the key challenges and
constraints associated with nanocomposite biosensors.

Stability

e Chemical and Environmental Stability: Nanocomposites can be
sensitive to changes in temperature, humidity, and pH, which can
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affect their stability and performance over time. Proper encapsulation
and protective coatings are often required to mitigate these effects.
Long-Term Stability: Ensuring that nanocomposite biosensors
maintain their performance over extended periods can be challenging,
particularly in applications that require continuous monitoring or use
in harsh environments.

Reproducibility

Cost

Batch-to-Batch Variability: The Synthesis of nanocomposites can
result in variations from one batch to another, impacting sensor
performance and reproducibility. Quality control measures and
standardised protocols are needed to minimise batch-to-batch
differences.

Sensor-to-Sensor Variability: Variability in the fabrication process
can lead to differences in sensor responses even within the same
batch, requiring careful calibration and quality assurance procedures.

Material Costs: Some nanocomposite materials can be expensive to
produce or source, which can increase the overall cost of biosensor
development. Finding cost-effective materials and fabrication
methods is a challenge.

Manufacturing Complexity: The fabrication of nanocomposite
biosensors can be a complex and labour-intensive process, resulting
in higher production costs. Scaling up production while maintaining
quality can be a challenging task.

Selectivity

Interference from Matrix Components: In complex sample matrices,
such as blood or soil, nanocomposite biosensors may encounter
interference from other substances that can affect their selectivity and
specificity. Pre-treatment or sample preparation steps may be
necessary to address this limitation.
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Sensitivity

o Detection Limits: While nanocomposite biosensors can offer high
Sensitivity, they may still have limitations in detecting extremely low
concentrations of analytes, especially in applications where ultratrace
detection is required.

e Signal-to-Noise Ratio: Achieving a high signal-to-noise ratio can be
challenging, particularly when dealing with weak signals or when
there are non-specific interactions at the sensor surface.

Biocompatibility

o Toxicity Concerns: Certain nanomaterials employed in
nanocomposite biosensors may raise toxicity concerns, particularly
when intended for use in biological systems. Ensuring the
biocompatibility of these materials is essential.

Integration and Miniaturisation

o Integration Complexity: Integrating nanocomposite biosensors into
miniaturised or portable devices can be technically challenging and
may require advanced microfabrication techniques.

e Power Requirements: Some nanocomposite biosensors may have
power consumption requirements that limit their suitability for
specific applications, particularly in remote or resource-constrained
environments.

Regulatory and Safety Considerations

e Regulatory Approval: Meeting regulatory requirements for
biosensors used in healthcare or other critical applications can be a
lengthy and expensive process.

o Safety and Environmental Impact. The disposal of nanomaterial-
containing biosensors and their potential environmental impact raise
concerns that need to be addressed responsibly.
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Sample Complexity

o Complex Samples: Biosensors often face challenges when dealing
with complex samples, such as bodily fluids or environmental
samples, where the presence of multiple analytes or interfering
substances can complicate detection.

Cross-Contamination

In specific applications, particularly those involving point-of-care testing or
diagnostics, the risk of cross-contamination between samples can be a
significant concern; therefore, proper sensor design and handling protocols are
essential.

Despite these challenges and limitations, nanocomposite biosensors
continue to advance and find applications in various fields due to their unique
capabilities. Addressing these limitations through research, innovation, and
technology development is crucial for unlocking their full potential and
expanding their practical use.

Future Directions

The future of nanocomposite biosensors holds great promise, as ongoing
research and technological advancements are likely to overcome current
limitations and open up new possibilities for their applications. Here are some
speculative advancements and trends in the field.

o  Enhanced Sensitivity and Detection Limits: Future nanocomposite
biosensors may achieve even higher levels of Sensitivity, allowing for
the detection of analytes at ultra-low concentrations. This will be
particularly valuable in early disease diagnosis and environmental
monitoring.

e Multi-Analyte Detection: Advances in nanocomposite design may
enable the simultaneous detection of multiple analytes within a single
sample. This capability will be crucial in complex diagnostic
scenarios and multiplexed environmental monitoring.

®  Real-time Monitoring: Nanocomposite biosensors with rapid
response times may enable real-time monitoring of dynamic
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processes, such as continuous glucose monitoring for diabetes
management or tracking the progression of diseases.

Wearable and Implantable Sensors: Nanocomposite biosensors
integrated into wearable devices or implanted in the body could
provide continuous health monitoring and facilitate early intervention
in medical conditions.

Point-of-Care Testing (POCT): The development of portable, user-
friendly nanocomposite-based POCT devices may revolutionise
healthcare by enabling rapid and accurate diagnostics at the patient’s
bedside, in clinics, or resource-limited settings.

Nanomaterial Innovation: The exploration of novel nanomaterials
with unique properties, such as 2D materials (e.g., graphene),
quantum dots, and metal-organic frameworks, could lead to improved
sensor performance and new functionalities.

Biocompatibility and Safety: Researchers will continue to address
concerns regarding the biocompatibility and potential toxicity of
nanomaterials used in biosensors, ensuring their safe use in medical
applications.

Al and Data Analytics Integration: Integrating artificial intelligence
(AI) and machine learning algorithms will enable more effective data
analysis and interpretation, making biosensors more intelligent and
capable of providing actionable insights.

Environmental Applications: Nanocomposite biosensors will play a
pivotal role in monitoring and mitigating environmental pollution,
thereby contributing to improved resource management and enhanced
sustainability efforts.

Regulatory Approval and Commercialisation: As the field matures,
more nanocomposite biosensors are likely to receive regulatory
approval and enter the market for various applications, from
healthcare to environmental monitoring.

Self-Powered Sensors: Advances in energy-harvesting technologies
may lead to self-powered nanocomposite biosensors that can generate
energy from their environment, reducing the need for external power
sources.

Advanced Manufacturing Techniques: Innovative fabrication
methods, such as 3D printing and microfluidics, will continue to
evolve, enabling the cost-effective and high-throughput production of
nanocomposite biosensors.
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Environmental — Impact  Considerations:  Researchers  and
manufacturers will focus on developing biosensors with minimal
ecological impact, including biodegradable components and
sustainable materials.

Global Accessibility: Efforts to make nanocomposite biosensors more
affordable and accessible to an international population, particularly
in resource-limited regions, will drive innovation in manufacturing
and distribution.

Customization and Personalization: Advances in nanocomposite
biosensors may enable tailored solutions for individual healthcare
needs, offering personalized diagnostics and treatment
recommendations.

The future of nanocomposite biosensors is exciting, with the potential to

revolutionise healthcare, environmental monitoring, and various industries.
Continued collaboration between researchers, engineers, and healthcare
professionals, along with investment in research and development, will be
essential to unlock these advancements and bring nanocomposite biosensors
closer to their full potential.

Summary and Conclusion

The review of nanocomposites in advancing biosensor technology has
revealed several key findings and insights that underscore the significant role
of nanocomposites in this field.

Enhanced Sensitivity and Selectivity: Nanocomposites, with their
large surface area and unique properties, improve the Sensitivity and
selectivity of biosensors. They enable the detection of specific
biomolecules at low concentrations, reducing the likelihood of false
positives and false negatives.

Multifunctionality: Nanocomposites can be engineered to serve
multiple functions within a biosensor, such as signal amplification,
immobilisation of recognition elements (e.g., antibodies), and
transduction of biological interactions into measurable signals. This
multifunctionality streamlines biosensor design and improves overall
performance.
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e  Miniaturisation and Portability: The use of nanocomposites
facilitates the miniaturisation of biosensors, making them suitable for
portable and point-of-care applications. This trend aligns with the
growing demand for on-the-spot diagnostics and monitoring.

e  Real-Time Monitoring: Nanocomposite-based biosensors enable real-
time monitoring of analyte concentrations, which is crucial in fields
like healthcare and environmental monitoring. This capability
supports timely decision-making and intervention.

e Diverse Applications: Nanocomposite biosensors have applications
across various domains, including healthcare (disease diagnosis and
drug monitoring), environmental monitoring (assessment of water
and air quality), food safety (pathogen detection), and beyond. Their
versatility enables them to address various societal challenges.

o  Emerging Nanomaterials: This review highlights the emergence of
novel nanomaterials, including graphene, quantum dots, and carbon
nanotubes, in the development of biosensors. These materials possess
unique properties, including high electrical conductivity and
biocompatibility, which expand the possibilities for biosensor
innovation.

o Challenges and Considerations: The review also identifies challenges
in nanocomposite biosensor technology, such as stability,
reproducibility, and potential toxicity of nanomaterials. Researchers
must address these issues to ensure the safe and reliable deployment
of biosensors.

o [Interdisciplinary Collaboration: The field of nanocomposite
biosensors relies heavily on multidisciplinary collaboration among
materials scientists, chemists, biologists, and engineers. This
collaboration fosters innovation by combining expertise from various
domains.

o  Sustainable and Green Approaches: An emerging trend involves the
development of sustainable and environmentally friendly
nanocomposites. The review emphasises the importance of
considering the life cycle of nanocomposite materials and their
environmental impact.

In conclusion, the review underscores the significant impact of

nanocomposites in advancing biosensor technology. Their unique properties,
versatility, and multifunctionality have revolutionised the field by enabling
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highly sensitive, selective, and portable biosensors for a wide range of
applications. Nanocomposite-based biosensors are poised to play a crucial role
in improving healthcare, environmental monitoring, and food safety, among
other areas, as they continue to evolve and address the challenges associated
with their implementation.
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Abstract

Stability and instability are two terms that correspond to the storage and
emission or intake of energy. The latter one pertains to a change in energy
meeting prime interest as an activated type. Nuclear energy falls in the
order of MeV. The challenge is to store and use it properly. The energy
of the nuclei is transformed through alpha, beta, and gamma decay. The
nuclei with mass number above 210 and atomic number above 82 are
mostly fit for the transformation via the production of daughter nuclei
(Except gamma decay). Amongst the nuclear models, the liquid drop
model and the shell model (mostly) assume a Spherical structure.
However, the collective model assumes an ellipsoidal structure, due to
which quadrupole terms appear because of the motion of loosely bound
electrons outside the core. The spherically symmetric potential is best
suited for the liquid drop model, but the experimental data support the
collective model due to the peripheral nucleons. Again, from the
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perspective of better stability, the liquid drop model is the right one in
ignoring pairing terms. Another crucial decider is the neutron-to-proton
ratio.

Moreover, fusion is the source of energy that allows a star to combat the
gravitational pull. When the nuclear reactions stop, the evolution
proceeds to the end of the stellar evolution step by step. Radiation can be
used in physical effects (R.B.E. is noteworthy) and dosimetry as a
sustainable process. Nuclear Magnetic Resonance is a popular process
that helps archaeology develop, finding missing links through chemical
shift. Furthermore, cyclotrons and synchrotrons help increase the
velocity of charged particles by a higher order of magnitude. The scope
of study encompasses detection and counting in the atomic and
subatomic domains. Finite volume effects on atomic spectra (hyperfine
structure).

Keywords: radiation, dosimetry, damage-control, sustainability, stability,
reaction

Introduction

The most potent force and energy of the universe lies in the nucleus of atoms.
The challenge is to control, extract and use it properly. The immense amount
of energy may manifest as both a curse and a blessing for society. It is said to
be a necessary evil. The elements with atomic numbers greater than 82 are
called radioactive elements, as they have decreased life spans with an increase
in atomic and mass numbers. The ratio of neutrons to protons, Disintegration
constant, arrangement of nucleons, Collision cross-sections in the case of
bombardment, Q value, Binding energy, and medium are the controlling
parameters. Like chemical reactions, nuclear reactions also obey specific
conservation rules [1]. Along with these, nuclear energy may be harnessed
sustainably with zero emissions [2]. It has, on average, the same capacity as
fossil fuels (e.g. coal, petroleum) and its waste is minimal [3]. However, at the
same time, precautionary measures should be taken to ensure that proper
claddings are used, thereby avoiding leakage, which may be hazardous.
Coolants with high specific heat and conductivity are to be used [4] so that the
released thermal energy can be quickly removed from the core and carried to
the electric generators [5]. Apart from this, there are many applications of this,
ranging from medical science to various other areas.
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Classical vs Quantum Context

The nucleus contains protons (+ve charge) and neutrons (neutral). The
classical context recalls Coulomb’s law in the context of electrostatics. The
pairwise repulsion of protons is a logical possibility. So, the challenge is to
counteract the question of how the protons are confined and bound together
inside such a small radius of the nucleus. Rutherford’s experiment [6] is
another classical counterpart where the alpha particles are allowed to impinge
on the nucleus as projectiles. At a considerable distance from the centre of
repulsion, the perpendicular drawn to the asymptotic path of the projectile
from the centre of attraction is called the impact parameter. The angle made
between the impact parameter before collision and after collision is called the
angle of scattering. The classical expression of cross-section occurs from the
conservation of angular momentum and energy. Later, the concept was
modified by quantum treatment. The alpha disintegration [44] was the first to
allow the quantum idea to enter the paradigm. Inside the nuclear radius, the
strong force lets the positively charged protons and neutrally charged neutrons
remain assembled. It occurs due to the exchange of m-mesons amongst nuclei.
When the atomic number of the nucleus increases above 82, the Coulombic
repulsion becomes significant, which disturbs the stability of the nucleus.
Actually, in the case of a stable nucleus, there is a substantial potential barrier
at the centre of the nucleus. But at the instability above, the alpha decay occurs,
but the alpha particle does not emit with the kinetic energy required to
overcome the barrier. Upon considering quantum mechanics, it is found that
although the barrier of a range of the order of 10"~* meters is classically
impenetrable, quantum mechanically, there lies a finite probability of finding
the alpha particle outside the barrier. This is said to be a tunnelling effect [8].
Beyond the potential barrier, the alpha particle encounters the Coulombic
repulsion from the residual nucleus, which causes it to drift or increase its
emissive velocity.

Stability of Nucleus

To study how a nucleus is, the help of some models has been considered.
Among them, stability has been primarily described by the liquid drop model.
The binding energy is analogous to the latent heat of vaporisation. The surface
tension can maintain the spheroidal shape of the nucleus [9]. But, in case of a
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heavy nucleus, as the number of protons increases, repulsive forces come into
play pairwise, which try to reduce stability. The law of nature also comes into
play to implement stability by increasing the number of neutrons. As the
number of neutrons outnumbers the number of protons, stability is attained. It
goes in the opposite direction of volume energy, which occurs due to the
sharing of potential energy among the nucleons in contact in the smallest
volume. ‘Bethe-Wiizacker’s semi-empirical formula’ gives a relation between
atomic number and mass number [13] which almost accords with magic
numbers [10]. The Collective model [11] deviates from the spheroidal
structure of the nucleus. The strong coupling among the core nucleons and
loosely bound nucleons outside the core causes a pressure resulting in
deformation.

For the better reproducibility of stability, a graphical representation of the
N (number of neutrons) vs. Z (number of protons) curve is essential. For Z =
20, it follows a linear graph. The nuclei are stable. But, as the number of
neutrons increases, the number of neutrons starts to outnumber those given in
the previous stanza to balance the Coulombic repulsion. The curve bends
leftwards. Radioactive elements (a, 8) start emerging from nucleons having
7>82.

To know the extent of nuclear energy, the relation between Packing
Fraction and Binding energy [12] is to be known. Both of them can be derived
with the help of the other. Binding energy is related to the Packing fraction
with the help of a constant of proportionality c?(c is the velocity of light in a
vacuum). What happens in the case of the break-up of a mother nucleus into
its constituent nuclei is that there comes about a difference between the mass
of the mother nucleus and its constituents when summed separately. This
difference of mass is known as the mass defect, which is converted into
binding energies of the component nucleons. Packing fraction (f) is a scaling
which is given as a ratio between the departure (subtraction) of the mass of a
nucleus from its mass number (M-A) to its mass number (A). It’s a semi-
empirical formula [14]. The difference between M and A may seem unnatural,
as its negative value cannot persist for the conversion of binding energy into
a stable nucleus. But the normalisation of the difference by the corresponding
mass number buffers the idea. Packing fraction may be both positive and
negative. Up to the mass number 16, the (f) is non-negative. So, there is no
question of stability. The same logic also holds for very massive nuclei (A =
180 to A =200). In case of A>16, the (f) is negative, and the negative values
exhaust the maximum number of nuclei. The f-A curve has a minimum which
corresponds to Fe (A=56) as the most stable nucleus. All of the nuclei with
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mass numbers below 56 and above 56 tend to adopt the nuclear structure of
Fe (A=56). Some of the lighter nuclei fuse, which is called fusion, and some
heavier nuclei are broken up into two or many lighter products to accord with
the condition of stability. The object of both types of nuclei is to release energy
to procure a stable state.

Nuclear Reactions

Nuclear reaction is generally a mechanism where a projectile exists that hits a
target nucleus, by which one or more particles are formed along with a new
nucleus. Moreover, in nuclear reactions, some matter is converted into energy,
and vice versa. This is known as the ‘Mass-Energy’ equivalence. The
conservation law exists for neither the mass nor the energy separately;
moreover, the conservation of mass-energy [15] occurs here.

There are two types of reactions to a collision. One is an elastic collision,
and the other is an inelastic collision. In case of the first one, there is no change
in the internal structure and energy state of the reactant particle. The sum of
kinetic energies both before and after the collision is the same. But in the case
of an inelastic collision, the situation is different. The internal structure or
identity, as well as the energy state, may differ before and after the crash
occurs. The equations where the ‘Mass-Energy’ equivalence takes place
cannot be an elastic collision. The reaction is said to be exothermic or
endothermic depending on the sign of the kinetic energy difference (after and
before), which is called the Q value [16]. The energy equation reads as

M,c? + (myc?+ E,) = (Myc?+ Ey) + (mpc® + Ep) ... 1.(A)
The Q value is given by
Q=(Ep+Ey)-E, .... 1.(B)

where E, and E}, are kinetic energies of the projectile and emitted particles,
whereas Ey is the rest mass energy of the initial nucleus, and Ey is the recoil
kinetic energy of the final nucleus. The equation mentioned above does not
occur instantly; there exists some complication. There is an intermediate stage
where a compound nucleus is formed, the period of which is of the order of
10715 seconds [17]. The mass of the compound nucleus is-
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M,=M,+ m,.... 2.(A)
and the kinetic energy is-
E.=Ey+ Ey ... 2.(B)

It is found that to enable the reaction to start, a minimum kinetic energy
of the projectile is required, which is referred to as the threshold energy; this
threshold energy varies for different responses. Exploiting equation (2), the
threshold energy of the projectile is given by [18]-

Een=-Q (1+’;—; 3)

In case of a non-matter beam projectile (e.g., Gamma ray), the threshold
energy is nothing but the negative of the Q value.

The reaction needs more discussion. In case of the bombardment by
external particles, the projectiles (parallel beam) impinge on the target slab
with the assumption that there is no overlap of nuclei, i.e., the depth of the
target slab is minimal yet not negligible (The arrangement is shown in the
figure (PPT)). Recapitulating Rutherford’s experiment, the lion’s share
portion of the atom is empty. So, even if the beam falls perpendicular to the
target slab, a proportion of the projectile beam does not interact with the
incoming beam. They are collected by a detector placed behind the slab. It is
found by simple calculus that the number of particles that do not interact shows
an exponentially decreasing trend with the depth of the slab. The expression
is given as

N=N, e ™ ... 4)

where,
N- Number of survived particles that did not take part in the reaction
N,y — The total number of projectile particles in the beam initially
o — Reaction of the Cross-section of each target nucleus
n — Number of nuclei per unit volume of the target slab
x — Depth of the slab

In the nuclear domain, it is almost impossible to know what is happening.
So, the knowledge of probability appears to be indispensable. Reaction Cross-
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Section is a probabilistic measure. It is defined as the probability of a reaction
to occur if the projectile is shot perpendicular to the target, which consists of
one particle per unit area.

Nuclear Magnetic Radiation (NMR) and Chemical Shift

First of all, it needs a classical explanation to discuss, which is “Larmor
Precession.” If there is a precessing charged particle moving around a centre
of force, it produces a magnetic field. When an external magnetic field is
applied to the precessing particle, the former magnetic field tries to oppose the
latter one. Upon arrival at the steady state, the particle proceeds with a
frequency different from the previous frequency. The new frequency is
referred to as the Larmor frequency [20]. In the present discussion on nuclear
physics, the angular momentum is provided by the spin of the nucleon. When
the frequency of the external magnetic field matches that of the nucleon,
resonance occurs, resulting in the exchange of energy [21]. The magnitude of
the magnetic moment is proportional to the intensity of the applied magnetic
field. The transition of a neutron from one energy state to another resembles a
laser [22]. Another important word is relaxation [22]. If nucleons in a bulk
obtain energies in excess, they may share them with the neighbours, and the
time taken to dissipate 37% of energy is called the relaxation time [22]. The
physical significance of the relaxation time is the time it takes for particles to
transition from an upper energy state to a lower energy state.

Another essential concept is the chemical shift [23], which is also
associated with Nuclear Magnetic Resonance (NMR). It pertains to nuclei in
a bulk rather than isolated ones. It refers to a cooperative phenomenon [24]
that describes how much the magnetic field is affected by the shielding of the
bonds. The opposing magnetic field tends to diminish the effect of the exerted
one. For example, the shielding constant of the CH bond is greater than that
of the OH bond (for O being more electronegative than C); hence, resonance
requires a greater magnetic field for the CH bond than the OH bond. Chemical
shift is the measure of whether identical nuclei are present or not in the
vicinity. The shift of the absorption peak determines the degree of the impurity
peak. It also has an impact on medical dosimetry [25].
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Nuclear Energy and Sustainability

Nuclear energy is a plentiful source of energy. It is said to be a clean energy
[26]. The reason for this lies in the fact that-

e It does not cause air pollution
e [t produces a small Land footprint / low installation area
e [t generates a minimal quantity of waste

Nuclear energy is preferred due to its stable price and affordability. It is
independent of weather, and one can provide a 24/7 supply. The calorific value
is very high. One kilogram of Uranium has the calorific value of 2.7 kilograms
of coal [27]. The sustainable development occurs when three goals
overlap/meet in a common ground [28] —

e Social
e Envoronmetal
e Economic

The nuclear source does not emit carbon dioxide (CO,) gas or any
Greenhouse gas. The energy here can be converted to electric energy without
leaving any harmful effects on the surroundings [29]. Uranium is in high
abundance on Earth (average concentration being 2.8 parts per million) [30],
which can contribute much to sustainable development.

Damage Control and Solutions

It has been stated earlier that nuclear energy can have a devastating effect if it
is not adequately controlled. The Three Mile Island (U.S.A.), Fukushima
(Japan), and Chernobyl (Ukraine) accidents [31] have taught the world how
harmful the occurrence of leakage can be.

Some measures have been taken both nationally and internationally to
serve the purpose. The hazards arise when an explosion occurs or
transportation/shipping is conducted without taking any precautions. As per
[32], the three ways out from already occurred nuclear hazards are-
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e To getinside
o To stay inside
e To stay tuned

According to [33]. The U.S.A. has made some international contracts to
prevent harmful effects, which are-

e “no 1%use”

e “sole authority”

e “de-altering”

e “smart spending”

e “International Agreement”

Moreover, from the perspective of physics, in the case of chain reactions,
a proper moderator and coolant must be used. For shipping purposes, walls
should have sufficient reflectance to be implemented. Proper cladding is to be
designed so that it can prevent fission products from escaping [34]. Nowadays,
some portable reactors (Small Modular Reactor) [29] are also being used for
better accessibility with prevention.

Radiation and Dosimetry

The most used area of nuclear physics is Radiobiology. Because of the high
energy of Nuclear radiation, it can damage targeted cells and tissues. The key
principle of dosimetry lies in the fact that the maximum dose to be applied to
the lesion is such that surrounding normal tissues are not affected in any way.
The targeted part refers to Planned Targeted Volume (PVT) [36]. In the case
of ion-beam therapy, ragg peaks [35, 36] occur, a group of maxima with high
to intermediate kurtosis [37] that reverse forward with the beam [as shown in
the figure]. As per [ref. My thesis] The projectile velocity is v, ~Z P% vy, Where
Zp is the charge of the projectile and v, is the Bohr velocity [37]. Another
necessary quantity is Radio Biological Effect (R.B.E.) [36]. It is an amount of
ionic dose equivalent to an X-ray that has the same biological effect as an X-
ray. Another critical factor is Linear Energy Transfer (LET) [36], which
measures the energy deposition at the point of practical interest.

For X-ray and Gamma-Ray Beams, the intensity of the projected beam
falls exponentially with distance [38]. Although the primary energy of the
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beam is very high, it cannot withstand the stopping power over a considerable
distance. Yet, in cancer treatment and cataract removal, the importance of
gamma irradiation cannot be denied. These matterless beams mainly ionise a
chemical structure. In the case of medical science, a compound structure is
formed in the lesion that prevents the symptoms from growing. But, the
projected ionic/non-ionic beam disrupts the harmful chemical bond and frees
the electron(s). Thus, the cause of the disease may be removed if metals are
exposed to high-energy irradiation, causing one or more atoms to be displaced
from their equilibrium position, which can lead to defects in the lattice. If the
displaced atom is unable to find an equilibrium vacant position, it becomes
bound in some interstitial site, and the defect becomes permanent [39].

So, it is evident that the controlled dose of radiation is as good as a
blessing, but an overdose may have destructive residues. A chart of dosage is
given below [44] —

Dosage in Roentgen (R) Effect

25-100 Change in blood composition
100-400 Miscellaneous disabilities
>400 50% Lethality

>600 Lethal

Peaceful Applications of Nuclear Energy

Nuclear energy is gigantic in order of magnitude. Although it can be extracted
in large amounts with modern technologies, due to the dearth of scientific
storage and control, its impact may be devastating. Some of the techniques
are-
e Reduction of the size of the reactor
e Using a proper reflector to avoid leakage
e Proper moderation in a chain reactor for chain reactions
e Use coolants with high specific heat and conductivity
e Proper structural and cladding on packages to prevent the escape of
fission arrangements
e Shielding of the reactor with an appropriate barrier, like barite
concrete [40]
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Nuclear energy has immense applications in the following fields-

e Power industries

e Chemical sciences

e Biological effects of radiation in cancer therapy

e Dosimetry

e  Magnetic mirror (confinement of plasma) [41, 42]

Conclusion

Now, it’s time to compile the above-mentioned ideas and facts. Symmetry and
stability are essential factors. Nature loves both the symmetry to occur and the
symmetry to break down. Nuclear energy is one of the primary sources of
energy used to advance humanity and society. It is prevailing everywhere in
the universe, and it is one of the prime factors which control different stages
of stardom [43] in the interstitial space. This energy is neither renewable nor
inexhaustible. Yet, due to its ability to meet present needs and provide future
assurance, it has carved out a niche as a sustainable source of energy [31]. It
is noteworthy that fusion is safer than fission reactions, and the waste resulting
from fusion reactions is recyclable [29]. Nuclear energy has numerous
applications, especially in biology and medical science, which cannot be
ignored. That has been given thoroughly. Chemical shift allows one to
determine whether similar types of cells are present in a tissue or if any
abnormality has occurred.

Finally, the further scope of research will be presented. It is worth
mentioning that there are many accelerators and controllers to speed up or
slow down the ionic particles. In the case of scattering, counters are used to
determine the number of scattered particles. The following fields of research
are to be taken care of to develop the future-

e Nature of potential

e  Moderators with low absorbance and high reflectance

e (Cladding on packets to prevent fission residues from escaping

e Taking care of the behaviour of a particle when it is isolated and when
it is in a bulk

e Effect of the nucleus in a molecule/compound

e Statistics and randomness (Radioactivity and Compound nucleus)
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Increasing the sustainability of nuclear energy and channelising the
wastes properly
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Chapter 22

Nanotechnology for Environmental
Remediation

Sujeet Kumar Pandey”
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Rajiv Gandhi Institute of Petroleum Technology, Jais, Amethi, India

Abstract

Nanotechnology has become a revolutionary method for cleaning up the
environment by utilising the distinct characteristics of nanostructures to
tackle pollution efficiently. This emerging discipline offers advanced
approaches for eliminating diverse pollutants from the atmosphere,
aquatic bodies, and land, demonstrating notable benefits compared to
conventional methods. The removal of contaminants is a crucial
characteristic of this emerging discipline. Nanomaterials, such as zero-
valent iron and titanium dioxide, exhibit remarkable efficacy in
eliminating heavy metals, organic pollutants, and pathogens owing to
their substantial surface area and reactivity. The presence of various
structures, including nanoparticles, nanotubes, and polymer composites,
enhances the ability to absorb and facilitate chemical reactions, thereby
aiding in the breakdown of complex pollutants such as dyes and volatile
organic chemicals. Nanomaterials have a dual role in sustainable
development considerations.

Although nanomaterials offer advantages, their integration into
ecosystems raises concerns about potential toxicity, particularly in
aquatic environments, where they can harm marine organisms. The focus
of ongoing research is to maintain a delicate equilibrium between the
efficient utilisation of nanotechnology and its ecological consequences.
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For example, phytoremediation and biostimulation, when coupled with
nanotechnology, provide environmentally acceptable alternatives for
efficient cleanup. Although nanotechnology offers potential solutions for
environmental cleanup, it is crucial to assess its ecological effects to
ensure careful and sustainable use.

Keywords: nanotechnology, environmental remediation, nanoparticles

Introduction

Nanotechnology is a revolutionary discipline that alters matter at the
nanoscale, often ranging from 1 to 100 nanometers, resulting in distinct
physical, chemical, and mechanical characteristics. This subject has
transformed several areas, including health, electronics, and materials science,
by facilitating innovations such as medication delivery systems, energy-
efficient gadgets, new materials, and environmental remediation. The
synthesis of nanoparticles can be accomplished through several processes,
each offering distinct advantages and applications. The subsequent sections
provide an in-depth exploration of the scope, applications, and consequences
of nanotechnology. The production of nanoparticles involves several
processes, each offering unique benefits and uses. Conventional approaches
encompass physical and chemical procedures; however, green synthesis has
arisen as a sustainable alternative. Nanoparticles are influenced by several
factors that determine their characteristics and applications in various
domains. Understanding these aspects is crucial for improving their efficacy
in nanotechnology, medicinal applications, and environmental sustainability.
The utilisation of nanotechnology in environmental remediation is
significant. Ecological remediation involves several procedures designed to
eliminate toxins from the environment, hence safeguarding ecological
equilibrium and public health. Principal methodologies encompass
phytoremediation, bioremediation, and green chemistry, each providing
distinct advantages and uses in mitigating pollution challenges.
Nanotechnology offers advanced methods for environmental remediation,
particularly through the use of nanoparticles (NPs) that enhance pollutant
removal, providing novel options for addressing pollution in air, water, and
soil. The processes encompass adsorption, catalysis, and redox reactions,
which are augmented by the distinctive characteristics of nanomaterials,
including their raised surface area and reactivity; hence, nanotechnology
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improves the efficiency and efficacy of conventional remediation techniques.
This chapter will examine the fundamental elements of nanotechnology’s
contribution to environmental cleanup.

Although nanotechnology offers considerable benefits for environmental
cleanup, it is essential to address the related hazards and regulatory challenges
to ensure its sustainable implementation. Harmonising innovation with
ecological safety is a crucial factor in the progression of nanotechnology in
this domain.

Mechanisms in Nanotechnology

The subsequent sections delineate essential mechanisms in nanotechnology
(Figure 1).

Drug Delivery
Mechanisms

Mechanism in "o Virus Detection
Nanotechnology 2" and Tracking

Nanoscale Design
Mechanisms

Figure 1. Different mechanisms in nanotechnology.

Nanoscale Mechanisms Design

The design of nanoscale mechanisms in nanotechnology involves the
fabrication and manipulation of devices at the molecular level, utilising the
distinctive features of nanomaterials. This discipline amalgamates concepts
from physics and engineering to create operational nanomachines and
nanorobots, which possess substantial applicability across diverse sectors,
including healthcare and energy. The subsequent sections delineate essential
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elements of nanoscale mechanism design. Nanoscale devices exhibit quantum
phenomena that influence their behaviour and characteristics. The self-
assembly process enables the spontaneous arrangement of nanomaterials into
structured shapes, which is crucial for the development of sophisticated
methods. Employing proven kinematics, researchers can methodically
construct nanomachines from molecular primitives, thereby facilitating
regulated motion and function (Chorsi et al., 2021). The advancement of
modular nanorobots enables numerous applications, particularly in
nanomedicine and industrial operations (Kong et al., 2023).

Despite the considerable benefits offered by breakthroughs in
nanotechnology, obstacles persist, including the need for enhanced detection
precision and the complexities of nanoscale interactions that can influence
functionality and reliability.

Drug Delivery Mechanisms

Nanotechnology has transformed medication delivery systems by improving
the effectiveness, targeting, and bioavailability of medicines. This progress is
primarily achieved through the development of diverse nanoparticle systems
that enable precise medication delivery and controlled release. Diverse
nanocarriers, including dendrimers, solid lipid nanoparticles, and polymeric
micelles, are utilised for drug delivery, each offering distinct advantages in
terms of stability and targeting efficacy (Patra et al., 2018). The interactions
of nanoparticles with biological systems are profoundly influenced by their
surface characteristics, which can be modified to enhance targeting and
mitigate toxicity. Advanced computational models, such as molecular
dynamics and pharmacokinetic modelling, are utilised to predict drug
behaviour and to improve nanoparticle formulations (Mikayilov et al., 2024).
Computational fluid dynamics facilitates the comprehension of nanoparticle
mobility in biological systems, ensuring efficient distribution (Mikayilov et
al., 2024). Nanocarriers enhance the solubility and stability of
pharmaceuticals, leading to improved absorption and therapeutic efficacy
(Wei et al., 2020). Functionalised nanoparticles can be engineered to
selectively attach to sick cells, thereby reducing side effects and enhancing
therapeutic efficacy (Elumalai et al., 2024).

Virus Detection and Tracking

Virus detection and tracking systems in nanotechnology utilise the distinctive
characteristics of nanomaterials to improve diagnostic efficacy and facilitate
real-time surveillance of viral infections. These developments are crucial for
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prompt responses to viral epidemics, as they provide enhanced sensitivity,
specificity, and rapidity compared to conventional approaches. Frequently
utilised nanomaterials encompass gold nanoparticles (AuNPs), magnetic
nanoparticles (MNPs), quantum dots (QDs), and carbon-based substances
such as graphene and carbon nanotubes (Pirzada & Altintas, 2022; Vitor &
Parreira, 2022). Nanobiosensors utilise these materials to enhance signals in
the presence of viral biomarkers, thereby improving detection capabilities in
point-of-care environments (Vitor & Parreira, 2022). Single Virus Tracking
(SVT) technology facilitates the study of individual viral life cycles within
host cells, yielding insights into viral dynamics (Kang et al., 2021). Real-time
tracking methodologies, such as nanoparticle tracking analysis (NTA) and
nano-digital in-line holographic microscopy (Nano-DIHM), facilitate the real-
time observation of virus particles, thereby enhancing comprehension of their
behaviour in diverse contexts (Pal et al., 2023).

Synthesis of Nanoparticles

The production of nanoparticles involves several processes, each offering
unique benefits and uses. Conventional procedures encompass physical and
chemical processes, although green synthesis has arisen as a sustainable
alternative (Figure 2):

Synthesis of
nanoparticles

Conventional
Synthesis
Techniques

Sustainable
Synthesis

Physical methods Chemical Methods
(Solvothermal,

hydrothermal, etc.)

Green synthesis

(Mechanical milling, (Biological Methods)

laser ablation, etc. )

J

Figure 2. Different methods of nanomaterials synthesis.
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Conventional Synthesis Techniques

The synthesis of nanoparticles can be accomplished using various physical
and chemical techniques, each offering distinct benefits and applications.
These technologies are crucial for synthesising nanoparticles with specific
attributes necessary for several domains, including environmental
remediation. The following are essential synthesis techniques:

Physical Methods

Mechanical milling is a top-down methodology that reduces bulk materials
into nanoparticles by mechanical forces. It is economical and scalable, making
it suitable for large-scale manufacturing. The laser ablation technology utilises
high-energy lasers to evaporate material, generating nanoparticles in a
regulated environment. It enables the exact regulation of particle size and
shape, making it suitable for applications that necessitate ligand-free surfaces
(Nyabadza et al., 2023). High-energy irradiation techniques utilise radiation
to initiate chemical processes, resulting in the synthesis of nanoparticles. This
technique can generate nanoparticles with distinctive features owing to the
significant energy required. Spray pyrolysis involves atomising a precursor
solution into a heated chamber, leading to nanoparticle synthesis through
solvent evaporation. It is adaptable and capable of generating nanoparticles
with a consistent size and content (Workie et al., 2023).

Chemical Methods

Solvothermal and hydrothermal methods utilise solvents at elevated
temperatures and pressures to promote nanoparticle production, resulting in
uniform particles (Li & Yu, 2024). The chemical vapour deposition (CVD)
procedure involves gaseous reactants that generate solid nanoparticles on a
substrate, allowing for meticulous control of particle size and composition (Li
& Yu, 2024). Microemulsion and sonochemical methods utilise surfactants or
ultrasonic waves to produce nanoscale particles, thereby enhancing the
homogeneity and stability of nanoparticles (Nyabadza et al., 2023).

Sustainable Synthesis

The green synthesis of nanoparticles (NPs) is a novel method that utilises
biological systems, particularly plant extracts, to produce eco-friendly
nanomaterials. This process is becoming increasingly popular since it reduces
harmful byproducts and waste, rendering it a sustainable alternative to
conventional synthesis techniques. The subsequent sections outline the key
aspects of green nanoparticle synthesis.
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Biological Methods: Utilising plant extracts and microorganisms for
nanoparticle manufacturing is an environmentally sustainable and
economically efficient approach. This technique has demonstrated potential in
generating metallic nanoparticles with considerable medicinal applications,
such as drug delivery and antibacterial properties (Kazemi et al., 2023). It
utilises cost-effective botanical resources, thereby reducing production
expenses. It generates non-toxic nanoparticles appropriate for biological
purposes.

Although conventional techniques provide accuracy, green synthesis
offers a sustainable alternative that aligns with environmental objectives,
underscoring the necessity for greater improvement in both approaches.

Approaches to Environmental Remediation

Environmental remediation includes several methods used to restore polluted
areas. Bioremediation and phytoremediation (Figure 3) emerge as viable,
environmentally sustainable techniques that employ biological processes to
alleviate pollution.

Bioremediation
Bioremediation is a crucial technique that utilises biological agents, primarily
bacteria, to detoxify and eliminate contaminants from the environment. This
technology is increasingly preferred due to its sustainability, efficiency, and
cost-effectiveness compared to conventional cleanup procedures.
Microorganisms, including bacteria and fungi, metabolise contaminants,
transforming them into non-toxic metabolites. Bacteria can decompose
hydrocarbons and heavy metals, promoting mineralisation (Dinakarkumar et
al., 2024). Some microorganisms, such as cyanobacteria, generate
extracellular polymeric compounds that facilitate the immobilisation and
sequestration of contaminants, hence improving their detoxifying efficacy (Gu
et al., 2023). Bioremediation methods are essential for addressing polluted
water, especially in the treatment of pharmaceutical waste (Saeed et al., 2022).
Methods such as bioaugmentation and biostimulation are utilised to enhance
the breakdown of organic contaminants in soil (Kuppan et al., 2024).

Phytoremediation

Phytoremediation is a novel and environmentally sustainable approach to
remediation, utilising the inherent capabilities of plants and algae to absorb,
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collect, and transform contaminants from soil and water. This technology is
highly efficacious against heavy metals, organic pollutants, and radioactive
materials, providing a sustainable alternative to traditional remediation
procedures. The subsequent sections delineate the significant elements of
phytoremediation.

Some plants, such as Noccaea caerulescens, can accumulate heavy metals
to levels of 30,000 ppm, demonstrating their capacity as hyperaccumulators
(Lavanya et al., 2024). Plants can enhance microbial populations in the
rhizosphere, facilitating the breakdown of pollutants (Maurya et al., 2023).
Phytoremediation encompasses several techniques, including
phytodegradation, rhizodegradation, and phytostabilisation, each offering
distinct advantages and applications (Lavanya et al., 2024). The integration of
phytoremediation with stabilising approaches has proven to enhance
effectiveness in remediating polluted soils, particularly for cadmium and
arsenic (Cao et al., 2024).

Despite the acknowledged efficacy of Dbioremediation and
phytoremediation, issues such as identifying suitable species and determining
the necessary duration for remediation persist as substantial obstacles to their
application.

Bacteria

Figure 3. Schematic diagram of bioremediation (bacteria and fungi)
and phytoremediation (tree and algae).
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Case Studies

Environmental remediation case studies offer valuable insights into the
practical application of various technologies and techniques for addressing
pollution challenges. These studies highlight the challenges, approaches, and
outcomes of remediation initiatives across multiple settings and pollutants.
The following sections examine pivotal case examples from the published
papers, each demonstrating unique methodologies for environmental cleanup.

Remediation of Total Petroleum Hydrocarbons (TPHs) in these case
studies from many nations illustrates the use of technology to remediate areas
polluted with total petroleum hydrocarbons (TPHs). These studies tackle
practical challenges, including the formulation of remediation objectives and
the selection of suitable treatment alternatives. They assess variations in
pollutant concentrations before and after treatment, taking into account cost
considerations and economic viability (Kuppusamy et al., 2020).

Soil Remediation Techniques, in which soil washing is identified as an
efficient technique for remediating polluted soil, including organics, heavy
metals, and hydrocarbons. Case studies from Long Island, Saudi Arabia, and
Kuwait illustrate its efficacy in addressing various pollution challenges. The
method is preferred for its rapidity, compactness, and sustainability attributes
(Wilson & Conway, 2024).

Algal-Derived Biomaterials Algae-based systems are being investigated
for their potential in carbon dioxide sequestration and wastewater remediation.
These systems offer an environmentally sustainable and economical method
for cleanup, although obstacles persist in scaling them up to demonstration
and pilot systems (Nguyen et al., 2022).

A brownfield site in Michigan exemplifies the significance of
comprehensive scientific investigation and efficient management in
rehabilitation efforts. The project involved numerous investigative stages and
advanced technologies, culminating in a cost-effective solution that achieved
all remediation goals (Buehlman et al., 1998).

Nanotechnology’s Effect on Environmental Remediation

Nanotechnology has evolved into a revolutionary method for environmental
remediation, offering novel strategies to address pollution in various media.
Nanotechnology enhances the efficiency and efficacy of conventional
remediation techniques by leveraging the distinctive characteristics of
nanoparticles, including their high surface area and reactivity.
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Enhanced Efficiency
Nanomaterials have enhanced reactivity and adsorption properties, facilitating
more efficient pollutant sequestration (Arabzadeh Nosratabad et al., 2024a).
Methods like nano-phytoremediation employ plants alongside nanomaterials
to collect and neutralise pollutants, enhancing overall remediation efficacy
(Dhanapal et al., 2024).

Cost-Effectiveness

Methods utilising nanotechnology are often more cost-effective than
traditional cleanup procedures, resulting in a substantial decrease in
operational expenses (Rehman et al., 2024). The capacity to customise
nanoparticles for particular pollutants increases their effectiveness, resulting
in reduced resource expenditure during remediation operations (Ningthoujam
etal., 2022).

Eco-Friendliness

Nanoremediation is an environmentally friendly strategy that reduces the
ecological impact linked to conventional remediation techniques (Kumar et
al., 2024). Utilising biodegradable nanoparticles advances the objective of
rehabilitating polluted environments without introducing additional
contaminants (Dhanapal et al., 2024).

Although nanotechnology offers considerable benefits for environmental
remediation, it is essential to mitigate the associated hazards and promote
sustainable practices in its implementation. Harmonising innovation with
ecological safety will be crucial for the future of nanotechnology in this
domain.

Environmental Applications

Environmental remediation encompasses various methods aimed at removing
pollutants from soil, water, and air, thereby restoring and safeguarding
ecosystems. The incorporation of new materials, particularly nanotechnology,
has significantly enhanced the efficacy of these procedures. This response
examines the various applications of environmental remediation, with a focus
on nanomaterials, photocatalysis, and biochar modifications.

Nanomaterials, including inorganic, carbon-based, and polymeric types,
are used for the remediation of heavy metals, dyes, and organic chemicals
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owing to their elevated reactivity and surface area-to-volume ratio (Guerra et
al., 2018).

Graphene oxide is notably efficient in wastewater treatment, functioning
as an adsorbent and membrane modulator to eliminate contaminants such as
heavy metals, dyes, and pesticides (Sontakke et al., 2022).

In photocatalytic Applications, transition metal oxides, including TiO2,
ZnO, and CuO, serve as photocatalysts for the degradation of organic
contaminants in aquatic systems. These materials are economical, stable, and
ecologically sustainable (Danish et al., 2021).

Heterogeneous Photocatalysis: This method utilises solar energy to
decompose organic contaminants, reduce heavy metals, and eliminate
microorganisms, making it a viable solution for air and water purification
(Wang et al., 2024).

Modifications of Biochar: Derived from organic matter, biochar is utilised
for its adsorptive properties. The incorporation of nanoparticles significantly
improves their efficacy in eliminating heavy metals and organic pollutants
(Arabzadeh Nosratabad et al., 2024Db).

Challenges and Future Directions

Nanotechnology holds substantial promise for environmental cleanup, but it
faces particular challenges that must be addressed for successful deployment.
The incorporation of nanomaterials (NMs) into remediation systems has the
potential to remove pollutants from water and soil; however, challenges such
as scalability, cost, and potential ecological consequences persist as significant
obstacles. The subsequent sections outline the primary difficulties and
potential trajectories in this domain.

Challenges in Nanotechnology for Environmental Remediation

Scalability

The transition from laboratory-scale to field applications is often hindered by
challenges in scaling up the production of nanoparticles without
compromising their efficacy (Herdiana et al., 2022).
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Cost-Effectiveness

The manufacture of nanoparticles often requires expensive ingredients and
complex techniques, which can potentially limit their economic feasibility for
large-scale applications. The substantial expenses associated with increasing
output may deter enterprises from implementing nanotechnology for
environmental cleanup.

Environmental Impact

Concerns about the long-term toxicity of nanoparticles on ecosystems are
substantial. The potential detrimental impacts on soil organisms and terrestrial
flora necessitate a comprehensive examination (Rathod et al., 2024).
Regulatory frameworks are continually evolving, which may complicate the
approval processes for nanotechnology applications in environmental settings.

Technical Limitations

The integration of nanomaterials with current remediation methods requires a
comprehensive study to enhance their efficacy and safety (Mondal & Palit,
2022). The real-time monitoring and regulation of nanoparticle activity in
diverse environmental media are little investigated, hindering their practical
use (Guo et al., 2023).

Future Directions

Prospects in nanotechnology for environmental cleanup are encouraging,
emphasising novel uses and tackling current obstacles. Researchers are
increasingly investigating the integration of nanomaterials (NMs) with
bioremediation methods, enhancing the efficacy of pollution extraction while
minimising ecological impacts. The integration of nanotechnology with
bioremediation is anticipated to provide more rapid and efficient remediation
procedures (Dhanapal et al., 2024).

Diverse nanomaterials, encompassing carbon-based, metallic, and metal
oxide variants, are being engineered for targeted pollutant categories (Asghar
et al., 2024). Future study focuses on investigating ecologically friendly and
sustainable green synthesis techniques (Osman et al., 2024). Nanomaterials
are utilised to enhance wastewater treatment processes, efficiently removing
pollutants such as heavy metals and microplastics (Tyagi et al., 2024). The
creation of multifunctional nanocomposites is expected to address numerous
contaminants concurrently, hence improving treatment efficacy (Tyagi et al.,
2024). Subsequent research will focus on elucidating the ecological
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implications of nanomaterials, ensuring that their use does not compromise
ecosystems or human well-being (Isibor et al., 2024). The use of new
technologies, including omics and computational modelling, will facilitate the
prediction of the behaviour and dangers related to nanomaterials in the
environment (Isibor et al., 2024).

Conclusion

Environmental remediation is a crucial process designed to restore damaged
environments, thereby protecting human health and ecological integrity. The
findings from several research studies underscore the efficacy of various
remediation methods, the ethical implications at play, and the necessity for
continuous technical progress. It enhances microbial activity to decompose
contaminants, thereby efficiently rehabilitating soil health and production. In-
situ and ex-situ techniques encompass containment, separation, and
decomposition approaches, which are crucial for tackling various
contamination challenges. Advanced nanomaterials, including electrospun
membranes, are developing as efficient alternatives for air and water filtration.
Remediation has been proven to substantially mitigate health hazards,
especially in children exposed to lead and chromium, hence illustrating its
public health advantages. Ethical issues are crucial, as remediation strategies
must address environmental justice and the equitable allocation of cleaning
responsibilities.

Nanotechnology has evolved into a revolutionary method for
environmental remediation, offering novel approaches to address pollution in
air, water, and soil. The distinctive characteristics of nanomaterials, namely
their extensive surface area and reactivity, provide effective pollutant
elimination and remediation for polluted ecosystems. This chapter will
examine the fundamental components of nanotechnology’s contribution to
environmental restoration. Carbon nanotubes excel at adsorbing heavy metals
and organic molecules due to their high aspect ratio and mechanical strength.
Nanogels offer precise adsorption functionalities, enabling tailored pollution
control. Nanoparticles are utilised in catalysis and chemical reduction,
enhancing the effectiveness of water purification systems. Nanobiosorbents
and nanobiosurfactants have potential in the degradation of organic pollutants
and heavy metals in agricultural soils. Nanophytoremediation utilises
nanoparticles to aid plants in detoxifying contaminants, exemplifying an
environmentally  sustainable method. Nanoremediation frequently
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demonstrates greater efficiency and reduced costs compared to conventional
methods. Different nanomaterials can be customised for specific pollutants,
enhancing cleanup techniques.
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Abstract

With convergence in the domains of microbiology, molecular biology,
and nanotechnology, significant advancements are expected in
diagnostics, therapeutics, and health management. The current review
encompasses the molecular basis of cancer biology, bacterial biofilm
formation, and their clinical implications, as well as the green synthesis
of gold and silver nanoparticles, their applications in diagnostic
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targeted therapies for solid and blood tumours, which are characterised
by genetic and epigenetic alterations. At the same time, bacterial biofilms
responsible for persistent infections and antibiotic resistance require
alternative management strategies that integrate natural compounds and
nanoparticle applications. A promising solution in this direction is the
green synthesis of nanoparticles, which ensures biocompatibility and
multifunctionality in biomedical applications. This review illustrates how
the interdisciplinary approach to collaborative research addresses
complex healthcare challenges by examining these domains. Future
perspectives underscore the importance of integrating these fields with
artificial intelligence and precision medicine to achieve transformative
outcomes in health management.

Keywords: cancer biology, bacterial biofilms, molecular diagnostics, green
nanotechnology, health management.

Introduction

Healthcare faces broadened challenges that require innovative and
interdisciplinary solutions. Cancer, microbial infections, and inadequate
diagnostic accuracy are factors that significantly impact health outcomes
worldwide. Contemporary health issues related to cancer treatment, bacterial
infection, and low diagnostic accuracy require interdisciplinary solutions. This
disease still ranks as a leading cause of death globally, with more than 19.3
million new cases and 10 million deaths recorded in 2020, according to the
World Health Organisation, and millions of cases diagnosed every year [1].
Its complexity arises from genetic mutations, dysregulated signalling
pathways, and epigenetic modifications [2]. Similarly, bacterial biofilms
complicate the clinical scenario by resisting regular treatments and facilitating
chronic infections [3]. Meanwhile, the synthesis and application of green
nanoparticles open up promising avenues for eco-friendly and effective
healthcare solutions [4]. Simultaneously, the emergence of antibiotic-
resistant bacterial infections has compounded the challenges for
healthcare, with biofilm-associated infections accounting for a significant
proportion of chronic infections [3]. These key findings underscore the need
to incorporate ideas from microbiology, molecular biology, and
nanotechnology to develop high-tech diagnostics, targeted therapies, and
sustainable approaches to health management. These challenges underscore
the importance of microbiology in establishing a fundamental understanding of
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bacterial behaviour and human-microbe interactions. Meanwhile, molecular
biology and genetics will elucidate the mechanisms that govern disease
progression, providing the basis for understanding microbial dynamics,
including the processes of biofilm formation, microbial resistance, and host-
microbe interactions. These insights are vital in addressing infections and the
role of the microbiome in health and disease [5]. Indeed, in the field of
molecular biology, the rapid pace of technological advances, including next-
generation sequencing (NGS), CRISPR-Cas gene-editing systems, and
transcriptomic analysis, has enabled a deeper understanding of the genetic
alterations and regulation involved in the pathogenesis of diseases such as
cancer [34]. For instance, the identification of tumour-specific mutations and
epigenetic modifications has enabled the advancement of precision medicine,
leading to improved outcomes for patients [6, 7].

Nanotechnology has revolutionised the biomedical field through
innovative tools that provide diagnostic precision as well as therapeutic
efficacy in problems associated with diagnostics and targeted therapy.
Nanoparticle synthesis, particularly through green chemistry approaches,
offers environmentally sustainable solutions that enhance biocompatibility
and reduce toxicity [8]. Indeed, gold and silver nanoparticles have raised
hopes for diagnostic applications in imaging, drug delivery, and antimicrobial
treatments [9]. The integration of all these fields provides a synergistic
approach to addressing healthcare issues, enabling strides that would not be
possible with isolated disciplinary undertakings.

This article also examines the interconnection between microbiology,
molecular biology, and nanotechnology in addressing the most pressing
healthcare challenges. In detail, it focuses on three themes: (1) molecular
mechanisms of solid and blood cancer development and progression; (2) the
roles of bacterial biofilms in infection and resistance; and (3) green synthesis
and biomedical applications of nanoparticles. Through the topics under
discussion, this review will highlight the importance of interdisciplinary
research in generating innovative solutions to address some of the world’s
current and future healthcare demands.
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Molecular Biology and Cancer Research
Tumour Development: Genetic and Molecular Insights

Due to the nature of gene and epigenetic alterations, cancer causes abnormal
cell signalling, allowing cells to grow beyond their limits and proliferate and
metastasise at will. The proto-oncogenes, such as KRAS and EGFR, become
mutated, while loss of function occurs in tumour suppressor genes, including
TP53 and RBI, leading to tumour initiation and progression [10]. The
abnormal pillars of the cancer hallmarks are associated with regulated
pathways, such as PI3K/AKT/mTOR and Wnt/B-catenin, which are involved
in sustained proliferative signalling, Immune evasion, and Angiogenesis [11].

Novel developments, such as next-generation sequencing (NGS) and
single-cell RNA sequencing (scRNA-seq), have significantly advanced cancer
research by enhancing the accuracy of detecting genetic mutations and the
heterogeneity of tumours within them [6]. For instance, individualised
therapies against mutations specific to non-small cell lung cancer, such as
EGFR inhibitors, have shown considerable clinical efficacy [12]. Circulating
tumour DNA (ctDNA) fluid biopsy detection was an approach to non-invasive
monitoring of tumour dynamics and treatment response [13]. Epigenetics,
such as DNA methylation and histone modification, is an equally important
part of cancer progression. The aberrant methylation of suppressor genes, such
as the BRCA1 gene, is often seen in breast and ovarian tumours [14]. The
development of novel epigenetic interventions, including DNA
methyltransferase inhibitors, has broadened the spectrum of cancer
therapeutics [15].

Microbial Influence on Cancer

The human microbiome, particularly in its relation to cancer, plays a
significant role in the initiation and progression of the disease. Although
Helicobacter pylori are associated with gastric cancers, Fusobacterium
nucleatum has been implicated in colorectal cancers [16]. The
microorganisms that cause carcinogenesis include chronic inflammation,
DNA damage, and disturbance of the immune system. For example, the
reactive oxygen species produced by H. pylori cause genetic instability and
tumorigenesis in gastric epithelial cells [17]. Emerging evidence also suggests

Contributor Copy



Integrative Research in Microbiology, Molecular Biology ... 335

that gut microbiomes can enhance the efficacy of immunotherapy against
cancer. For instance, Akkermansia muciniphila and similar bacterial species
have been found to improve the therapeutic effectiveness of immune
checkpoint inhibitors by activating host immune pathways [l Such
interactions may provide avenues for targeting interventions that reduce the
influence of most cancers.

Bacterial Biofilms and Healthcare Challenges
Formation and Clinical Impact of Biofilms

Bacterial biofilms are composed of coalesced and attached microbes, creating
communities called biofilms, which are composed of the final part of
intracellular polymeric substances (EPS). This arrangement acts as a barrier
against antibiotic and immune system attacks, and is a significant problem in
every clinical aspect [18]. Infections caused by biofilms are chronic and often
associated with medical devices, such as catheters and prosthetic implants,
accounting for approximately 80% of chronic diseases [19]. The genetics of
biofilm formation occur through quorum sensing (QS)-type systems,
including lasR, luxS, and icaA genes [20]. The QS acyl-homoserine
lactones enable bacteria to communicate and synchronise biofilm formation
[21]. Biofilms are considered one of the essential contributors to antibiotic
resistance. The EPS matrix blocks drug penetration, and dormant cells in
biofilms exhibit a metabolism decreased by an inactive state, allowing them
to become tolerant to antibiotics [22].

Strategies for Biofilm Control

Antimicrobial approaches are necessary to combat biofilm-related infections
that cannot be effectively treated with conventional antibiotics. Natural
compounds from plants, such as curcumin, eugenol, and flavonoids, have anti-
biofilm properties due to their interference with QS signalling and EPS
synthesis [23]. Curcumin inhibits biofilm formation in Pseudomonas
aeruginosa, a species of bacteria, from QS-regulated genes [24].
Nanotechnology has more to offer. Green-synthesised AgNPs are potent
biofilm disruptors due to the production of ROS and disruption of the bacterial
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membrane [25]. Nanoparticles combined with antibiotics enhance
antimicrobial activity by penetrating biofilms [26].

Green Synthesis of Gold and Silver Nanoparticles

Sustainable Nanotechnology: Methods and Benefits

The greener synthesis of nanoparticles is emerging as an eco-friendly, cost-
effective, and sustainable alternative to traditional chemical and physical
methods of nanoparticle synthesis. In this case, biological agents such as plant
extracts, microorganisms, algae, and maybe even biomolecules like proteins
and enzymes, are used to synthesise gold and silver nanoparticles [25]. Green
synthesis relies on natural compounds that possess intrinsic reducing and
capping properties, such as polyphenols, flavonoids, and alkaloids, unlike
chemical methods, which require hazardous reducing agents and stabilisers to
synthesise nanoparticles. Commonly found plants suitable for nanoparticle
design production include Azadirachta indica (neem), Ocimum sanctum
(tulsi), and Allium sativum (garlic), which have shown great promise for
antimicrobial and anticancer effects [27, 28]. Whereas microorganisms, such
as Bacillus subtilis and Fusarium oxysporum, are known to produce
nanoparticles by reducing metal ions from aqueous solutions [29]. The bio-
reducing agents enhance the compatibility and stability of the nanoparticles,
making them a candidate for biomedical applications.

Thus, green synthesis methods promote sustainability through the use of
renewable source material and reduction in waste generation. It aligns with the
world’s efforts to minimise environmental impacts and promote the
development of eco-friendly technology. Furthermore, nanoparticles
synthesised via greener routes have been shown to exhibit excellent size
uniformity, high stability, and improved surface functionalisation, making
them ideal candidates for diagnosis, drug delivery, and antimicrobial
applications [30].

Biomedical Applications

Diagnostics and therapeutics applications have been derived from the green-
synthesised nanoparticles. For example, gold-nanoparticles-conjugated
antibody moieties for image formation in cancer, and silver nanoparticles used
as antimicrobial agents in wound dressing and coatings for medical devices
[31, 32]. Biomedical scientists have extensively studied green-synthesised
gold and silver nanoparticles to take advantage of their exciting
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physicochemical properties. Due to their outstanding optical, electronic, and
thermal properties, gold nanoparticles (AuNPs) have been designed explicitly
for imaging diagnosis, photothermal therapy, and biosensing applications
[33]. For example, the application of advanced imaging techniques, such as
surface-enhanced Raman spectroscopy (SERS), ensures that antibody-
functionalised AuNPs preferentially target the tumour biomarker, making it
possible for early cancer diagnosis [34]. The antimicrobial properties
associated with silver nanoparticles (AgNPs) are highly potent. They exhibit
the capability of producing reactive oxygen species (ROS) that disrupt the
integrity of bacterial cell membranes and suppress biofilm formation. This
action entails chronic infection treatment [35]. AgNPs are also applied as
components included in wound dressings and surgical instruments, as well as
in coatings developed for medical equipment to establish a barrier against
nosocomial infections [36].

New applications of these nanoparticles are currently being explored,
including their incorporation into drug delivery systems. By functionalising
nanoparticles, drug solubility and stability can be improved, in addition to
facilitating additive or targeted delivery and minimising side effects [47].
For example, green-synthesised AuNPs, which were loaded with
doxorubicin, an anticancer drug, were found to be specific and less toxic in
preclinical tests [48].

Integration of Nanotechnology in Diagnostics and Health
Management Sustainability

Advanced Diagnostic Tools

Nanotechnology-based biosensors and imaging platforms enable the rapid and
accurate detection of cancer markers and pathogens, revolutionising diagnostic
technologies by creating platforms with unprecedented sensitivity, specificity,
and speed. For example, CRISPR-Cas systems can be integrated with
nanoparticles and perform accurate genetic diagnostics, therefore changing the
processes of managing infectious diseases. Gold and silver nanoparticles play
a significant role in the manufacture of biosensors, imaging agents, and point-
of-care diagnostic devices. The specific use of mitochondria is exemplified by
the development of AuNP-based biosensors in combination with CRISPR-Cas
systems for detecting specific nucleic acid mutations, infectious agents, and
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other disease biomarkers [37]. For example, silver nanoparticles excel in
colourimetric biosensing applications due to their intrinsic optical properties,
which enable the visual detection of analytes without the need for complicated
instruments [38]. The biosensors above also detect pathogens such as
Escherichia coli and Salmonella species, as well as tumour-associated proteins
[39]. They have also enabled the development of ultrasensitive diagnostic
methodologies to detect cancer early and monitor its progression, thanks to
their ability to enhance fluorescence and Raman signals [33].

The applications of artificial intelligence (Al) to nanoparticle-based
diagnostics represent a brand-new frontier. Machine learning algorithms will
allow rapid interpretation with improved accuracy of complex data.

Datasets generated by these nanodiagnostic platforms [40]. For example,
Al-augmented imaging systems based on AuNP contrast agents showed more
accurate detection of small tumours and metastases [41]. The following table
illustrates the various techniques employed in the relevant fields (Table 1).

Applications in Health Management

Nanotechnology also significantly contributes to the improvement of health
management, other than diagnosis. Nanoparticles can create an intelligent
drug delivery system that delivers the drug directly to target tissues or cells,
resulting in minimal off-target effects. Ligands, such as peptides or antibodies,
are then directed to the disease site, where they deliver the therapeutic agent
[53]. Silver nanoparticles have emerged as a potent solution against infections
caused by multidrug-resistant bacteria. They diffuse into biofilms and dissolve
the bacterial membrane; hence, they have proven essential against chronic
diseases associated with implants and catheters [36]. Additionally, the use of
nanoparticles in PPE and air filtration systems gained prevalence during the
COVID-19 pandemic, where they helped enhance protection against viruses
[54]. Green-synthesised nanoparticles contribute to environmental health by
lessening the ecological footprints associated with conventional drug
production and waste disposal. Another promising use is the application of
these in water purification systems for removing pathogens and heavy metals
[55]. As the breakthrough continues, the penetration of nanotechnology into
healthcare management is expected to transform the delivery and accessibility
of health services worldwide.
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Table 1. Summarising diagnostic and laboratory techniques used in microbiology, molecular biology, nanotechnology,
and cancer research, with a focus on biofilm and nanoparticle-related applications

Field Diagnostic/Laboratory Technique | Description Applications Refs
Microbiology Gram Staining A method used to differentiate bacterial Bacterial identification and biofilm [42]
species into two groups based on the formation assessment.
composition of their cell wall.
PCR Amplifies DNA sequences to detect bacterial Detection of pathogens and biofilm- [43]
(Polymerase Chain Reaction) or viral infections. related genes.
Culturing and Plating Growing microorganisms on selective media Biofilm-forming bacterial strain [43]
to identify bacterial species. isolation and resistance testing.
Molecular Biology Western Blotting Detects specific proteins based on their size Identifying biofilm-related proteins [44]
and affinity for antibodies. and molecular markers in cancer cells.
RT-PCR Quantifies RNA to assess gene expression Analysing gene expression in biofilm [45]
(Reverse Transcription PCR) profiles. formation and cancer progression.
Next-Generation Sequencing High-throughput sequencing of DNA and Cancer biomarker discovery, [17]
(NGS) RNA to detect mutations and gene expression | biofilm-forming gene identification.
patterns.
Nanotechnology Dynamic Light Scattering (DLS) Measures particle size distribution of Characterising nanoparticles for drug [46]
nanoparticles. delivery systems and biofilm
disruption.
Atomic Force Microscopy (AFM) | Scans surface at the nanoscale to provide Nanoparticle surface morphology and [9]
topographical information and mechanical interaction with biofilms.
properties.
Transmission Electron Provides high-resolution imaging of Imaging nanoparticles in cancer cells [35]

Microscopy (TEM)

nanoparticles and their interactions with cells
and biofilms.

and biofilm-forming bacteria.




Table 1. (Continued)

Field Diagnostic/Laboratory Technique | Description Applications Refs
Cancer Research | Immunohistochemistry (IHC) Uses antibodies to detect specific antigens in Detection of cancer-specific [47]
tissues, commonly used in cancer diagnosis. biomarkers and biofilm involvement.
Magnetic Resonance Non-invasive imaging Early cancer detection, [48]
Imaging (MRI) technique used for detecting tumours and tissue Monitoring of biofilm infections in
abnormalities. tissues.
Fluorescence In Situ Uses fluorescent probes to detect specific DNA Detection of cancer-associated genes, | [49]
Hybridisation (FISH) or RNA sequences in cells. biofilm-related pathogens.
Biofilm Studies Confocal Laser Scanning Provides 3D imaging of biofilms and cell Studying the structure and dynamics [50]
Microscopy (CLSM) interactions. of bacterial biofilms
Crystal Violet Assay Stains biofilm biomass to quantify biofilm Quantifying biofilm formation and [34]
formation. inhibition
Biofilm Flow Cell Model A system for culturing biofilms under controlled Studying biofilm growth and [51]
flow conditions, mimicking natural resistance mechanisms.
environments.
Diagnostic Surface Plasmon Resonance Measures the interaction of nanoparticles with Studying nanoparticle—biofilm [36]
Techniques in (SPR) biomolecules in real-time. interactions and nanoparticle-
Nanomedicine targeting.
Colorimetric Assays Nanoparticles (e.g., gold, silver) are used to Diagnostics for bacterial infections, [52]
develop assays for pathogen detection based on cancer biomarkers, and disease
colour change. detection.
Al& Artificial Intelligence (Al) in Uses Al algorithms for image analysis to detect Enhancing diagnostic accuracy in [40]
Computational Imaging and Diagnosis abnormalities in cancer cells, biofilms, and other | cancer, bacterial infections, and
Tools diseases. biofilms.
Molecular Docking Computational method used to model Identifying potential compounds for [37]

interactions between molecules, such as
nanoparticles and biofilm-associated proteins.

biofilm treatment or cancer therapy.
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Discussion: Challenges and Future Perspectives

The close interaction of microbiology, molecular biology, and
nanotechnology presents a new opportunity for addressing the global health
challenge. Despite advances in molecular diagnostics and progress in green
nanotechnology, a significant gap in translation remains in clinical practice.
The interaction between microbial research and nanotechnology has produced
significant achievements, including nanoparticle-based biosensors for
pathogen detection and the use of nanoparticles to disrupt biofilms [35]. There
are still hurdles to overcome, though, to make such green synthesis methods
scalable for industrial nanoparticle production. Factors such as batch
variability, scalability, and compliance must be met to ensure quality and
safety [54]. The rising number of antibiotic-resistant bacteria urgently requires
alternative antimicrobial strategies. Multi-target action from nanoparticles,
mainly synthesised via green methods, can be a potential solution [53]. The
long-term human health and environmental effects of exposure to these
nanoparticles are still largely unknown, necessitating further research [54].
Advancements in molecular diagnostics, such as CRISPR-Cas systems and
imaging enhanced by nanoparticles, have reinvented the way diseases are
detected and treated. These technologies enable early diagnosis, targeted
therapies, and real-time monitoring of treatment efficacy [37]. However,
integrating these tools into low-resource settings remains a challenge due to
high costs and infrastructure requirements. Collaborative efforts are needed to
adapt these technologies for global accessibility. Interdisciplinary research
faces challenges, including nanoparticle cytotoxicity and the scalability of
green synthesis methods. Integrating these fields with artificial intelligence
can enhance predictive modelling and accelerate the translation of laboratory
findings into clinical practice. Future research should focus on
interdisciplinary collaboration to bridge the gaps between bench and bedside.
Emphasis should be placed on developing cost-effective, scalable
technologies that align with sustainability goals. Additionally, exploring the
use of artificial intelligence in nanomedicine and diagnostics may enhance
precision, reduce costs, and streamline clinical decision-making [56].
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Conclusion

This review highlights interdisciplinary research that combines microbiology,
molecular biology, and nanotechnology to overcome barriers and develop
transformational solutions, including those for cancer management, biofilm
control, and diagnostics. Such collaboration can tackle many essential
healthcare-related issues. Moreover, the intersection between artificial
intelligence (AI) and nanotechnology holds excellent promise for personalised
and precision medicine, making cancer treatment more effective and
minimally invasive. This may be achieved through an Al-enabled diagnostics
and treatment scheme for rapid and accurate cancer detection, biofilm-related
disease detection, and other diseases, facilitating timely intervention.
Diagnostics and therapeutic modalities that utilise Al and nanotechnology
synergistically certainly have potential for revolutionising healthcare delivery.
However, the reality of these technologies in the clinical environment largely
relies on a strong interdisciplinary effort to develop health education and
management. Thus, health education is fundamental, ensuring that both
patients and healthcare providers are well-informed about their condition and
its possible benefits. However, healthcare providers should continually
develop and adapt to new technologies as they emerge to meet the growing
demand and enhance patient care, for instance, in areas such as early cancer
detection, antimicrobial resistance, and biofilm management. Health
management systems should be adaptive and proactive in incorporating these
new developments while addressing the issues of cost, accessibility, and
infrastructure in clinical practice. Most importantly, as nanotechnology and
molecular biology continue to grow, equitable access will be a vital
consideration in examining these advancements.
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