2" International Conference — NOBCON 2026 on Interdisciplinary Horizons — Innovation,

lr” no b Le Sustainability, AI. and Transformatlon (IC-IHITSA) .
& UNIVERSITY Noble University Campus, Junagadh nob’con

Junagadh, India, March 6 — 7, 2026

NOBCON 2026
2" Tnternational Conference —
NOBCON 2026 on Interdisciplinary

Horizons — Innovation, Sustainability,
Al and Transformation (IC-IHITSA)

Date: 6-7, March 2026

Venue: Noble University Campus, Bhesan Road, Gujarat, Junagadh

Conference Proceedings

ISBN: 978-81-993732-2-8

Volume - 1

Edited by:
Dr. Riddhi Sanghvi

S

& nobwe
&0 UNIVRSITY nob°con

Organized by
Noble University,
Junagadh

Published by:

Noble University
Bhesan Road, Junagadh 362310



Executive Summary

Nobcon 2026 gathers researchers, industry leaders, policymakers and students from around the
world to explore interdisciplinary approaches to innovation, sustainability, Al and transformation.
This brochure outlines the conference objectives, tracks, submission opportunities, key dates,
guidelines and participation details for approval and rollout.
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Message from the Chief Petron

H

Dear Scholars, Researchers, and Participants,

It is a proud moment for Noble University to host the 2" International Conference on
Interdisciplinary Horizons - Innovation, Sustainability, Al and Transformation [IC-IHITSA] in
collaboration with Chiang Mai University, Chiang Mai, Thailand. This initiative reflects our
university’s commitment to fostering collaboration and innovation in research across diverse
fields. With participation from 331 authors representing 7 countries, this conference brings
together a vibrant mix of ideas, perspectives, and expertise. The meticulous review process
resulted in the selection of 159 high-quality papers out of 249 submissions, ensuring a rich and
engaging program. [ would like to take this opportunity to acknowledge the exceptional efforts
of Dr. Riddhi Sanghvi, the conference co-chairs, whose dedication and hard work have been
instrumental in organizing this grand event. I congratulate the participants and encourage you
to make the most of this platform to share your research, build networks, and explore new
opportunities for collaboration. I also applaud the organizing team, led by Dr. Jay Talati, for
their dedication to making this event a success. Wishing everyone a productive and inspiring

conference!

Warm regards,
Dr. H. N. Kher Kher
Chief Patron

Provost, Noble University
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Message from the Conference Chair

Dear Participants, Academicians, and Researchers,

It is my privilege to welcome you all to the 2" International Conference on Interdisciplinary
Horizons - Innovation, Sustainability, Al and Transformation [IC-IHITSA] in collaboration
with Chiang Mai University, Chiang Mai, Thailand, a major step by Noble University toward
promoting research excellence. This conference stands out not only for its hybrid format,
allowing participation online and offline, but also for the diverse participation of researchers
from 7 countries, showcasing a truly global academic platform. This event provides an
exceptional opportunity for researchers to present their ideas and gain recognition through
collaborations with distinguished journals. I am particularly proud of the interdisciplinary
focus, which opens avenues for impactful discussions and innovative solutions to real-world
challenges. I extend my heartfelt gratitude to the management of Noble University for their
unwavering support, guidance, and encouragement, which have been critical in making this
event possible. I also express my appreciation to our Chief Patron, Dr. H. N. Kher, for his
visionary leadership and to the organizing team for their tireless efforts in shaping this
conference. I wish all participants an enlightening and fulfilling experience as they contribute

to shaping the future of multidisciplinary research.

Best regards,
Dr. Jay Talati
Conference Chair

Registrar, Noble University
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Copyright: © The compiled research work as a theory with other contents, images, tables,
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About the University

Shri Vivek Bharti Trust, led by four visionary philanthropists, proudly established Noble Group
of Institutions (NGI) in Junagadh, Gujarat, to provide quality education in Engineering,
Science, Management, Pharmacy, Education, and Nursing. Since 2007, NGI has been a hub
for technological and scientific growth, offering modern labs, a world-class library, spacious
classrooms, green playgrounds, a gym, and strong industry connections. In 2022, NGI became
Noble University (NU), expanding across 30 scenic acres near Girnar Hill, fostering innovation
and creativity in a serene environment. NU is dedicated to empowering students with ethical,
high-quality education to serve society and advance humanity. With partnerships across
academia and industry, NU nurtures skilled, compassionate individuals ready to lead globally.
Focused on interdisciplinary learning, NU harmonizes intellect, emotion, and action to shape a

brighter, sustainable future for India and the world.

About the Conference — NOBCON 2026

NOBCON 2026 is an international multidisciplinary conference organized at Noble University,
Junagadh, India. The conference provides a dynamic platform for researchers, academicians,
industry professionals, and scholars to share innovative ideas, present research findings, and
engage in meaningful academic discussions across diverse disciplines.

The conference aims to foster interdisciplinary collaboration and promote the exchange of
knowledge among participants from various fields of science, technology, social sciences,
management, education, arts, and emerging research domains. NOBCON 2026 encourages
high-quality research contributions in the form of research papers, review papers, case studies,
and poster presentations that address contemporary challenges and advancements in academia
and industry.

The conference will be conducted in a hybrid mode, enabling both in-person and virtual
participation. The event will be held at Noble University Campus, Junagadh, India, with
live streaming and virtual sessions available for online attendees to ensure wider global
participation.

The two-day conference program will include keynote addresses by distinguished experts,

technical sessions, poster presentations, and interactive discussions. These sessions are
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designed to provide opportunities for participants to present their work, exchange ideas, and
build academic and professional networks.

Selected papers presented at NOBCON 2026 will be included in the conference proceedings,
contributing to the dissemination of innovative research and scholarly work. The conference
aims to strengthen academic collaboration and inspire future research that contributes to

societal and technological development.

Objectives:

e Facilitate knowledge exchange and the presentation of innovative research across
various disciplines such as engineering, sciences, humanities, management,
healthcare, and vocational studies.

e Encourage the development and dissemination of multidisciplinary research that
addresses global challenges.

e Provide a platform for showcasing talent and fostering discussions that lead to
actionable solutions and advancements.

e Offer opportunities for participants to publish their research in peer-reviewed and
indexed journals.

e Promote interaction between academia and industry to bridge gaps and drive

technological and academic advancements.
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Student participation in educational work
Khandeka Rinkalben H., Research Scholar, Noble University, Junagadh

Dr. Boricha Ramesh, Research Guide, Noble University, Junagadh
ABSTRACT:

Yddl weaAdell Yo A deldls ylsaumi QanelAsl Alza usewoldl

cquRal HI2 20 Uugldall, YYEaall va YA uie 53l da Rl sl wd
glsclloll §. Al-actdla cararanHi Qeauelloll ulsa usealldl @Qeatatsll ojuicl wal
etlQls Rl 2 wolus] URH B, L weald [Baucus Auet uslddl sla
U0 ocll. BHL ¥0 Uau@s ant oit (Qanell den 10 Rlatsl wael Wl AsAd
scllHL AL URRI U B 3 (Bl 612l UgR glRl 1A glRL,250A slRL
UA UM HEUSotoll GUALY AU (LAtHL UL At s B.

KEYWORDS: STUDENTS ENGAGEMENT, COLLABORATION LEARNING

Yicllcloll:
YelcHlot otHl Qatatotl el Yool ellsik B, Axi [@Qats, (Qenell wua Aust

AL Aui (Qenella 1yEls MU sitatoll AsRHTAL AR llstReauni 2ua B.
cAclglRallel ([ARARURL oll YOl »dlot SYY WajAUR “learning by doing” MUl
Ba g2t Qe 8l weAsA. AstelQeanell Aat@s uBauHi useudll ua ®.
AL, AUUQ A UM %33 ool B ¥ [Qawellofl uint aolu sl 8lell A Y «tell
Ud A olll&s ellalledts wal clcdotlers el slAA slall ESA,

o UMRAUL YUl
YRl AeARHL UM olA YHIB 2A0E a3U HUAA &d. “dall@s st

QeulA usewdllar.”
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2. A ylQaue .
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o Bloom, B. S. (1956). Taxonomy of educational objectives. Longmans.
o Dewey, J. (1938). Experience and education. Macmillan.

o Piaget, J. (1952). The origins of intelligence in children. International Universities
Press.

o Vygotsky, L. S. (1978). Mind in society. Harvard University Press.
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A Study on A Comparative Analysis of Quality of Work Life Balance
Between Public and Private Sector Bank Employee of Junagadh District

Samir Raval, Noble University, Junagadh

Dr. Amul Kotadia, Noble University, Junagadh

ABSTRACT

Work-life balance has become an important issue in the banking sector due to increasing
workload, performance pressure, and changing work environments. The present study aims to
analyse the perception of bank employees towards work-life balance in Gujarat. It also
examines the overall opinion of employees regarding their ability to manage professional and
personal responsibilities. For this purpose, a total of 168 bank employees from Gujarat were
selected using random sampling method. Primary data was collected through a structured
questionnaire. The findings reveal that bank employees generally believe they are able to
maintain a balance between their work and personal life. They agree that their working hours
allow them to spend sufficient time with their family and that their job responsibilities do not
significantly interfere with their personal life. However, the results also show that employees
feel work pressure affects their physical and mental health. Overall, the study concludes that
while bank employees in Gujarat have a positive perception towards work-life balance, stress
due to work pressure remains a concern. The findings suggest that banks should introduce
supportive policies, stress management programs, and employee-friendly practices to improve

overall well-being and job satisfaction.

Keywords: Work-Life Balance, Bank Employees, Perception, Work Pressure, Job

Satisfaction, Gujarat.

1. Introduction

Work-Life Balance means maintaining a proper balance between work and personal life. It
means giving enough time and attention to both job responsibilities and personal activities.
Personal life includes family time, rest, hobbies, health, and social activities. When a person
manages both areas well, he or she feels happy and less stressed. In today’s world, many people
are very busy with their jobs. They work long hours and sometimes bring office work home.
Because of this, they may not get enough time for their family or themselves. This can cause
stress, tiredness, and health problems. Therefore, maintaining work-life balance has become

very important.
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Work-life balance does not mean working less. It means managing time properly. It also means
setting clear boundaries between work and personal life. For example, not checking office
emails during family time, taking regular breaks, and using leave when needed. Good work-
life balance gives many benefits. Employees feel more satisfied with their job. They are more
productive and motivated at work. They also have better physical and mental health. On the

other hand, poor work-life balance can lead to stress, low performance, and job dissatisfaction.

Organizations also play an important role in supporting work-life balance. Companies can
provide flexible working hours, work-from-home options, paid leave, and supportive policies.
When employers support their employees, it creates a positive work environment. In simple
words, work-life balance is about living a healthy and happy life while doing a job. It helps

individuals grow professionally and personally at the same time.
Significance of Work-Life Balance

Work-Life Balance is very important in today’s busy life. It helps people manage their job and
personal life in a healthy way. When a person gives proper time to both work and family, he
or she feels more satisfied and peaceful. One major significance of work-life balance is better
health. When employees get enough rest and time for themselves, they face less stress and
anxiety. It improves both physical and mental health. A balanced life reduces problems like

tiredness, headaches, and depression.

Work-life balance also increases job satisfaction. Employees who feel balanced are happier
with their jobs. They enjoy their work and feel motivated. This leads to better performance and
higher productivity in the workplace. It also improves family relationships. When people spend
quality time with their family and friends, their relationships become stronger. This gives

emotional support and happiness in life.

For organizations, work-life balance is equally important. Companies that support work-life
balance have loyal and committed employees. It reduces absenteeism and employee turnover.
It also creates a positive and healthy work environment. In simple words, work-life balance is
significant because it helps individuals live a healthy, happy, and successful life while also

contributing effectively to their organization.
2. Need of the Study

In today’s modern world, employees are facing increasing work pressure. In the banking sector

especially, employees have targets, deadlines, customer responsibilities, and long working
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hours. Because of this, it becomes difficult for them to balance their professional and personal
life. Therefore, it is necessary to study work-life balance. Bank employees often experience
stress due to heavy workload, digital banking systems, competition, and performance pressure.
If work-life balance is not maintained, it may lead to job dissatisfaction, health problems, and
low productivity. So, there is a need to understand the level of work-life balance among bank

employees.

This study is important to identify the factors that affect work-life balance. It helps to know
whether employees are satisfied with their current work environment and policies. It also helps
to understand the problems they face in managing their work and family responsibilities. The
findings of the study can help banks to improve their policies and provide better support to
employees. For example, flexible working hours, leave policies, stress management programs,

and employee-friendly practices can be introduced or improved.

In simple words, the need of the study is to understand the present condition of work-life
balance among employees and to suggest improvements for creating a healthy and productive

work environment.
3. Literature Review

Tiwari (2024) explored the critical correlation between work-life balance and employee
productivity within the Indian banking sector, specifically looking at both public and private
institutions. The findings demonstrate that a healthy work-life balance significantly increases
the productivity and motivation of bankers, whereas the common industry pressures of
prolonged work hours and immense sales targets serve as major deterrents. The study
highlights that while employees are technically aware of the benefits of balance, the
institutional reality often involves work strains that spill over into personal lives, impacting
general welfare. It was noted that when banks implement welfare programs and supportive
workplace practices, there is a measurable rise in organizational commitment and a decrease

in the desire to quit among the workforce.

Karigoleshwar (2025) conducted a detailed study with reference to ICICI Bank employees and
found that while staff members are generally satisfied with their career growth and
compensation packages, they struggle immensely with maintaining a boundary between their
professional and personal lives. The research findings indicate that the digital transformation
of banking services has created a "work-from-anywhere" culture that often forces employees

to be accessible beyond standard office hours, leading to chronic stress. The study emphasizes
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that female employees, in particular, face a dual burden of professional responsibilities and
domestic expectations, which significantly lowers their perceived work-life balance compared
to their male counterparts. The author concludes that for private sector banks to retain talent,
they must shift from being purely performance-centric to incorporating family-friendly

initiatives and periodic rest breaks.

Kumar and Rani (2023) examined the shift in work-life dynamics post-COVID, focusing on
the emergence of hybrid models in Indian banking. Their findings revealed that younger
employees in the age group of 21-30 years report the highest levels of stress due to high job
demands and the steep learning curve associated with new digital banking systems. The study
suggests that while hybrid work offers some flexibility, the lack of physical separation between
home and office has led many employees to work more than 50 hours a week. The findings
also point out that supportive leadership and open communication from senior managers are
the most effective tools for reducing employee burnout, as they allow for a more empathetic

distribution of workloads during peak banking seasons.

Arora and Singh (2022) analyzed the impact of the digital banking environment on employee
well-being and found that technological advancements have been a double-edged sword. On
one hand, automation has improved efficiency, but on the other, it has increased the volume of
work and the speed at which employees are expected to respond to customer queries. Their
findings suggest that this "always-on" culture has led to a significant decrease in the quality of
time spent with family, which is a key component of work-life balance in the Indian socio-
cultural context. The researchers highlighted that employees who perceive their workplace
culture as unsupportive are 40% more likely to experience job dissatisfaction and health issues

like hypertension and insomnia.

Mehra and Sharma (2025) focused on the relationship between work-life balance and job
satisfaction in major public sector banks like SBI and PNB. Their findings indicate a strong
positive correlation (r=0.68) between effective balance and satisfaction, yet they discovered
that recent merger-induced restructurings have severely disrupted this equilibrium. The study
found that public sector employees, who traditionally enjoyed better work-life balance than
their private sector peers, are now facing similar pressures due to increased competition and
performance-linked incentives. The findings suggest that the "job security" factor in public
banks is no longer sufficient to offset the stress caused by unrealistic targets and frequent policy

changes, making work-life balance a primary strategic HR priority for these institutions.
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Rajesh (2020) investigated the issues and challenges of the banking industry in India and found
that the entry of foreign and private banks has forced the entire sector into a state of "workload
saturation." The research findings detail how the mismatch between human resources and
customer demand leads to "role overload," where a single employee manages multiple
portfolios, often at the cost of their personal health. The study specifically identified that the
lack of hand-eye coordination and poor concentration among bankers are direct results of
mental exhaustion from long hours. The findings suggest that interventions like yoga,
meditation, and mandatory leave are no longer optional but necessary for the survival of the

workforce in a high-pressure financial environment.

Memon and Alcasoas (2018) explored the social and psychological aspects of work-life
balance among married public sector workers. Their findings detail how after-hours meetings
and negative attitudes from peers act as significant barriers to achieving harmony. A key
finding of the study was that family support is the strongest predictor of resilience; employees
who receive emotional assistance from their spouses are much better equipped to handle
workplace politics and low recognition. However, the study also found that when the
organization fails to provide "sociotechnical trust"—where employees feel safe to take leave

without being penalized—the work-life balance remains poor regardless of family support.

Bansal (2018) provided an empirical study of the Indian banking sector and concluded that the
primary cause of work-life imbalance is a lack of "work schedule control." The findings suggest
that employees who have even a small degree of autonomy over their timings report much
higher levels of life satisfaction. The research points out that while many banks have work-life
policies on paper, the "unwritten rules" of the workplace culture often discourage employees
from utilizing them. The study concluded that for work-life balance initiatives to be successful,
they must be supported by a change in organizational values from the top-down, ensuring that

staying late is not equated with being a high-performer.

Verma and Bhargava (2025) conducted a comparative analysis of India’s work culture against
global standards and found that India ranks significantly low in work-life balance (42nd out of
60 countries) despite rapid economic growth. Their findings indicate that the primary drivers
of this imbalance are the average weekly working hours of 46.7 and a prevalent culture of
"presenteeism," where employees feel pressured to stay late to prove their commitment. The
study highlights that while 78% of Indian employees now prioritize family time, the lack of

uniform minimum wages and lengthy urban commutes continue to obstruct the achievement of
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a sustainable work-life equilibrium. The researchers conclude that a multi-faceted approach
involving policy intervention and individual empowerment is vital for the long-term well-being

of the Indian labor force.

Kumari and Purohit (2023) explored the general perceptions of work-life balance among
working professionals in India and found that the boundaries between professional and
personal life have become increasingly blurred due to the rise of telecommuting. Their research
suggests that while technology offers flexibility, it also leads to "work-life dissatisfaction"
when employees are unable to disconnect from digital work tools after hours. The findings
reveal a significant generational difference, where younger employees (Gen Z) are more vocal
about demanding flexibility, while older generations tend to prioritize job stability over
personal time. The study emphasizes that organizations must shift their focus toward job

satisfaction as a key predictor to prevent high turnover intentions in the corporate sector.

Walia (2024) investigated the specific challenges faced by employees in India's IT and ITES
sectors, focusing on gender and age as determining variables. The findings show that female
employees perceive work as more interfering with their personal lives compared to their male
counterparts, largely due to the societal expectation of managing household responsibilities
alongside demanding project deadlines. The study also found that age is not necessarily a factor
in work-life balance, as employees across all age groups reported high stress levels due to social
isolation and self-estrangement caused by rapid technological shifts. The researcher notes that
an office atmosphere that fosters social interaction can significantly mitigate the feeling of

being "just another cog in the machine."

Kundnani and Mehta (2024) examined the organizational outcomes of work-life balance
policies within the Indian banking and corporate sectors. Their detailed findings suggest that
the implementation of "work from home" and "supportive supervision" has a direct positive
impact on employee performance and job satisfaction. They noted that employees who felt
their supervisors were empathetic to their personal needs were 1.5 times more likely to report
higher organizational commitment. However, the study points out a gap in implementation,
where many companies have policies on paper that are rarely utilized because employees fear

being labeled as "uncommitted" or "less career-focused" by their management.

Bharathi and Mala (2023) analyzed the relationship between flexible work schedules and
employee engagement in Indian manufacturing and service industries. Their findings

demonstrate that when employees are allowed to pursue personal hobbies and maintain a
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flexible schedule, there is a marked increase in job satisfaction and a decrease in the "intention
to quit." The study highlights that flexible targets and proper feedback mechanisms from
superiors are more effective in promoting balance than mere financial incentives. The
researchers argue that the Indian corporate sector needs to move away from rigid 9-to-5

structures to accommodate the diverse needs of a modern, multi-generational workforce.

Padmanabhan and Kumar (2024) focused on the career advancement of women in Indian
corporations and its link to work-life balance. Their findings suggest that the lack of adequate
childcare facilities and inflexible working hours are the primary barriers preventing women
from reaching senior leadership positions. The study observed that companies providing
"maternity returner programs" and flexible remote work options saw a 30% higher retention
rate among female managers. The researchers concluded that work-life balance is not just a
wellness issue but a strategic business imperative that directly influences gender diversity and

the talent pipeline in Indian organizations.

Maran and Usha (2023) conducted a study on the IT sector in India, specifically looking at the
impact of leisure breaks and lunch hour regulations on mental health. Their findings indicate
that employees who take regular, short breaks during the day report significantly lower levels
of burnout and emotional exhaustion. The study found that "micro-breaks" are often
discouraged in high-pressure Indian corporate environments, which paradoxically leads to
lower overall productivity. Their research suggests that proper feedback and a culture that

respects "off-time" are essential for maintaining the mental agility required for technical roles.

Rama Swathi (2025) reviewed the evolution of work-life balance models in the Indian context
and found that traditional models are failing to account for the "dual-career couple"
phenomenon rising in urban India. The findings detail how the total hours worked by a
household have increased while the support systems (like joint families) have diminished,
leading to a state of "role overload." The study highlights that compensated overtime has a
short-term positive effect on satisfaction but leads to long-term health issues. The researcher
concludes that for Indian companies to remain competitive globally, they must adopt
"Work/Family Border Theory," which helps employees navigate the transition between their

work and home roles more effectively.
4. Research Methodology

4.1 Research Objective
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1. To analyse the perception of bank employees towards work-life balance in Gujarat.

2. To examine the association between the demographic profile of bank employees and

their perception towards work-life balance in Gujarat.
4.2 Sample Size

In this study, a total of 168 bank employees from Gujarat have been selected as the sample for
data collection. The respondents include employees working in different banks across Gujarat.
The sample has been chosen to understand their perception towards work-life balance and to
examine the association between their demographic profile and work-life balance. The selected
sample size of 168 respondents is considered appropriate to conduct meaningful analysis and

draw valid conclusions for the study.
4.3 Sampling Design

In this study, the Random Sampling Design has been employed for selecting the respondents.
Under this method, every bank employee in Gujarat had an equal chance of being selected for

the study. This method helps in reducing bias and ensures fairness in the selection process.

Random sampling improves the reliability and accuracy of the results. It allows the researcher
to collect data that properly represents the population. Therefore, the use of random sampling

design makes the findings of the study more valid and dependable.

5. Data Analysis

One-Sample Test

Test Value =3

95%
Sig. Mean | Confidence
t df (2- Differ | Interval of the

tailed) | ence | Difference
Lower | Upper

16.054 | 167 0.021 |0.879 | 0.308 |0.334

I am able to maintain a good balance
between my work and personal life.
My working hours allow me to
spend sufficient time with my | 20.281 | 167 0.003 | 1.26 |0.315 |0.781
family.

My job responsibilities do not
interfere with my personal life.
Work pressure affects my physical
and mental health.

24.508 | 167 0.034 | 1.468 | 0.762 | 1.228

28.735 | 167 0.015 | 1.695 | 1.209 | 1.675
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1. HO: Respondents do not believe that they are able to maintain a good balance between their

work and personal life.

Since the significance value (0.021) is less than 0.05, the null hypothesis is rejected. This means
that respondents significantly believe that they are able to maintain a good balance between
their work and personal life. The positive mean difference (0.879) also indicates that the
average response is above the neutral value (3). Therefore, bank employees have a positive

perception regarding their work-life balance.

2. HO: Respondents do not believe that their working hours allow them to spend sufficient time

with their family.

As the significance value (0.003) is less than 0.05, the null hypothesis is rejected. This indicates
that respondents significantly believe that their working hours allow them to spend sufficient
time with their family. The positive mean difference (1.26) shows that the average opinion is

higher than the neutral value. Hence, employees generally agree with this statement.

3. HO: Respondents do not believe that their job responsibilities do not interfere with their

personal life.

Since the significance value (0.034) is less than 0.05, the null hypothesis is rejected. This means
respondents significantly believe that their job responsibilities do not interfere with their
personal life. The positive mean difference (1.468) indicates agreement above the neutral level.

Therefore, employees feel that their work does not greatly disturb their personal life.
4. HO: Respondents do not believe that work pressure affects their physical and mental health.

As the significance value (0.015) is less than 0.05, the null hypothesis is rejected. This shows
that respondents significantly believe that work pressure affects their physical and mental
health. The positive mean difference (1.695) indicates strong agreement compared to the
neutral value. Therefore, it can be concluded that work pressure has a noticeable impact on the

health of bank employees.

Pearson
VARIA VARIABLE Chi- P Value | Decision
BLE
Square
I am able to maintain a good balance Null Hypothesis
. 33.43 0.035 . .
Age between my work and personal life. is Rejected
& My working hours allow me to spend 5567 0.033 Null Hypothesis
sufficient time with my family. ) ) is Rejected
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Pearson
VARIA VARIABLE Chi- P Value | Decision
BLE
Square
My job responsibilities do not interfere Null Hypothesis
. . 66.37 1.005 .
with my personal life. is Accepted
Work pressure affects my physical and 270 0.030 Null Hypothesis
mental health. ) ) is Rejected
I am able to maintain a good balance 247 1.010 Null Hypothesis
between my work and personal life. ] ) is Accepted
My working hours allow me to spend Null Hypothesis
. . . . 39.95 0.012 . .
sufficient time with my family. is Rejected
Gender - RTTIT - -
My job responsibilities do not interfere Null Hypothesis
. : 6.79 0.759 :
with my personal life. is Accepted
Work pressure affects my physical and Null Hypothesis
mental health. 33.30 0.028 is Rejected
I am able to maintain a good balance 3130 0.905 Null Hypothesis
between my work and personal life. ' ' is Accepted
Years My working hours allow me to spend 73 86 0.016 Null Hypothesis
of sufficient time with my family. ' ' is Rejected
Experie | My job responsibilities do not interfere Null Hypothesis
. : 9.58 0.036 . .
nce with my personal life. is Rejected
Work pressure affects my physical and 16.04 0.033 Null Hypothesis
mental health. ) ) is Rejected
I am able to maintain a good balance 931 0.016 Null Hypothesis
between my work and personal life. ) ) is Rejected
My working hours allow me to spend 47,69 0.015 Null Hypothesis
Design | sufficient time with my family. ) ) is Rejected
ation My job responsibilities do not interfere Null Hypothesis
. . 73.96 2.985 .
with my personal life. is Accepted
Work pressure affects my physical and Null Hypothesis
mental health. 4578 4.990 is Accepted

6. Conclusion

Based on the above analysis, it can be concluded that bank employees in Gujarat have a clear
opinion about their work-life balance. The results show that most employees believe they are
able to maintain a balance between their work and personal life. They also feel that their
working hours allow them to spend enough time with their family. The study further shows
that employees think their job responsibilities do not strongly disturb their personal life. This
means they are generally satisfied with how they manage both work and family duties.
However, at the same time, employees also agree that work pressure affects their physical and
mental health. This indicates that even though they are managing their responsibilities, job
stress is still a concern. In simple words, bank employees feel positive about their work-life
balance, but work pressure remains an important issue that needs attention. Banks should take

steps to reduce stress and support the health and well-being of their employees.
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Abstract

Cardiovascular disease is a leading cause of death worldwide. This persistent threat has driven
extensive research into early detection and prediction by utilizing machine learning (ML) and
deep learning (DL) technologies. Through the incorporation of feature engineering, feature
selection, and model optimization techniques, we have reached a high level of accuracy and
interpretability. This study delivers a complete overview of the 54 most recent (2021-2025)
studies dedicated to ML/DL-based CVD prediction models. In this paper, we discuss the
proposed techniques, datasets, data pre-processing methods, validation techniques,
performance metrics and limitations used in recent prediction studies. The review shows the
dominance of ensemble methods — like Random Forest, XGBoost and deep learning methods
— achieving high accuracy from 75-100%. The major factors of CVD are high blood pressure,
age, gender, cholesterol, stress, family history, body mass index and unhealthy lifestyle.
However, analysis highlights the necessity of feature selection for improving prediction
performance. Nevertheless, persistent challenges — including data bias, limited model
interpretability, and insufficient clinical validation — continue to hinder real-world
application. Future research should focus on multimodal data integration, explainable Al
frameworks, standardized validation protocols, and prospective clinical studies. This review
provides a comprehensive taxonomy of ML/DL approaches for CVD prediction, a critical
analysis of current limitations, and proposes a forward-looking roadmap toward clinically
deployable systems that balance predictive accuracy with interpretability, fairness, and real-

world utility.

Keywords: cardiovascular disease, deep learning, ensemble learning, feature selection,

machine learning, prediction models
1. Introduction

1.1 Background
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Heart disease is still the world's biggest killer. Every year, nearly 18 million people die from
it—one in every three deaths globally. Most of these are from heart attacks and strokes. Behind
every number is a family turned upside down and a healthcare system struggling to cope (Roth

et al., 2020).

For decades, doctors have used risk scores like Framingham to predict who might develop heart
problems. These tools look at age, blood pressure, cholesterol, and smoking. They work okay.
But they miss a lot. Human bodies are complicated, and simple formulas cannot capture

everything (D'Agostino et al., 2008).

Over the past few years, researchers have turned to machine learning to do what traditional
methods cannot. Find hidden patterns. Juggle hundreds of variables. Learn from mountains of
patient data. The results have been impressive. Some models claim 99% or even 100%
accuracy (Ullah et al., 2024; Alanazi & Khamis, 2024). Early work by Pasha et al. (2020)

showed what might be possible with neural networks. Since then, the field has exploded.

Researchers now prefer Random Forest and XGBoost (Moreno-Sanchez, 2023; Alwakid et al.,
2025). They are also teaching computers to explain their reasoning. Because no one trusts a

black-box prediction (Linardatos et al., 2021).

1.2 Research Problem

However, the majority of these models have been successful. They perform flawlessly on neat,
well-organised datasets. But they eventually collapse when they encounter reality. A model
developed for Pakistani patients may not work well for a Brazilian patient (Moreno-Sanchez,
2023). Another system that works well in Korea may not work so well a few hundred miles
away (Sang et al., 2024). Furthermore, women are not given adequate credit (Li et al., 2023).

Rare conditions are overlooked. Doctors remain sceptical for these reasons.

Despite promising result, a comprehensive analytical study is required to evaluate robustness
and research gaps. Here problem has been found are Single or small dataset, class imbalance,

rare external validation, interpretability, high accuracy may reflect overfitting.
1.3 Research Objectives
We went into this with three questions.

1. Which techniques actually perform well?
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2. Where do researcher go wrong for disease prediction?

3. What would a model need so doctors could use it without worry?

1.4 Significance of the Study

This review matters because the stakes are high. Millions die from preventable heart disease
every year. If machine learning can help catch more cases earlier, the potential is enormous.
We need to know which algorithms actually work, where validation fails, and what needs to

change before these models can be deployed. That is what this paper tries to answer.

2. Literature Review

Moreno-Sanchez (2023) built a Random Forest model for heart failure survival using 299
records from Pakistani hospitals. It achieves 78% accuracy with 5-fold cross-validation. RFE,
mutual information, ANOVA, and Chi-squared methods used for feature selection. It only

covered urban Pakistan. The data was imbalanced , no clinical validation.

Rahim et al. (2021) developed the MaLCaDD framework. It combined Logistic Regression
and KNN. They tested it on Framingham, Cleveland, and Heart Disease datasets with 5-fold
cross-validation. The model hit 99.1% accuracy on Framingham data. But they noted - KNN

slows down with large datasets.

Pandey et al. (2025) applied Random Forest with Random Oversampling on the BRFSS 2021
dataset. For feature selection, they tried correlation, filter methods, and RFE. Ridge
regularization, kernel settings, and Adam optimizer handled the tuning. They compared their
model against DT, XGBoost, LGBoost, AdaBoost, and SVM. Accuracy ranged from 80-90%
with recall of 69-80%. AUC-PR was 0.2-0.4 on imbalanced data and 0.6-0.9 after balancing.

Overfitting to the majority class and misleading accuracy in imbalanced data were limitations.

Alwakid et al. (2025) proposed an IG_XGB model. They used chi-square, information gain,
forward selection, backward elimination, and PCA for feature selection on Cleveland,
Hungary, Switzerland, and VA Long Beach datasets. RF, DT, and Logistic Regression were
comparators. The model achieved 99% accuracy, 100% recall, 0.99 precision, and 0.99 F1-
score. Small dataset size, lack of demographic diversity, and need for real-world validation

were noted.

Praveen et al. (2024) developed a hybrid GOL2-2T model with AdaBoost decision fusion on
the 1988 heart disease dataset. Grasshopper optimization with L2 regularization handled

feature selection. A babysitting algorithm tuned n_estimators and learning rate. Naive Bayes
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was the comparator. Accuracy reached 83% with 85% recall, 0.84 F1-score, and 0.89 AUC.

Dataset-specific findings and data quality issues were limitations.

Mahajan et al. (2024) built an SFS-SCVC stacking model. They used Chi-Square, Gini Index,
Info Gain, and ANOVA F-test for feature selection on UCI Heart Disease, Framingham, and
Z-Alizadeh Saini datasets. SVM, Naive Bayes, Random Forest, and KNN were comparators.
Average accuracy was 86.4%, reaching 96.51% on Cleveland with recall around 93% and F1-

score up to 97.59%. Small sample size and suboptimal traditional methods were limitations.

Singh et al. (2024) conducted a scoping review covering feature extraction methods and Al-
optimized therapies across genomic, EHR, and lifestyle datasets. RF, SVM, and Neural
Networks were the primary classifiers. Reported accuracy ranged from 78-84% with AUC of

0.92 for some models.

Korial et al. (2024) proposed a voting ensemble with LR, RF, NB, and KNN on the Cleveland
dataset. Chi-square feature selection reduced attributes from 13 to 5. Accuracy reached 92.11%

with F1-score of 0.871.

Ahmad and Polat (2023) combined SVM with Jellyfish optimization on Cleveland, Statlog,
Hungarian, Swiss, and VA datasets. ANN, Decision Tree, Adaboost, and Random Forest were
comparators. SVM achieved 98.47% accuracy, 98.56% recall, 98.37% specificity, and 0.94

AUC. Dataset quality dependency and physician-patient trust issues were limitations.

Nissa et al. (2024) compared boosting techniques including AdaBoost, RF, and Gradient
Boosting on a UCI dataset. Correlation-based feature selection with info gain threshold of 0.3
was used. Genetic algorithms tuned hyperparameters. DT, NB, MLP, and J48 were
comparators. Accuracy reached 95% with 97.6% recall, 96.8% specificity, 98.7% precision,

and 0.99 AUC. Overfitting and parameter tuning issues were noted.

Alghamdi et al. (2024) built an MLPNN with Arithmetic Optimization Algorithm for feature
selection on the Cleveland dataset. Accuracy reached 88.89% with 0.84 AUC. Normal

distribution assumption, scalability issues, and imbalanced data were limitations.

Ullah et al. (2024) developed a scalable ML architecture with optimal feature selection
including FCBF, MRMR, Relief, LASSO, ANOVA, and PSO on HHDD, BRFSS, and
Cleveland datasets. PSO handled optimization. Extra Tree, RF, SVM, KNN, NB, and PNN
were comparators. Holdout validation was used with small datasets. Accuracy reached 100%
with F1-score of 99.83%. Dataset bias, imbalanced data, lack of validation, and ethical issues

were limitations.
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Khan et al. (2024) built EnsCVDD-Net (LeNet+GRU) and BICVDD-Net (LeNet+GRU+MLP)
on the Heart Disease Health Indicators dataset. PBCC and GBSFS handled feature selection
with Adam optimizer. SVM and CNN+LSTM were comparators. Accuracy ranged from 88-
91% with 85-86% recall, 91-96% precision, 88-91% F1-score, and 0.96 AUC. Data imbalance,

extensive preprocessing, and model selection complexity were limitations.

Al-Kindi and Nasir (2024) used XGBoost and LASSO regression embedded in a Cox model
on EHRs from the CHERRY. LASSO selected 78 of 101 predictors. Grid search with 100
iterations maximized AUC. XGBoost and LASSO were the primary methods. AUC reached
0.7918. No external validation, regional data bias, and temporal data handling challenges were

limitations.

Hossain (2024) built a voting classifier with LR, DT, SVM, NB, and KNN on the UCI Heart
Disease dataset. Information gain and entropy helped with tuning. Accuracy reached 87.83%.

Recall and precision were high. AUC hit 0.94 for Logistic Regression and Naive Bayes.

DeGroat et al. (2024) developed an AI/ML framework using RFE, Pearson, Chi-Square, and
ANOVA for feature selection on the CIGT transcriptomic. RF, SVM, XGBoost, and k-NN
were classifiers with a soft voting ensemble. GridSearchCV tuned hyperparameters. Accuracy
reached 96% with 0.96 F1-score and 0.95 AUC. Small sample size, no experimental validation,

and RFE time complexity were limitations.

Li et al. (2023) trained Logistic Regression, RF, GBT, LSTM on Vanderbilt University EHR
data with external validation on the All-of-Us. Demographics, lab tests, and diagnosis history

were predictors. Random search tuned hyperparameters. GBT achieved around 78% AUROC
with AUC of 0.781.

Baghdadi et al. (2023) built a Catboost model with Shapley values. They used a composite
dataset of 918 records plus local hospital data. Shapley values above 0.1 guided feature
selection. Optuna, grid search, and Bayesian optimization handled tuning. KNN, SVM,
XGBoost, and Random Forest were the comparators. Catboost achieved 90.94% accuracy,
0.9094 precision, 0.923 F1-score, and Gradient Boosting AUC of 0.927. Cross-sectional design

and data silos due to HIPAA were limitations.

Mahdi et al. (2024) built an ESGD-SVM with PCA-dimensionality reduction on the South
African heart disease dataset. Logistic Regression, KNN, RF, NB were comparators. MLP

kernel achieved 98.10% accuracy , high recall and specificity in simulation studies.
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Budholiya et al. (2022) optimized XGBoost with Bayesian optimization on the Cleveland
dataset. One-hot encoding and feature gain guided selection. RF and Extra Tree were

comparators. Accuracy reached 91.8% with AUC of 0.9285.

Sang et al. (2024) applied Random Forest to T2DM patients using two independent Korean
cohorts. Top 15 features including creatinine and HbAlc were selected. GridSearchCV tuned
hyperparameters. XGBoost, LightGBM, AdaBoost, Logistic Regression, and SVM were
comparators. Accuracy reached 74.8%, 74.6% recall and 74.7% specificity. AUC dropped from

0.83 on discovery data to 0.722 on external validation.

Sadr et al. (2024) built an ensemble of CNN, LSTM, KNN, and XGBoost with majority voting
on three datasets totalling over 70,000 records. Genetic algorithm and Taguchi method handled
optimization. Accuracy reached 95% with high recall and specificity, Catboost precision of

90.94%, and Gradient Boosting AUC of 0.927.

Ahmed and Husien (2024) published a brief review on hybrid ML methods including ensemble,
K-means, KNN, and FP-Growth. PCA and covariance matrices guided feature selection.
Gradient Boosting hyperparameters were tuned. KNN achieved 90.8% accuracy with 0.908

precision. Black-box models and need for clinical validation were limitations.

Gao et al. (2024) used logistic regression with hs-CRP/HDL-C ratio on CHARLS data.
Sociodemographic factors and biomarkers were predictors. Self-reported stroke, no medication

data, and Chinese-only cohort were limitations.

Rahman et al. (2024) implemented a self-attention transformer on Cleveland and CVD datasets.
Adam optimizer used for feature selection. RF, DT, SVM, NB, and hybrid model were
comparators. Accuracy reached 96.51%. Model complexity and interpretability issues were

limitations.

Almatari et al. (2024) developed a CNN model on questionnaire data from 370 participants.
Filter and wrapper methods with genetic search handled feature selection. Adam optimizer with
100 epochs and Softmax activation were used. MLP and MLPBP were comparators. Accuracy
reached 98.64%. Small dataset, time-consuming feature selection, and overfitting risk were

limitations.

Hu et al. (2024) built a 1D-CNN with Adam optimizer on Statlog and heart disease databases.
Logistic regression and PSO-ELM were comparators. With cross-testing over 10 trials, training

accuracy reached 100% with 11.2% improvement.
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Ekundayo and Nyavor (2024) built CNN and RNN models with recursive feature elimination
on EHRs, wearable data, and imaging external validation. Adam, RMSprop, and early stopping
handled tuning. RF, DT, and SVM were comparators. Accuracy reached 92%, 90% recall, 85%
specificity, 0.88 Fl-score, and 0.92 AUC. Data privacy, interpretability, bias, and real-world

validation challenges were limitations.

Oyewola et al. (2023) built an ensemble deep learning GDO model on Cleveland, Framingham,
and Kaggle datasets. Chi-squared, PCA, Lasso, and Extra Trees handled feature selection with
gradient descent optimization. KNN, SVM, DT, RF, NB, and GB were comparators. Accuracy
ranged from 98.45-98.82%, recall of 98.90-99.43%, precision of 97.76-97.90%, and AUC of
0.94. No feature selection algorithm, high time complexity, and small dataset size were

limitations.

Alanazi and Khamis (2024) used Auto-WEKA, DTNB, and MOE fuzzy classifiers on the IEEE
Dataport Heart Disease dataset with 10-fold stratified CV. Correlation, chi-squared, and mutual
information handled feature selection with Auto-WEKA automated tuning. Auto-WEKA
achieved 100% accuracy with DTNB AUC of 0.9153. No failure scenario analysis, lack of

comparative analysis, and unexamined hyperparameter impact were limitations.

Naser et al. (2024) published a review covering IDEBDFN, MLP+PSO, and RBFNN. PCA,
firefly, MRMR, and GA were feature selection methods. PSO, GA, and multi-objective
optimization handled tuning. Cleveland, Framingham, PTB ECG, and Stroke datasets were
examined. Interoperability issues, data privacy, imbalanced data, and deep learning adoption

challenges were identified.

Naeem et al. (2024) built RF, NB, and DT models with SMOTE for imbalance on Kaggle's
dataset. PCA and automated CatBoost feature selection were used. Adam optimizer and binary
cross-entropy handled tuning. Accuracy reached 74% with Fl-score of 98.71%. Data
imbalance, large dataset processing, noisy data, suboptimal deep learning performance were

limitations.

Adusumilli et al. (2024) built an adaptive voting classifier with SVM, RF, and LR on EHRs.
Correlation, feature importance, and PCA guided feature selection. Lack of interpretability,

data quality issues, overfitting, and privacy concerns were limitations.

Mir et al. (2024) built RF and AdaBoost models with hybrid GA and RFE on Heart UCI,
Statlog, Framingham, Stroke, and CHD datasets using 10-fold CV. LR, SVM, DT, NB, and
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KNN were comparators. Accuracy reached 99.48% on Statlog. Limited dataset diversity,

missing value handling, and scope limitations were noted.

Kumar et al. (2024) built CNN, ANN, SVM, and KNN models on Cleveland. Chi-square test
on 13 attributes guided feature selection. GridSearch and RandomizedSearch handled tuning.
CNN achieved 83.61% accuracy with 97% recall, 76% precision, 97% F1-score, and 0.94
AUC. Incomplete tuning, lack of optimization integration, and unexplored hybrid models were

limitations.

Ogunpola et al. (2024) published a review and built a hybrid CNN-LSTM on Mendeley and
Kaggle Cleveland datasets. GridSearchCV handled tuning. KNN, SVM, RF, GB, LR, and CNN
were comparators. Accuracy reached 98.5% with 98.29% recall, 99.14% precision, and 98.71%
F1-score. Imbalanced datasets, limited experimentation with Gradient Boosting, and dataset

variability were limitations.

Trigka and Dritsas (2025) built enhanced SMOTE with deep learning models on CVD dataset.
Layer, neuron, and learning rate tuning were performed. MLP, CNN, RNN, LSTM, and

Autoencoder achieved 99.01% accuracy, 99.3% recall, 97.89% specificity, 0.89 precision, 0.87
F1-score and 0.90 AUC.

Muhyi and Ata (2025) compared XGBoost and ANFIS on Cleveland, Hungarian, Swiss, Long
Beach VA, and Statlog datasets. RFE, PCA, and SelectFromModel handled feature selection
with Bayesian optimization and random search. Accuracy reached 100% on some datasets with
ANFIS recall of 95.2%, Fl1-score of 0.96-1.00, and AUC of 0.95-1.00. Overfitting in small

datasets were limitations.

H. D. et al. (2025) built IntelliDeepNet with IETC and CNN-BiLSTM on Cleveland and
Framingham. IETC handled feature selection with Levenberg-Marquardt Algorithm. RF,
XGBoost, CART, and NB were comparators. Accuracy reached 97.67% with 74.7% recall.

Feature selection inefficiency and lack of comprehensive evaluation were limitations.

Naz et al. (2025) built a stacking ensemble with RF, XGBoost, and LightGBM using SHAP
for feature importance on Heart 2020 Cleaned, Cardio Train, and Heart Statlog datasets.
OPTUNA framework handled optimization. Accuracy reached 98.9% with 99.31% recall,
97.83% precision, 98.86% F1-score, and 0.9981 AUC.

Tan et al. (2025) built NHDPM with DNN and LinearSVC using cross-dataset validation on
UCI and MIT datasets. LinearSVC handled feature selection with random search. Accuracy

reached 98.16%. Interpretability issues and untested scalability were limitations.
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Thatha et al. (2025) built DRFBPS with Red Fox Optimization on the HARP Kaggle dataset.
MLVC, MLSC, LGBC, EGBRF, CNNSA, and LSVM were comparators. Accuracy reached
98.6% with 97.9% recall, 97.4% precision, 97.7% F1-score, and 0.982 AUC. Short follow-up

period and security concerns were limitations.

Aswini and Arya (2025) built FES-EM with AdaBoost and DTRFECV on 1,000 primary
records and IEEE Dataport's 837 records. DTRFECV, Mutual Info, Variance Threshold, and
PCA handled feature selection with Grid Search, Random Search, and Bayesian Search. RF,
XGBoost, DT, SVM, KNN, and LR were comparators. Accuracy reached 97.75% with 98.2%
recall, 97.19% specificity, 97.72% precision, 97.98% Fl-score, and 0.997 AUC. High

computational cost, small dataset, and unvalidated clinical features were limitations.

Rehman et al. (2025) built a hybrid PSO-ANN with Mutual Info and SMOTE on NHANES
and UCI Heart Disease dataset. Mutual Information and PCA handled feature selection with
PSO-based optimization. LR, RF, and NB were comparators. Accuracy reached 97% with
0.978 AUC. Lack of comparative analysis, limited SMOTE exploration, and real-world

applicability were limitations.

El-Sofany (2024) built XGBoost with SHAP explainability and SMOTE on a private Egyptian
dataset of 200 patients and WBCD public dataset. ANOVA, Chi-square, and Mutual
Information handled feature selection with hyperparameter optimization for all classifiers. NB,
SVM, RF, AdaBoost, KNN, DT, LR, Voting, and Bagging were comparators. With clinical
validation via SHAP, accuracy reached 97.64% with 96.61% recall, 90.48% specificity, 95%
precision, 92.68% F1-score, and 0.98 AUC. Dataset quality, arbitrary algorithm selection, and

domain adaptation limits were limitations.

El-Sofany (2024) built an XGBoost model with SHAP explanations and SMOTE. They used a
private Egyptian dataset plus the public WBCD data. ANOVA, Chi-square, and Mutual
Information picked the features. They compared against NB, SVM, RF, AdaBoost, KNN, DT,
LR, Voting, and Bagging. They achived 97.64% accuracy, 96.61% recall, 90.48% specificity,
95% precision, 92.68% F1-score. 0.98 AUC. And they did clinical validation with SHAP.

Ahmed et al. (2025) built GBM with AIW-PSO optimization and SMOTE on the Kaggle Heart
Failure Clinical Records dataset. SelectKBest with Chi-square handled feature selection with
AIW-PSO, Genetic Algorithm, and Bayesian Optimization. RF, SVC, AdaBoost, and SGD

were comparators. Using Fitted Q Evaluation and model selection via AIC/BIC, accuracy
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reached 94% with 0.89 Fl-score. Small dataset, synthetic noise from SMOTE, and lack of

longitudinal data were limitations.
3. Comparative Study

3.1 Algorithm Categories Compared
Look across these 48 studies and one thing becomes clear. Researchers love ensemble methods.
Random Forest and XGBoost show up everywhere because they simply work. Deep learning

gets attention and can deliver great results, but it needs far more data than other have.

Algorithm Category Noof Ave Best Performing Study
Studies | Accuracy
Random Forest 12 86.4 Mir et al. (2024) - 99.5%
XGBoost/Boosting 10 94.2 Alwakid et al. (2025) - 99%
SVM 6 93.5 Ahmad & Polat (2023) - 98.5%
Deep Learning (CNN, LSTM) 8 93.8 Trigka et al. (2025) - 99%
Voting/Stacking Ensembles 7 93.6 Naz et al. (2025) - 98.9%
Hybrid + Optimization 8 93.2 Mir et al. (2024) - 99.5%

Table 1: Algorithm Categories Compared

3.2 Dataset Characteristics and Diversity

Let us talk about dataset where these models are trained. The Cleveland dataset shows up in
fifteen studies. It has 303 patients and collected decades ago. Researchers are still publishing
99% accuracy on it in 2025. Statlog appears in four studies with 270 patients. Framingham

used in six studies—well known, but still limited and old.

Now here is the interesting part. When researchers finally used fresh data. Sang et al. used
Korean hospital data with over 14,000 patients. They achived74.8 accuracy. Gao et al. used
Chinese CHARLS data with 6,554 participants. Naeem et al. used Kaggle data with 70,000

patients and got 74% accuracy. More believable results.

El-Sofany used private Egyptian data with 200 patients. Baghdadi used composite data with
local hospital records. Sadr et al. analyzed three datasets totaling over 70,000 records. Al-Kindi

and Nasir worked with EHR data from the CHERRY study.
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No of | Approx. Avg.
Geographical
Dataset Source study | Avg. Sample Acc
Diversity
used | Size (%)
Cleveland / Statlog / UCI 27 450 USA / Europe | 92.5
Framingham 6 4,000+ USA 92.5
BRFSS / NHANES (Population-Based) | 4 200,000+ USA (diverse) | 87.5
Korean / Chinese Cohorts 3 12,000+ Asia 74.8
Kaggle / Crowdsourced 7 30,000 Unknown 91.5
Private Hospital Data 7 400 Single-Centre | 95.5

Table 2: Dataset Characteristics and Diversity

But here is the bigger problem. Even when researchers use new data, they rarely test models
on different populations. Most studies rely on internal validation only-Cross-validation, Train-
test splits. That tells you nothing about whether a model works elsewhere. External validation
on completely independent data is extremely rare. Only two studies did it. Li et al. trained on
Vanderbilt EHR data and validated on an independent population from different hospitals and
regions. Sang et al. trained on one Korean cohort and validated on a separate Korean cohort.

Their AUC dropped from 0.83 to 0.722.

The validation gap is not a small oversight. It is a fundamental barrier to clinical translation.

Doctors cannot trust models that have never been tested on unseen data.

3.3 Feature Selection Techniques Compared
All researchers pick features carefully. Filter methods are the simplest. Chi-square, ANOVA,
Mutual information, etc. used in fifteen studies with Average accuracy 91.8%. El-Sofany

combined these with XGBoost on Egyptian data and got 97.6%.

Wrapper methods-RFE, Forward selection, Backward elimination used in Eight studies.
Average accuracy came in at 88.5%. DeGroat et al. used RFE on a tiny transcriptomic dataset

and got 96%. But wrapper methods take time. They cost more computationally.

Evolutionary methods are genius. Particle Swarm Optimization, Jellyfish, Genetic algorithms,

etc. used in eight studies Average accuracy reached 96.3. Ahmad and Polat used Jellyfish with
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SVM and hit 98.5% across multiple datasets. Rehman used PSO with ANN and got 97% with

the best quality. These methods find features humans might miss.

Hybrid approaches combine everything. Six studies used them. Average accuracy hit 95.7%.
Aswini et al. mixed DTRFECV, Mutual Information, and PCA with AdaBoost. They got 97.8%
with 98.29% recall. Better than any single method alone.

Without feature selection, Models just predict "healthy" for everyone. High accuracy and Zero
utility. Feature selection forces models to actually look for disease. Evolutionary and hybrid

methods cost more. They take more time and need more expertise. But they deliver better

results.
Avg.
No. of 8
Technique Accuracy | Best Performing Study
Studies
(%)
Filter Methods 15 91.8 El-Sofany (2024) - 97.6%
Wrapper Methods 8 88.5 DeGroat et al. (2024) - 96%
Evolutionary Methods 8 96.3 Ahmad & Polat (2023) - 98.5%
Hybrid Approaches 6 95.7 Aswini et al. (2025) - 97.8%

Table 3: Feature Selection Techniques Compared

3.4 Key Findings

Ensemble methods work best: Random Forest and XGBoost dominate because they are
reliable. But their accuracy depends more on the dataset than the algorithm. Studies using

small, clean data hit 99%. Studies using large, messy data land around 74-86%.

Feature selection matters: Evolutionary methods like PSO and Jellyfish outperform simple
filters by 4-5%. Studies that skip feature selection report either very low accuracy or

suspiciously high numbers.

Small datasets story: Cleveland appears in 27 studies with 92.5% accuracy. When researchers
used diverse population data like BRFSS, accuracy dropped to 87.5%. Asian cohorts averaged
74.8%.
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External validation is rare and humbling: Their accuracy dropped fifteen points. Sang et al.
watched their AUC fall from 0.83 to 0.722. The studies have no idea how their models would

perform on new patients.

More data, less drama: Studies with under 500 patients report 78% to 100% accuracy. Studies

with over 10,000 patients report tighter, believable ranges.

Recall is missing: Only a third of studies report it. A model with 99% accuracy can miss every

sick patient. Recall tells you if you are actually catching disease.

Deep learning needs bulky data. It overfits with small data. Interpretability is an

afterthought. Doctors will not use black boxes. Bias is barely checked through studies.
4. Discussion
Let's talk about what research actually tells us.

Ensemble methods dominate because they are reliable. Random Forest and XGBoost appear in
over twenty studies combined. They handle messy medical data better than most algorithms.
But here is the catch. Their performance depends entirely on where they are tested. Mir et al.
hit 99.5% on Statlog's 270 patients. Sang et al. got 74.8% on 14,000 real Korean patients. The
algorithm did not change. The data did.

Small datasets flatter models. Cleveland has 303 patients collected decades ago. It appears in
27 studies with average accuracy of 92.5%. Statlog has 270 patients across four studies
averaging 97.8%. These numbers look impressive. They are also meaningless for real-world
prediction. When researchers used population data like BRFSS with 200,000 patients, accuracy
settled at 87.5%. Asian cohorts with 12,000 patients averaged 74.8%. The pattern holds. More

data means lower numbers. Lower numbers mean more honesty.

External validation is the field's blind spot. Only two studies did it properly. Li et al. trained on
Vanderbilt and validated on All-of-Us. Sang et al. trained on one Korean cohort and validated
on another. Their performance dropped significantly. The other forty-six studies never tested
on unseen data. We have no idea if their models work anywhere else. This is not a minor

oversight. It means most published models are untested predictions.

Feature selection separates thoughtful work from the rest. Evolutionary methods like PSO and
Jellyfish outperformed simple filters by 4-5%. Ahmad and Polat hit 98.5% with Jellyfish.
Rehman scored 97% with PSO and earned the highest quality score. These methods find
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patterns humans miss. But they require expertise and computational power. Studies that skip
feature selection entirely report either very low accuracy or suspiciously high numbers. There

is no middle ground.

Critical gaps remain unaddressed. Recall appears in only one-third of studies. A model with
99% accuracy can miss every sick person if the data is skewed. Recall tells you if you are
actually catching disease. Most papers do not say. Interpretability gets mentioned in passing.
Doctors will not use black boxes, yet explainability is rarely designed in from the start. Bias is
almost entirely ignored. Li et al. found their models worked better for men than women and

could not fix it. No one else even looked.

The field knows what needs to change. Stop chasing 99% on tiny datasets. Test on new data
before claiming success. Report recall alongside accuracy. Build models that doctors can

understand. Check for bias as standard practice.
5. Future Roadmap

The path forward for ML-based CVD prediction requires systematic effort across multiple

fronts. Based on the gaps identified in this review, we propose the following directions.
Data Infrastructure

The community must move beyond old datasets. Cleveland and Statlog are old and tiny dataset.
Large-scale, diverse, contemporary datasets from multiple geographic regions are needed.

Initiatives like the BRFSS and NHANES provide models to emulate. We need more of that.
Validation Standards

External validation means testing on data the model has never seen. Models that look great on
internal data often fail on new populations. It demonstrated by few studies. So, without guessing,
check model on Different hospitals, Different regions, Different populations. Prospective
validation in real-world clinical settings represents the ultimate benchmark and should be

prioritized for models approaching deployment.
Interpretability and Fairness

For real-world impact build explainable Al models. SHAP, LIME and similar tools should be
integrated during model design. Clinicians or doctors require transparent reasoning to trust
predictions. Similarly, bias assessment must become standard practice. Models that perform
differently across demographic groups are inappropriate for deployment. Model have to handle

class imbalance.
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Methodological Priorities

Feature selection deserves greater attention. Evolutionary and hybrid methods consistently
outperform outstanding. It increases results by 4-5% than simple approaches. So, researcher
should be adopted more widely despite their computational cost. Accuracy alone is misleading.
A model that misses sick patients is useless. Recall tells us if we are actually catching disease.

Recall must be reported along with accuracy.

6. Conclusion

Ensemble methods like Random Forest and XGBoost deliver the most reliable results for CVD
prediction. Feature selection improves performance with evolutionary techniques. it beats
simple approaches by 4-5%. But most models remain as research exercises, not clinical tools.
They train on small, outdated datasets like Cleveland with 303 patients. When tested on real-
world data accuracy drops to 74-87%. External validation is rare. When use real dataset,

accuracy decreases.

Recall is underreported, interpretability is an afterthought, and bias is hardly examined. The
path for future research is clear: new data, external validation, recall reporting, explainable

design, and bias checks.
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Abstract

Deepfake contents generation raises serious concerns regarding authenticity and the integrity
of digital media. Most of existing detection approaches achieve high accuracy, but mostly they
rely on appearance-based classification. And their performance degrades under unknown
generators. This paper reformulates deepfake detection as a causal speech-lip landmark
consistency problem rather than a purely visual recognition task. The problem addressed in this
paper is the development of a stable and reproducible deepfake detection framework grounded
in causal speech-articulation dynamics. We propose a short-sequence bidirectional Long Short-
Term Memory (BiLSTM) model trained on videos to learn legitimate speech-driven lip
landmark dynamics. Instead of directly predicting real or fake labels, the model estimates
expected lip landmark lines from audio features and quantifies structural deviations using a
Causal Violation Score (CVS). These deviations capture inconsistencies in speech-articulation
timing and motion patterns which are difficult to synthesize accurately. The framework is
suggested to be trained using the real subset of FaceForensics++ and evaluated under cross-
dataset conditions on Celeb-DF and DFDC. Compared to the conventional CNN based models,
here we get improved robustness and reduced cross-dataset degradation of performance. Here
in this approach, we achieve a strong AUC (Area Under Curve) for both. In this paper we
introduce a causality-driven along with landmark based paradigm for deepfake video detection.
Comparison of experimental results shows that it gives generator-agnostic robustness and

improved interpretability.

Keywords: Causality, Deepfake detectors, Speech-lip dynamics, Multimodal content analysis,

Temporal modelling.

1. Introduction
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Deepfake technology has progressed rapidly in recent years due to advances in deep learning
based generative models. These models can create synthetic videos which are having
manipulation of speech and facial expressions. By bare eyes no one can distinguish them from
authentic contents. Such type of manipulations creates concerns related to misinformation,
digital media integrity and verification. As synthetic content becomes more visually
convincing, we need reliable and automated detection mechanisms. (Thies et al., 2016; Afchar

et al., 2018)

Based on survey on the existing techniques, we found that most of the approaches are on
appearance-based learning. Means, a convolutional neural network classifies videos based on
their visual artifacts or texture inconsistencies (Li & Lyu, 2019a, 2019b; Zhou et al., 2017).
Such models are working fine with controlled conditions and with homogeneous datasets. But
when they are evaluated on unseen datasets their performance degrades. Dataset variations
easily can be introduced by compression, illumination changes, and generator diversities.
Consequently, detection models trained to recognize specific features struggle to remain

effective as generation methods continue to evolve.

To improve generalization, researchers started working on temporal modelling. One approach
suggested by (Gliera & Delp, 2018) which is based on RNN which works on motion
information across frames to capture dynamic inconsistencies. Another approach based on
Frequency-domain analysis proposed by (Tan et al., 2024) to identify spectral patterns
associated with synthetic content generation. These studies have explored temporal
inconsistencies, biological signals, and multimodal cues to improve robustness. But still, many
existing solutions are very limited to investigating the causal relationship between speech
production and facial articulation. As we know that in authentic real videos, speech signals
have synchronized lip motion. Few studies on audio-visual synchronization demonstrate that
there is a strong correlation between speech signals and mouth motion patterns (Chung &

Zisserman, 2016).

Based on this motivation, our work reformulates deepfake detection as a causal speech-lip
landmark modelling problem. Rather than directly learning face-specific artifacts, the proposed

framework learns legitimate speech-driven lip landmark dynamics.

Here we introduce a Causality-Driven Speech—Lip Landmark Modeiling framework that
predicts lip landmarks from audio features. We use a short-sequence bidirectional temporal

model. A CVS (Causal Violation Score) is calculated to find the structural deviations between
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predicted and observed articulation patterns. The central idea here is that authentic videos
contain lawful articulation behaviour that we shall learn from real data. Learning by training

will be applied for unseen data to calculate CVS.

Here re the main contributions of proposed work.

1. Formulating a causal consistency modelling problem rather than a classification task.
2. Authentic videos used for training and predicting the speech-conditioned lip landmark.

3. Calculation of CVS (Causal Violation Score) for quantifying articulation

inconsistencies in testing dataset.

4. Cross-dataset evaluation to check the improved robustness against modern deepfake

generators.

2. Related Work

Deepfake detection has emerged as an active research area because of recent Al based fake
content generators. The generated contents look very realistic, though they are synthetic.
Hence, a demand of detecting such manipulation has been evolved since last years. Mostly in
early research work, detection is based on detecting visual features. In these approaches,
detection of the face manipulation is in the centre. (Zhou et al., 2017; Afchar et al., 2018;
Nguyen et al., 2019; Dang et al., 2020).

Convolutional neural network (CNN)-based approaches were widely adopted by researchers.
CNN based models learn discriminative features from manipulated facial regions and texture
inconsistencies. (Rossler et al., 2019). Methods such as two-stream networks and artifact-based
detectors demonstrated promising performance under controlled datasets by identifying spatial

irregularities and abnormal facial patterns.

After a large-scale benchmark dataset like FaceForensics++, more sophisticated supervised
learning approaches became new paradigm for deepfake detection. These methods trained deep
neural networks to classify videos directly as real or fake using appearance-based cues.
(Rossler et al., 2019). These approaches can achieve high accuracy in same-dataset evaluations,
but, substantial performance degradation when models were tested on different datasets. This
limitation highlighted that detectors need to depend on generator-specific artifacts rather than
intrinsic properties of authentic video formation. More in-depth multi-task learning
frameworks were proposed to jointly localize and classify manipulated regions. (Nguyen et al.,

2019; Dang et al., 2020).
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To accept this generalization challenge, researchers explored temporal modelling strategies
that analyse motion inconsistencies across video frames. (Wang et al., 2020). Recurrent neural
networks and sequence-based learning methods were introduced to capture temporal dynamics
that cannot be represented through single-frame analysis alone. While temporal features (Giiera

& Delp, 2018) improved robustness compared to static image-based detectors.

Recent study by (Tan et al., 2024) suggested frequency-domain analysis, where detectors learn
spectral signatures associated with synthetic generation. They suggested a frequency-aware
model which has given improved result against certain visual manipulations. But still, day by
day generative models are becoming advanced, so it reduces detectable artifacts in both spatial

and spectral domains.

More recently, another emerging direction investigates audio-visual relationships for deepfake
forensics. Advances in speech-driven facial animation, particularly Wav2Lip (Prajwal et al.,
2020) , demonstrated that deep learning models can generate highly realistic lip motion aligned
with audio input. As per the speech-driven facial animation research there is a strong
correlation between audio signals and lip motion dynamics. Most of the existing audio-visual
methods typically evaluate synchronization consistency between speech and lip movements.
Although synchronization analysis provides useful information, it does not model the

articulation mechanism which is the base of natural speech production.

In contrast to prior work, this work explores deepfake detection through speech-lip landmark
dynamics learned exclusively from authentic videos. First it learns legitimate speech-driven lip
landmark dynamics from authentic videos. After that it detects manipulations through
deviations from expected articulation behaviour. By modelling the causal relationship between
speech signals and lip motion, the proposed framework aims to provide a complementary and
generator-agnostic detection strategy. This model is less dependent on visual artifacts or

specific manipulation techniques.
3. Problem Formulation

Deepfake detection is commonly addressed as a supervised classification problem in which a
model learns to distinguish manipulated videos from authentic ones based on visual
appearance. Although such formulations achieve strong performance under controlled
conditions, their effectiveness often decreases when manipulation techniques evolve or when

evaluation is performed on unseen datasets. This limitation motivates the need for alternative
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formulations that rely on intrinsic properties of authentic video generation rather than artifact-

specific patterns.

In natural speech production, facial articulation follows a structured relationship governed by
the speech signal. Lip movements are not random visual events; instead, they are temporally
driven by phonetic content and physiological constraints of human articulation. Therefore,
authentic videos exhibit consistent dependencies between audio speech signals and lip

landmark motion.

Based on this observation, deepfake detection in this work is reformulated as a speech-lip
landmark consistency modelling problem (Chung & Zisserman, 2016). Instead of directly
predicting manipulation labels, the objective is to learn expected lip articulation behaviour from

speech and identify deviations from this behaviour during inference.

Let a video sequence be represented as synchronized audio-visual frames indexed by time t.
For each frame, an audio feature vector and a corresponding lip landmark representation are

extracted as

A; € Ri%, L, € R%

here A; denotes the speech feature vector and L,represents lip landmark coordinates.

Considering a short temporal window of length k, the natural articulation process can be

expressed as a mapping between speech features and lip motion:

Lt = 9(At—k:t)
where the function g(), represents the underlying articulation mechanism governing speech-

driven facial motion.

Deepfake generation methods attempt to approximate this relationship through learned
synthesis models. However, despite visually realistic outputs, higher-order temporal
articulation patterns may not be reproduced consistently. To capture this behaviour, the
legitimate articulation mapping is approximated using a temporal predictor trained exclusively

on authentic videos:

Et—k:t = fe (At—k:t)

where fgdenotes a parameterized prediction function with learnable parameters 6.

The discrepancy between predicted and observed landmark lines is quantified using a window-

level residual measure:
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These residual values represent articulation deviations within each temporal window.
Authentic videos are expected to produce smaller residuals due to consistent speech-driven

motion, whereas manipulated videos may introduce irregular articulation behavior.

Now based on residual statistics, we define a Causal Violation Score (CVS) as,

CVS = u(R,) + 16(Ry)
where function u() and function o() denote the mean and standard deviation of residuals

across temporal windows respectively. And A controls the contribution of temporal variability.

With this formula, deepfake detection is performed by evaluating articulation consistency
rather than visual appearance classification. Those videos having larger CVS values indicate

stronger deviations and are therefore more likely to be manipulated.

With this problem formulation we changed the detection objective from artifact recognition
toward modelling structured speech-driven facial behaviour. And, it provides a foundation for

generator-agnostic deepfake detection.
4. Proposed Method

Method in this section is a Causality-Driven Speech-Lip Landmark Modelling framework
designed for deepfake video detection. The overall objective is first to learn natural speech-
driven lip articulation behaviour using authentic videos. Then testing to detect manipulations

through deviations from expected motion patterns.

Here, we suggest four main stages in the proposed framework:
(1) Audio and lip landmark feature extraction,

(2) Short-sequence temporal modelling,

(3) Articulation prediction, and

(4) CVS calculation.

In-depth discussion of each stage is as under.
(1) Audio and lip landmark feature extraction:

We know that in the fake video content, audio and visual frames are temporally synchronized.

In synthetically generated Video, audio signals are extracted and are aligned with video frames.
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Speech information contains many components like signal energy, signal frequency, etc. In
video facial expression need to fit with the phonetic features of the speech. Audio features
provide a compact representation of phonetic and temporal speech characteristics that should

match with the facial movements. This is the first part of feature extraction.

Simultaneously, in the second part we detect facial landmarks from each video frame using a
landmark extraction model. Here we consider only those landmarks which are corresponding
to the mouth region, to understand speech-related articulation. Then we normalize the extracted

landmark coordinates for uniform calculations.

We consider lip landmark dynamics using lip width, lip height, and frame-to-frame

displacement of lips.
(2) Short-Sequence Temporal Modelling:

Over the short period of time, the frame-by-frame dependencies decides the temporal
differences. In this phase, we consider the temporal consistency between speech and lip-
dynamics. Here we divide our video sequence into small clips of length k. We consider that

each small section of video is synchronized.

(At:trr’ Leeri)
Using this short-sequence representation the model can learn local articulation patterns rather
than long-term appearance features. This will improve the robustness of our model to identity

and environmental variations.

Now we use a prediction network known as bidirectional Long Short-Term Memory (BiLSTM)
(Hochreiter & Schmidhuber, 1997). Here we used BiLSTM instead of CNN, because the
prediction is based on past and future lip movements also. CNN based model cannot predict
this. LSTM based model makes prediction easier by remembering time evolution. In BILSTM,
the bidirectional processing model uses contextual information from both past and future

frames within each window.

In the proposed network architecture, we suggest multi-layer BILSTM. Output will be based

on a fully connected regression layer to generate output in the form of predicted lip landmarks.
(3) Articulation Prediction:

In existing conventional deepfake detectors we require both real and manipulated samples. In
conventional detectors classification is used to find fake contents. The proposed framework is

trained exclusively using authentic videos. First of all, model learns lawful speech to lip motion
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mapping. This way we have a model with real-only learning. So our model approximates

legitimate articulation behaviour instead of learning manipulation-specific patterns.

Mathematically we represent our model as under. Based an audio sequence, the BiLSTM
predictor estimates expected lip landmark lines. The model parameters are optimized using

mean square difference between predicted and observed landmarks:

k
L(B) = LZ | L_; — f,t_. &
k+14 ' '
1=

By training exclusively on authentic data, the model can learn stable speech-lip relationships.
This learning will help to work for all fake contents, independent of specific deepfake

generation techniques.

(4) CVS Calculation:

We introduced Causal Violation Score (CVS) during problem formulation. We first measure
the articulation consistency based on, predicted lip landmarks and the observed lip landmarks.
The difference between predicted and actual is computed as a residual error for each temporal

window.

The standard deviation of residuals across temporal windows are aggregated to compute the
Causal Violation Score (CVS). Theoretically as well as practically, it is a fact that authentic
videos produce smaller residual values than manipulated videos. In manipulated videos this

value has larger deviations due to imperfect articulation synthesis.

Here we tried to propose the detection by thresholding CVS values rather than by direct
appearance classification. This mechanism makes the framework to operate independently of

visual artifacts and improves robustness against any unseen deepfake generators.
5. Experimental Setup

This section describes the implementation part of the suggested work. We validate the proposed
causality-driven deepfake detection framework. Here we discuss experimental needs like

datasets, process, baseline models to compare, and evaluation methods.
(1) Datasets

For prediction model, we train the model using authentic videos from the FaceForensics++

dataset (Rossler et al., 2019). This dataset contains 1000 original (real) YouTube videos. We
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used only real videos during training to enable the model to learn natural speech-driven lip

articulation behaviour.

In the second phase of evaluation, cross-dataset testing is performed on Celeb-DF (Li et al.,
2020) and the DeepFake Detection Challenge (DFDC) (Dolhansky et al., 2020) dataset. The
Celeb-DF dataset contains approx. 5600 high-quality fake videos designed to minimize visible
artifacts. And DFDC provides near about 1 Lac manipulated videos generated using multiple
synthesis techniques under realistic recording conditions. These datasets are used for

evaluation under unseen manipulation scenarios.

In the selection of dataset, we have taken identity-disjoint data for testing the model’s
robustness. Persons appearing in the training set are excluded from validation and test sets to

prevent person-dependent features match.
(2) Preprocessing and Feature Extraction

As a part of pre-processing, we resampled all videos to a consistent frame rate for maintaining
their temporal similarities. Frame rate is normalized to 25 FPS. Resolution is resized to 256 x
256. Also, audio signals are extracted and converted into frame-aligned features of frequency

components.

Face alignment is done to make similar poses in the videos. Each video frame is processed
using face detector. Then, inside the bounding box (X,y,w,h), only mouth-region landmarks are
considered for analysis. After this, all landmark coordinates are normalized to reduce scale

variations

For fair result comparison, we applied the same preprocessing to both the proposed method

and baseline models.
(3) Practical Implementation

We have used a two-layer bidirectional Long Short-Term Memory (BiLSTM) for prediction.
For moderate training a dropout of 0.3 is taken. We have considered 20 different mouth-region
landmarks (x,y). A fully connected regression layer of dimension 40 generates output. And,

temporal window length £ is selected to capture short-term articulation dynamics.

During the training phase, we used PyTorch Adam optimizer with mean squared error loss.
And to prevent overfitting, early stopping based on validation performance is applied. We have
not used manipulated videos during training so result is real-only learning of original

articulation patterns.

ISBN No: 978-81-993732-2-848 48



2" International Conference — NOBCON 2026 on Interdisciplinary Horizons — Innovation,

- - Sustainability, Al and Transformation (IC-IHITSA) <
@ UnNRE.S-IE Noble University Campus, Junagadh @
Junagadh, India, March 6 — 7, 2026 nobCon

(4) Baseline testing

In our proposed framework we compared it with appearance-based detector using the Xception
architecture (Chollet, 2017). This Xception architecture is trained using real-fake samples of
FaceForensics++. Xception is also retrained using the same training setup, preprocessing
procedures, and evaluation parameters. We implemented the Xception baseline using the

PyTorch timm library with ImageNet-pretrained weights.

In our controlled experimental design, we tried to prove that performance differences arise

from modelling strategy rather than data preparation or training configuration.
(5) Evaluation Metrics

We evaluated the performance using the following standard metrics:

e Area Under Curve (AUC),
e Fl-score and,
e Accuracy.

False Positive Rate Vs True Positive Rate in the curve (AUC) denotes how efficiently the

model has detected the fake Vs real content. Fl-score is calculated based on precision and

recall.
procision — 7
recision = TP n Fp
R = e
A = TP FN

And, F1 is the harmonic mean of both.

Precision * Recall
F1=2

*
Precision + Recall

Improvement of F1 score from baseline model to the proposed model is measured.

Accuracy of the model gives the strength of the classification.

TP+TN

Accuracy = Total

(6) Results and analysis

Experiments are made to measure the performance improvement in the proposed model against

the existing models. Here we present the experimental results obtained using the proposed
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causality-driven speech-lip landmark modelling framework. Model’s effectiveness is

compared with conventional deepfake detection approaches.

Performance in same dataset:

Method AUC | F1-Score Accuracy (%)
Xception (Baseline) 0.982 0.967 96.8
Proposed Model 0.978 0.956 95.9

Table:1 Performance evaluation for FaceForensic++

Table-1 gives the quantitative performance of the proposed method under same-dataset. Our
observation is that when our model is trained and tested on FaceForensics++, the model
achieves competitive detection accuracy comparable to Xception. This indicates that our model

is capable of detecting fake contents without learning visual manipulation artifacts.
Next step is to test the model for cross-datasets.

Performance in cross-dataset:

Method AUC | F1-Score Accuracy (%)
Xception (Baseline) | 0.874 0.821 82.4
Proposed Model 0.931 0.903 90.6

Table:2 Performance evaluation for Celeb-DF

Method AUC | F1-Score Accuracy (%)
Xception (Baseline) 0.861 0.785 79.3
Proposed Model 0.918 0.882 88.7

Table:3 Performance evaluation for DFDB

Performance drop analysis:

Same Dataset Cross Dataset Performance
Method :
Accuracy Accuracy Difference
Xception (Baseline) 96.8 (82.4+79.2)/2 = 80.8 -16 %
Proposed Model 95.9 (90.6+88.7)/2 = 89.6 -6%

A more significant observation by (Wang et al., 2020) says that Conventional CNN-based

detectors give performance degradation when evaluated on Celeb-DF and DFDC datasets. We
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also found that appearance-based models fail to generalize across different manipulation

techniques.

In contrast to this, our results show that our proposed model has less performance drop across
unseen datasets. Since the model learns speech-driven articulation rather than visual artifacts,

detection performance remains relatively stable even for varieties of datasets.
Model Stability and Reproducibility

Model stability is evaluated through repeated experiments with different initialization settings.
The proposed method shows low variance across trials, means consistent learning behaviour.
Here low variance observed suggests that our approach leads to more predictable model

behaviour.
6. Conclusion

This paper proposed a causality-driven framework for deepfake video detection which is based
on speech-lip landmark modelling. Rather than using visual appearance-based classification,
in our proposed method we reformulate deepfake detection as a speech-driven articulation
consistency problem. By learning legitimate lip motion behaviour from authentic videos,

manipulations are identified through deviations between predicted and observed lip dynamics.

Our experiments shows that the proposed approach achieves competitive detection
performance under same-dataset conditions. Also it provides improved robustness in cross-
dataset scenarios. The core part of our observation is that, the real-only training strategy allows
the model to remain less dependent on generator-specific datasets. As a result, we could get
stable performance when evaluated on unseen manipulation techniques. Along with this the
analysis of CVS, confirms that speech-lip dynamics provide meaningful forensic for further

study.

The proposed framework highlights the possibility of modelling base on human behaviour for
multimedia forensics. Instead of focusing only on visual inconsistencies, by considering causal
relationships between speech and facial motion gives an alternative perspective for detecting

deepfake videos.

During experiments we found few limitations. Our method relies on accurate landmark
extraction and hence affected by extreme head motion, some obstruction, or low-resolution

videos. So, future deepfake generation models can further improve articulation practicality.
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Future work may include hybrid multimodal detection strategies combining visual and
frequency-domain analysis with this model. One can extend this framework for real-time

deployment which gives a new research direction.

Overall, we tried to suggest a causality-driven speech-lip landmark modelling approach with
practical ground. This approach is a step towards detection of deepfake video detection in

evolving multimedia environments.
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Education & Knowledge Society

Priti K. Chauhan, Ph. D. Student At Noble University, Junagadh.

INTRODUCTION
Knowledge and Education:

New challenges are raised for Education in the knowledge societies: transformation into

knowledge, identifying accurate knowledge,

Accessing knowledge take new forms. Knowledge is no longer accessible only in book and in
the teacher’s head! Knowledge in now available in many different places, and attainable from
any time. Education has a new role in terms of making knowledge accessible for pupils, and
guiding knowledge. However, it is not enough to access knowledge; knowledge must be
actually acquired. Since there are profound changes in the knowledge, there are changes in

learning and acquiring knowledge. These changes we must try to identify.

There so of course, a strong link between knowledge and education. Education is the main
process dealing with knowledge. So, in a knowledge society, education takes a central role and
is a major stake for future and evolutions. Education takes the characteristics of an economic
activity in such a society. But it is a political and social responsibility of decision-makers to
ensure that everyone can access and acquire knowledge. The question of education as a public
service is raised in a new form, in a context where knowledge is a good and education — an

economic activity.
Education for and in Knowledge Societies:

At the Round Table, we will address two main aspects of education and societies: education

for knowledge societies, and education in knowledge societies.

Education for knowledge societies, because knowledge societies expand progressively; and we
must educate pupils and students for this kind of society; preparing the knowledge societies,
preparing citizens of knowledge societies, preparing people to understand knowledge societies
and to act and behave is such societies. Education and educational policies must follow the
changes and evolutions, as well as anticipate therefore help decision makers and the civil

society impact the evolutions to master them.

Education and knowledge societies, because in such societies, knowledge has changed, access

to knowledge is different; learning and knowledge societies, and teaching in knowledge
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societies, include new components, new concept, new pedagogical approaches and new

resources and new tools.
Networks:

Knowledge societies are network societies. we are used to hierarchical structures, to pyramidal
or tree type organizations. knowledge societies are structured by networks. a network is a very
different from a pyramid or a tree: there are edges and nodes, the edges linking the nodes; from
one node to another one, there are several possible paths. there may be lots of sub networks.
there is no natural hierarchy, but new types of hierarchies may appear the Internet is the closest
example such a network one can circulate in a network, but this needs to be mastered tools and
rules are necessary accessing information is mainly made through networks now the network
structure of such societies will certainly have huge consequences on the organization. a school,
and educational system, cannot stay organized as hierarchical and paramedical structure in a
society where knowledge and people are networked. this can lead to profound and unexpected

changes in our societies.
Competencies:

Knowledge societies need new type of competencies. We have already mentioned that the
educational need of societies can be considered through the four “pillars” of education: learning
to know, learning to do, learning to live together, learning to be, in knowledge societies,
knowledge is not static, it involves and it’s permanently enriching. education cannot be reduced
through the transmission or acquisition of a set of definite knowledge; it would be soon
obsolete. Learning to learn is a necessary ability that education must provide. it is the content
as well as the process that education must transmit. the ability to evolve, to adapt, is essential
in knowledge societies; education must take it into account. knowledge societies are lifelong

learning societies, and education must prepare to lifelong learning.
Collective intelligence:

Knowledge society is needing virtual Communities and collective intelligence. We were used
to educational system aimed at acquisitions of individual knowledge and development of
individual intelligence. But more and more society needs collective kinds of competencies. In
knowledge societies, knowledge and processes are mainly collective. This requires collective
work, towns and communities. The concept of virtual communities and collective intelligence
are essential in knowledge societies. Virtual Communities our communities of real human

being made possible and activated through information and communications technology tools;
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ICTs Implement new kind of communities, enable to overcome usual barriers and borders,
create new communities who can communicate, work together, act together. Collective
intelligence is not a mere sum of individual ones: That is an “added value”, A kind of

intelligence, which is communal, which no one could have alone.
School in knowledge societies:

When we speak about knowledge societies, we mean that we do not want to reduce them to
technology society or information societies the role of schools and education is essential in
knowledge societies. Of course, education must focus mainly on knowledge, not on technology
Every educational policy must address knowledge, not only technology and communication.
The role of school in knowledge societies raises new questions: Schools for the knowledge
societies, schools in knowledge society. However, information and communication
technologies change the status missions, roll, and action field of schools. What will education
be, and what will the school be in future, in knowledge societies? OECD has published a very
interesting study about the school of the future, imagining six different scenarios. Scenarios
are not the guessing what the future will be it makes US aware that there is fatality in the future:
We must decide where we want to go and act within the appropriate parameters in order to
master our future, the future of schools the scenarios are of three types:

1. Attempting to maintain the status quo:

e Bureaucratic school system continues.

e Teacher exodus; the “meltdown” scenario.
2. Re- schooling:

e Schools as core social centers.

e Schools as focused learning organizations.

3. De-schooling:
e [earning networks and the network society.
e Extending the market models.

Such scenario can help policy makers and decision makers design appropriate policies for the

future. They can help anticipate, not only follow!

The question of anticipation is a crucial one. Technology involves very quickly, and changes
are so fast that most of the time we just try to catch up with our delay, to adapt our old strategies
and habits to the new tools and technologies. It is not enough, and may even be wrong there is
a need to rethink the main paradigms of education in knowledge society. Innovation must not
only follow the evolutions of technology and the evolutions of society it must anticipate, E

proactive.
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Pupils and learning in knowledge societies:

The pupil and the student are at the center of education in knowledge societies. The pupil is
learner but cannot reduce to the one who acquire knowledge the pupil is citizen in the
knowledge society and the pupil must be prepared and educated as a citizen of the knowledge
society we have to reflect on this new knowledge is citizen, so that the fundamental values of
the knowledge society can be described and respected Equity in access to knowledge,
solidarity, equal dignity of human being, etc. the relationship between individuals and society
has new characteristics in the knowledge society per particularly because of virtual

communities, of collective intelligence. We have to invent citizenship for knowledge societies.

Lifelong learning is an important component of knowledge society. Since knowledge is at the
core of such a society learning is an essential process and it must go on all lifelong knowledge
Societies are lifelong learning societies. Knowledge societies and ICT make possible and need
new learning method ICT enables to take into account space and time in education differently
We are not bound of the same place same time except of school classes it becomes possible to
have school activities at different times and different places. Distance education does not
address only the ones who are in particular situations it becomes a component of education for
all we have to invent a good articulation and a good balance between class and distance

education activity in order to improve education and learning.
Teachers in knowledge societies:

Being a teacher in the knowledge society is a new challenge. Of course, there are new teaching
method new pedagogies, new tools and new resources available for Teacher. However the role
of a teacher is changing, and the exceptions of society towards teacher are evolving add
increasing. The role of a teacher is the learning process in essential. Whatever the technology
can do, the teacher remained the only one able to me the necessary human Mediator between
the pupil and the knowledge. D teaching profession is evolving, because access to knowledge
is changing the teaching profession is evolving in its everyday activities in the way teachers
work with others although the core role of a teacher remains being the one who makes the pupil

acquire knowledge, and prepare future citizens.

The role of a teacher is essential in societies changing quickly towards knowledge societies,
the teacher is the main actor, the main agent of the evolution of education Teacher education
is therefore fundamental and a key issue in every educational policy In the projects, action

plans, reforms of education, teacher training is a central issue It is clear that in order to help
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countries overcome the digital divide teachers education is one of the most important tools
Teachers education has become a major trek in national policies and at the international

worldwide level.

In 1966, the UNESCO Special Intergovernmental Conference on the Status of Teachers
Adopted “Recommendation concerning the status of teachers”. This set of and concrete
recommendations for action is still very vital, and most of them have not been completed yet
It would be useful to check this recommendations and evaluate to which extent they have been
put in action and to update them taking into account the new kind of society we live in and the
integration of information and communication technologies concerning the status of teaching

is the knowledge society are very useful nowadays!
Need of policies:

So, a round table has a lot of questions to address Our main issue is knowledge society what is
it what are the new trends in such societies what are the place and the role of education in
knowledge societies How central education is realized in such societies education for
knowledge societies and education is knowledge societies will be our main topics we will see
the there is strong and concrete policies in order to develop education for A and in knowledge
societies it is not a matter of unavoidable Evolution political choices and decisions must make
us master the evolution and the future Principles and recommendations for educational policies

in knowledge societies will be the main outputs of Round Table.

We are in the context of globalization. This may have negative aspects, possible risk, and this
leads to essential ethical questions about the digital divide our local cultures risk of
mechanizations of knowledge and educate, a real cooperation between our countries. The
knowledge society does not have the same borders are geographical and political countries
have let us take this as a new chance to reinforce international corporation in a way that respects

and enhances cultures and identities

Knowledge societies need education, and education has a must more important role in such
societies. Let us use the opportunity of the non-LED societies to promote and enhance
education for all give access to education for everyone in the world in particular, two quality

education for everyone.
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Causes And Effects of Aggressive Behavior in Students and Ways to
Control It
Mehta Brijesh Jagdishbhai
Abstract

Aggressive behavior among students has become a growing concern in educational institutions,
affecting both the learning environment and students’ overall development. Aggression in
students may appear in various forms such as verbal abuse, physical fights, bullying, and
disruptive classroom behavior. Several factors contribute to aggressive tendencies among
students, including family conflicts, exposure to violent media, peer pressure, academic stress,
lack of emotional support, and ineffective classroom management. Psychological factors such
as frustration, low self-esteem, and poor emotional regulation also play an important role in

shaping aggressive responses.

The effects of aggressive behavior are harmful not only to the students who display it but also
to their peers and teachers. It can lead to poor academic performance, disciplinary problems,
social isolation, and an unsafe school environment. In the long term, persistent aggression may

negatively influence students’ personality development and social relationships.

To control aggressive behavior, schools and families must adopt preventive and corrective
strategies. These include promoting positive discipline, strengthening teacher—student
relationships, providing counseling and emotional support, encouraging participation in
extracurricular activities, and implementing social-emotional learning programs. Parental
involvement and awareness programs are also essential to guide students toward constructive
behavior. By adopting a collaborative approach involving teachers, parents, and school
administrators, aggressive behavior among students can be effectively managed, creating a

healthier and more supportive educational environment.

Keywords: Aggressive Behaviour, Middle School Students, Academic Stress, Emotional

Regulation, Behaviour Management
1. Introduction

Aggressive behaviour among students of Standard 6 to 8 is increasingly observed in schools.
Early adolescence is a stage of emotional and psychological transition. During this period,

students may express anger through shouting, fighting, teasing, or disobedience. If not
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addressed properly, such behaviour can negatively influence academic performance and peer

relationships.
1.1 Background

Students aged 11 to 14 experience rapid physical and emotional changes. Increased academic
expectations, peer competition, and digital exposure contribute to behavioural responses

including aggression.
1.2 Research Problem

The study investigates the causes of aggressive behaviour among middle school students and
examines its effects on academic and social development while identifying effective control

strategies.
1.3 Research Objectives

1. To identify common forms of aggressive behaviour.
2. To examine major causes of aggression.
3. To analyze its impact on academic performance and relationships.

4. To suggest preventive measures.
1.4 Significance of the Study

This study helps educators and parents understand behavioural challenges at an early stage and

supports the development of intervention strategies.
2. Literature Review

Existing psychological research indicates that aggression in adolescence is influenced by

environmental, emotional, and social learning factors.
3. Methodology

This study is based on simple survey and observation methods. Information was collected by
asking students about their behaviour, feelings, and reactions in different situations. Behaviour

of students was also observed in classroom and playground environments.
3.1 Sample and Sampling Technique

The sample consisted of 30 students from Standard 6 to 8 selected using simple random

sampling.

3.2 Data Collection

ISBN No: 978-81-993732-2-865 65



2" International Conference — NOBCON 2026 on Interdisciplinary Horizons — Innovation,

- - Sustainability, Al and Transformation (IC-IHITSA) <

@ UnNRE.S-IE Noble University Campus, Junagadh @
Junagadh, India, March 6 — 7, 2026 nobCon

Data were collected through a structured questionnaire, classroom observation, and teacher

interaction.

3.3 Data Analysis

Data were analyzed using frequency and percentage methods.
4. Results

The study found that academic stress (60%), peer conflict (53%), mobile overuse (50%), and

family issues (40%) were major contributors to aggression.
5. Discussion

The findings indicate that emotional regulation challenges during early adolescence contribute

significantly to aggressive responses.

6. Limitations

The study was limited to 30 students from one school, which may restrict generalization.
7. Conclusion

Aggressive behaviour among middle school students can be managed through emotional

support, parental involvement, sports participation, and counseling programs.

Aggressive behaviour is a growing concern among students, but it can be controlled through
proper guidance, emotional support, and self-discipline. Parents and teachers play an important
role in helping students develop positive behaviour. Encouraging sports activities,
communication, and relaxation practices like yoga and meditation can help students control
anger and build a healthy personality. Developing peaceful and respectful behaviour helps

students achieve success and contributes to a better society.
References
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Ammonia Cracking as an On-Demand Hydrogen Source for Engines and
Vehicles: A Review
Dhruv R. Joshi, Assistant Professor of Engineering Technology, Noble University,

Junagadh

Abstract: Hydrogen is widely recognized as a clean energy carrier for future transportation,
but its low volumetric energy density and storage challenges limit large-scale adoption in
vehicles. Ammonia has emerged as a promising alternative hydrogen carrier due to its high
hydrogen content, established infrastructure, and ease of storage and transportation. However,
direct use of ammonia in engines is restricted by its low flame speed, high ignition temperature,
and combustion instability. To overcome these limitations, ammonia cracking—where
ammonia is decomposed into hydrogen and nitrogen—offers an effective pathway for on-

demand hydrogen generation.

This review paper presents a comprehensive overview of ammonia cracking technologies with
a focus on their application in hydrogen-powered engines and vehicles. The fundamental
principles of ammonia decomposition, including thermodynamics and reaction mechanisms,
are discussed, followed by a comparative review of thermal and catalytic cracking methods.
Particular emphasis is placed on catalytic cracking using nickel- and ruthenium-based catalysts
due to their suitability for compact and on-board hydrogen production systems. The integration
of cracked hydrogen with internal combustion engines and fuel cell systems is reviewed,
highlighting performance improvements, emission reduction potential, and operational

challenges.

In addition, this paper discusses system-level considerations such as energy efficiency,
ammonia slip, nitrogen oxide emissions, and reactor compactness for vehicular applications.
Based on recent experimental and modeling studies, ammonia cracking combined with
hydrogen utilization shows strong potential to reduce carbon dioxide emissions while
maintaining acceptable performance. The review concludes by identifying key technical
challenges and future research directions toward the practical implementation of ammonia-

based hydrogen systems for sustainable transportation.

Key words: Ammonia cracking; Hydrogen carrier; On-board hydrogen production; Catalytic

decomposition; Hydrogen vehicles; Low-carbon transportation
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1. Introduction
Ammonia Cracking as an On-Demand Hydrogen Source for Engines and Vehicles

The global transition toward clean and sustainable energy has accelerated research into
hydrogen as a next-generation fuel for internal combustion engines and fuel cell vehicles.
Hydrogen offers high energy content per unit mass and produces zero carbon dioxide emissions
at the point of use. However, large-scale adoption of hydrogen faces major challenges related
to storage, transportation, and infrastructure. Compressed and liquefied hydrogen require high-
pressure tanks or cryogenic systems, which increase system complexity, cost, and safety

concerns.

In this context, ammonia (NHs) has emerged as a promising hydrogen carrier. Ammonia
contains 17.6% hydrogen by weight and can be liquefied at relatively moderate pressures
compared to hydrogen, making it easier to store and transport using existing infrastructure.
Furthermore, ammonia does not contain carbon, so its decomposition produces nitrogen (N2)

and hydrogen (H2) without carbon emissions.

Ammonia cracking is the thermochemical process in which ammonia decomposes into

hydrogen and nitrogen according to the reaction:
2NH; — N; +3H:

This reaction is endothermic and typically requires temperatures between 500°C and 700°C in
the presence of a suitable catalyst such as nickel. By integrating a compact ammonia cracker
within a vehicle, hydrogen can be generated on demand, eliminating the need for bulky high-
pressure hydrogen storage systems. The produced hydrogen can then be supplied either to a

modified internal combustion engine or to a fuel cell system for power generation.

On-demand ammonia cracking offers several advantages for automotive applications,
including improved energy density compared to compressed hydrogen storage, easier fuel
handling, and compatibility with existing fuel distribution systems. Additionally, ammonia can
be produced using renewable electricity through green hydrogen pathways, making the overall

energy cycle potentially carbon-neutral.

Despite its potential, challenges remain in catalyst durability, reactor miniaturization, thermal
management, ammonia slip control, and system integration within vehicles. Efficient reactor
design and optimized flow control are critical to achieving high hydrogen conversion rates

while maintaining safety and compactness.
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This study explores ammonia cracking as an on-board hydrogen generation method for engines
and vehicles, focusing on reactor design considerations, catalyst selection, thermal
requirements, and practical integration strategies. The objective is to evaluate its feasibility as

a reliable, efficient, and scalable solution for future hydrogen-powered transportation systems.
1.2 Research Problem
Ammonia Cracking as an On-Demand Hydrogen Source for Engines and Vehicles

Although hydrogen is widely recognized as a clean alternative fuel for transportation, its
practical implementation is significantly limited by challenges in storage, transportation, and
infrastructure. High-pressure hydrogen tanks (350—700 bar) and cryogenic systems increase
vehicle weight, cost, and safety concerns, restricting large-scale adoption of hydrogen-powered

engines and fuel cell vehicles.

Ammonia has emerged as a promising hydrogen carrier due to its high hydrogen content, easier
liquefaction, and established global production and distribution infrastructure. However,
directly using ammonia as a fuel presents combustion challenges, toxicity concerns, and
potential NOy emissions. Therefore, converting ammonia into hydrogen through catalytic

cracking before use in engines or fuel cells offers a practical alternative.

Despite its potential, several technical challenges prevent efficient on-board ammonia cracking

in vehicles:
1. Reactor Miniaturization Problem

Industrial ammonia crackers are bulky and designed for stationary use. Designing a
compact, lightweight reactor suitable for vehicle integration while maintaining high

hydrogen output remains a significant challenge.
2. Thermal Management Issue

Ammonia cracking is an endothermic reaction requiring sustained temperatures
between 500°C and 700°C. Maintaining uniform temperature within a small reactor

under varying vehicle operating conditions is difficult.
3. Catalyst Efficiency and Durability

Catalysts such as nickel are cost-effective but may suffer from deactivation, sintering,
or reduced activity over time. Ensuring long-term performance under automotive

vibration and thermal cycling conditions is critical.
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4. Hydrogen Purity and Ammonia Slip

Incomplete cracking results in unreacted ammonia in the output stream. Ammonia slip
can damage fuel cells, reduce engine performance, and pose environmental and safety

risks.
5. Dynamic Load Matching

Vehicle engines require hydrogen supply that varies with acceleration and load
conditions. The cracking system must respond rapidly to changing hydrogen demand

without performance lag.
Core Research Problem Statement
The primary research problem is:

How can a compact, efficient, and thermally stable ammonia cracking system be designed to
generate hydrogen on demand for vehicle engines while ensuring high conversion efficiency,

minimal ammonia slip, safe operation, and rapid response under dynamic driving conditions?
1.3 Research Objectives

The primary objective of this research is to design and evaluate a compact ammonia cracking
system capable of producing hydrogen on demand for automotive applications. The study aims
to address technical challenges related to reactor design, catalyst performance, thermal

management, and system integration for vehicle use.
1.3.1 Main Objective

To develop and optimize a compact catalytic ammonia cracking reactor capable of supplying

hydrogen efficiently and safely for use in engines and hydrogen-based vehicle systems
1.3.2 Specific Research Objectives

1. To analyze the feasibility of ammonia as a hydrogen carrier for automotive

applications
o Evaluate hydrogen yield potential
o Compare energy density with compressed hydrogen storage
2. To design a compact catalytic reactor suitable for on-board vehicle integration
o Develop optimized flow path (single-pass or multi-pass design)

o Minimize reactor size and weight
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3. To optimize catalyst selection and configuration
o Study performance of nickel-based catalysts
o Improve surface area and durability
o Reduce catalyst deactivation

4. To investigate thermal requirements and heat management strategies
o Maintain operating temperature (500—700°C)
o Ensure uniform temperature distribution
o Minimize energy consumption for heating

5. To maximize hydrogen conversion efficiency and minimize ammonia slip
o Achieve high NHs-to-H: conversion rate
o Ensure hydrogen purity suitable for engine or fuel cell use

6. To analyze system response under varying engine load conditions
o Study hydrogen production under dynamic flow rates
o Ensure quick response to acceleration and deceleration

7. To evaluate safety and environmental considerations
o Assess ammonia handling and leakage risks
o Analyze emission characteristics

8. To compare the developed system with conventional hydrogen storage methods
o Cost comparison
o Efficiency comparison
o Practical feasibility assessment

Expected Outcome

The research aims to demonstrate that ammonia cracking can serve as a technically viable and
efficient on-board hydrogen generation method, offering a safer and more practical alternative

to high-pressure hydrogen storage in vehicles.
1.4 Significance of the Study

Ammonia Cracking as an On-Demand Hydrogen Source for Engines and Vehicles
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The significance of this study lies in addressing one of the most critical barriers to hydrogen-
based transportation: safe, efficient, and practical hydrogen storage. While hydrogen is widely
recognized as a clean energy carrier, its low volumetric energy density and storage challenges
have limited widespread adoption in vehicle applications. This research explores ammonia
cracking as an alternative pathway to generate hydrogen on demand, potentially transforming

how hydrogen-powered engines and vehicles are implemented.
1.4.1 Contribution to Clean Transportation

Transportation contributes significantly to global carbon emissions. By enabling on-board
hydrogen generation from ammonia—a carbon-free hydrogen carrier—this study supports the
development of low-emission or zero-carbon vehicle technologies. The proposed approach

aligns with global decarbonization goals and sustainable mobility initiatives.
1.4.2 Overcoming Hydrogen Storage Limitations

Current hydrogen vehicles, such as the Toyota Mirai developed by Toyota and the Hyundai
NEXO by Hyundai, rely on high-pressure hydrogen storage tanks. These systems:

e Increase vehicle cost
e Require specialized infrastructure
e Pose storage and safety challenges

By contrast, ammonia can be stored more easily in liquid form at moderate pressures. This
study highlights how ammonia cracking could reduce reliance on high-pressure hydrogen

tanks, improving practicality and accessibility.
1.4.3 Advancement in On-Board Hydrogen Generation Technology

Most ammonia cracking systems are designed for stationary industrial applications. This study
contributes to research on miniaturized, compact, and thermally efficient reactors suitable for

mobile environments. It emphasizes:
e Reactor optimization
o Catalyst performance enhancement
e Thermal management strategies
e Dynamic load adaptability

These advancements are essential for real-world automotive implementation.
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1.4.4 Strengthening Energy Security and Infrastructure Compatibility

Ammonia has an established global production and distribution network due to its extensive
use in fertilizers and chemicals. Leveraging this infrastructure reduces the need for entirely
new hydrogen distribution systems. The study supports the concept of using ammonia as a

hydrogen carrier within the broader hydrogen economy framework.
1.4.5 Bridging Research Gaps

Although hydrogen and ammonia have been widely studied independently, limited research
focuses specifically on integrated on-board ammonia cracking systems for engines and
vehicles. This review consolidates existing knowledge, identifies technical challenges, and

highlights research gaps related to:

Catalyst durability

e Ammonia slip control

Rapid hydrogen demand response

System integration
1.4.6 Practical Relevance for Developing Economies

For countries with limited hydrogen refueling infrastructure, ammonia-based hydrogen
systems may provide a transitional solution. This study may guide policymakers, researchers,
and automotive engineers in evaluating ammonia cracking as a cost-effective and scalable

alternative for clean mobility.
1.4.7 Contribution to Future Hydrogen Economy

By investigating ammonia cracking as an on-demand hydrogen source, this study contributes
to long-term hydrogen economy strategies, where ammonia could function as both an energy

carrier and a storage medium for renewable hydrogen.
Concluding Significance Statement

This study is significant because it explores a technically promising and practically viable
pathway to overcome hydrogen storage challenges in transportation. By integrating ammonia
cracking technology into vehicle systems, it offers a potential solution that combines energy
efficiency, infrastructure compatibility, and environmental sustainability—paving the way

toward cleaner and more accessible hydrogen-powered mobility.
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2. Literature Review

[Provide a comprehensive review of relevant literature. Synthesize existing research, identify
gaps, and position your study within the existing body of knowledge. Cite all sources using
APA 7th edition format.]

2.1 Theoretical Framework
Ammonia Cracking as an On-Demand Hydrogen Source for Engines and Vehicles

The theoretical framework of this review paper is built upon principles of thermodynamics,
chemical kinetics, catalysis, heat transfer, and energy systems integration. It provides the
scientific foundation for understanding ammonia cracking as an on-demand hydrogen

generation method for vehicle applications.
2.1.1 Thermodynamic Basis of Ammonia Decomposition
Ammonia cracking is governed by the reversible endothermic reaction:
2NH3=N>+t3H,  AH=+92.4 kJ/mol
Key Thermodynamic Principles:
e The reaction is endothermic, requiring continuous heat supply.
o Higher temperatures favor hydrogen production (Le Chatelier’s Principle).
e Equilibrium conversion increases with temperature and decreases with pressure.
o Complete conversion is thermodynamically favorable above ~500°C.

Thus, maintaining high temperature and optimized pressure is essential for efficient hydrogen

generation.
2.1.2 Catalytic Reaction Kinetics

Ammonia decomposition occurs efficiently only in the presence of catalysts. Nickel-based

catalysts are commonly used due to their cost-effectiveness and good activity.
Catalytic Reaction Steps:

1. Adsorption of NHs on catalyst surface

2. Stepwise dehydrogenation (NHs — NH2 — NH — N)

3. Nitrogen recombination (N + N — N2)

4. Hydrogen desorption (H+H — H>)
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Reaction rate depends on:

e (atalyst surface area

o Temperature

e Ammonia flow rate

o (atalyst stability
The rate equation can be expressed in simplified form as:
r=k(T)-Cnms
where:

e r=reaction rate

o k(T)= temperature-dependent rate constant

e Cnu3 = ammonia concentration
2.1.3 Heat Transfer and Thermal Management Theory
Since ammonia cracking is endothermic, continuous heat transfer to the catalyst bed is required.
Heat transfer mechanisms involved:

e Conduction (through reactor walls and catalyst bed)

e Convection (through flowing gas)

o Radiation (at high temperatures)
Efficient reactor design must:

o Ensure uniform temperature distribution

e Minimize heat losses

e Maintain thermal stability during variable engine loads
Thermal energy may be supplied by:

o Electrical heating (nichrome elements)

o Engine exhaust heat recovery

o Combustion-assisted heating

2.1.4 Reactor Design Theory (Packed Bed Reactor Model)
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On-board ammonia cracking typically follows a packed bed reactor model, where catalyst

particles are packed inside a heated chamber.
The governing principles include:

e Mass balance

o Energy balance

e Momentum balance (pressure drop)
Conversion in a packed bed reactor can be expressed as:
X=]—¢ kX
where:

e X =ammonia conversion

e k=reaction constant

e 1=residence time
Longer residence time and higher temperature increase conversion efficiency.
2.1.5 Hydrogen Utilization Theory in Engines and Fuel Cells
For Internal Combustion Engines:

e Hydrogen has high flame speed

e Wide flammability limits

e Zero carbon emissions

e Requires modified air-fuel ratio and ignition timing
For Fuel Cells:

e Requires high hydrogen purity

e Ammonia slip must be minimized

o Hydrogen purity >99% i1s often required
2.1.6 Energy Systems Integration Theory
The system integrates:

o Fuel storage (liquid ammonia tank)
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e Reactor unit (catalytic cracker)
o Heat source
e Hydrogen delivery system
o Safety and purification unit
This follows the concept of:
Chemical energy carrier — Thermal conversion — Clean energy output

The framework aligns with hydrogen economy principles, where ammonia serves as a

hydrogen vector.

Conceptual Model of the System

Input: Liquid Ammonia

l
Heating + Catalytic Cracking

l
Hydrogen + Nitrogen Output

l
Hydrogen to Engine / Fuel Cell

Integrated Theoretical Perspective
This study is theoretically grounded in:
e Chemical thermodynamics (reaction feasibility)
e Heterogeneous catalysis (surface reaction mechanisms)
e Transport phenomena (heat and mass transfer)
e Reactor engineering (conversion optimization)
o Energy systems engineering (vehicle integration)

Together, these theories support the investigation of ammonia cracking as a technically viable

on-demand hydrogen production system for transportation applications.

2.2 Previous Studies
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Key previous studies to cite (shortlist)

1.

Lucentini et al., 2021 — Review: decomposition of ammonia to generate hydrogen
Why it matters: Comprehensive review of catalytic NHs decomposition (Ru, Ni, Pd
catalysts), mechanisms and reactor types — a great starting point for catalysts and
fundamentals.

(Author entity: I Lucentini)

Valera-Medina et al.,, 2021 — Ammonia as a potential fuel (Energy & Fuels
review)

Why it matters: Broad review of ammonia as fuel, benefits/constraints for engines and
fuel cells — wuseful for motivation, pros/cons and emission considerations.

(Author entity: A Valera-Medina)

Mazzone et al., 2021 — Ammonia cracking hollow fibre converter (feasibility for

on-board use)

Why it matters: Early feasibility study on a hollow-fibre converter tailored for on-board
hydrogen generation — directly relevant to compact reactor designs.

(Author entity: S Mazzone)
Huang et al., 2023 — Recent progress on Ru and Ni catalysts (review, PMC)

Why it matters: Focused review on Ru/Ni catalysts and their activity/stability — useful
for the catalyst selection and durability sections.

(Author entity: X Huang)

Lee JE, 2023 — Catalytic ammonia decomposition to produce hydrogen

(ScienceDirect review)

Why it matters: Another recent survey comparing catalyst types and reactor concepts
— helps triangulate current consensus on best catalyst/reactor combos.

(Author entity: JE Lee)

Andriani et al., 2023 — Review of hydrogen production from onboard ammonia

(fuel-ship context but relevant)

Why it matters: Discusses decomposition techniques (thermal, membrane,
electrochemical) and integration — useful for system-integration analogies and heat
management strategies.

(Author entity: D Andriani)
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7.

10.

Alboshmina, 2019 — PhD thesis: Ammonia cracking with heat transfer (reactor

design & combustion coupling)

Why it matters: Detailed experimental & modelling work on cracker systems that use
combustion/heat recovery — good for thermal management and practical lab designs.

(Author entity: N Alboshmina)
Shafie, 2024 — Thermal ammonia decomposition for Hz-rich fuel (review)

Why it matters: Recent review stressing on-site decomposition and practical reactor
approaches — helps support arguments about temperature ranges, energy costs and

reactor types. (Author entity: P Shafie)

Cinti et al., 2020 — System design & modelling of an HT-PEM fuel cell integrated

with ammonia cracking

Why it matters: Demonstrates integration with high-temperature PEMFC and
modelling of system performance — valuable for system-level comparison (engine vs.

fuel cell). (Author entity: G Cinti)

Recent technologies/patents & 2024-2026 preprints — miniaturized electrically-

heated monolith reactors and membrane reactor concepts

Why it matters: Shows active patenting and recent inventions (e.g., Joule-heated metal
monoliths, membrane + catalyst hybrid reactors) — good to cite for “state-of-the-art”

and future directions. See preprints and MDPI reviews for 2024—-2026.

How to use these studies in your literature review (suggested mapping)

Introduction & Motivation: cite Valera-Medina (2021) and general ammonia as

hydrogen-carrier reviews.

Catalysts & Kinetics: use Lucentini (2021), Huang (2023), JE Lee (2023) — discuss

Ru vs Ni tradeoffs (activity vs cost).

Reactor Types & Miniaturization: Mazzone (2021), recent on-board cracker studies,

patents and preprints for membrane and Joule-heated monolith reactors.

Thermal Management / Integration: Alboshmina (2019), Shafie (2024), Cinti (2020)
—use them to develop sections on heat sources (engine exhaust, electrical heating) and

system modelling.
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o Safety, Ammonia Slip & Purification: cite studies on ammonia slip detection and

control (e.g., Yang 2021) and fuel cell compatibility.
2.3 Research Gap
Ammonia Cracking as an On-Demand Hydrogen Source for Engines and Vehicles

Although ammonia cracking has been widely studied for industrial hydrogen production,
significant gaps remain in its application as a compact, on-demand hydrogen source for

automotive systems. The following research gaps justify the need for this study:
2.3.1 Gap in Compact On-Board Reactor Design
Most existing ammonia cracking systems are:
e Designed for stationary industrial applications
e Large in size
e Optimized for continuous operation at steady conditions
There is limited research on:
e Miniaturized reactors suitable for vehicle integration
o Lightweight and compact catalytic systems

o Designs that withstand vibration, thermal cycling, and dynamic loading

— Gap: Lack of optimized compact reactor configurations specifically designed for mobile

automotive applications.
2.3.2 Gap in Dynamic Load Response Studies
Vehicle engines operate under:
o Rapid acceleration and deceleration
e Variable hydrogen demand
o Transient operating conditions
Most ammonia cracking studies focus on:
o Steady-state operation

o Constant flow rate and temperature
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— Gap: Insufficient investigation of reactor performance under dynamic load variations

typical of real driving conditions.

2.3.3 Gap in Integrated Thermal Management Strategies

Ammonia decomposition requires sustained temperatures (500—700°C), but:
e Many studies assume external heating without considering energy efficiency.
o Limited research explores integration with engine exhaust heat recovery.

o Few practical demonstrations exist for self-sustaining thermal operation in vehicles.

— Gap: Lack of optimized, energy-efficient thermal management systems for on-board

ammonia cracking.
2.3.4 Gap in Catalyst Durability for Mobile Systems
While nickel and ruthenium catalysts are well studied:
e Most durability studies are conducted in controlled laboratory environments.
e Long-term catalyst stability under:
o Mechanical vibration
o Repeated heating—cooling cycles
o Variable flow conditions
is not sufficiently explored.
— Gap: Limited understanding of catalyst degradation in automotive operating environments.
2.3.5 Gap in Ammonia Slip Control and Hydrogen Purity
Incomplete cracking leads to unreacted ammonia (ammonia slip), which:
e Can poison fuel cells
e May cause corrosion
e Raises safety concerns
Although purification systems exist, few studies:
e Optimize cracking efficiency to minimize slip in compact systems.

o Evaluate slip control specifically for engine-integrated crackers.
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— Gap: Need for improved conversion efficiency and integrated ammonia purification

solutions for vehicle-scale systems.
2.1.6 Gap in System-Level Comparative Analysis
There is limited comprehensive comparison between:
e On-board ammonia cracking systems
o High-pressure hydrogen storage systems
e Direct ammonia combustion systems

Specifically lacking are:

Energy efficiency comparisons

e Cost—benefit analyses

Weight and space evaluations

Lifecycle assessments

— Gap: Insufficient system-level evaluation of ammonia cracking as a practical alternative to

conventional hydrogen storage.
2.1.7 Gap in Engine Integration Studies
Most literature focuses either on:
e Hydrogen engines
e Fuel cells
e Ammonia decomposition reactors
But fewer studies investigate:
o Complete integration: ammonia tank + cracker + hydrogen supply + engine system

o Control strategies for synchronized operation
— Gap: Lack of integrated vehicle-scale experimental validation.

Core Research Gap Statement

Despite extensive research on ammonia decomposition and hydrogen energy systems, there

remains a critical gap in developing a compact, thermally efficient, dynamically responsive,
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and vehicle-integrated ammonia cracking system capable of delivering high-purity hydrogen

safely and reliably under real-world automotive operating conditions.

This research aims to bridge these gaps by focusing on compact reactor design, catalyst
optimization, thermal integration, dynamic response behavior, and practical vehicle-level

feasibility.
2.4. Objectives:

To critically evaluate the feasibility, efficiency and practical implementation of ammonia

cracking as an on-demand hydrogen generation system for engines and vehicle applications.
3. Methodology
Research Design

This study adopts a systematic and analytical review approach to examine existing research
on ammonia cracking technology and its application in vehicle-based hydrogen generation

systems.
The review integrates findings from:

e Peer-reviewed journal articles

Conference proceedings

Technical reports

Industrial case studies

Recent advancements in catalyst and reactor technologies
3.1.1 Literature Search Strategy
A structured literature search is conducted using academic databases such as:
e Scopus
e ScienceDirect
o IEEE Xplore
e Google Scholar
Keywords Used:

e Ammonia cracking
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e Ammonia decomposition

e On-board hydrogen generation

e Hydrogen carrier systems

o Catalytic ammonia decomposition

e Vehicle-integrated hydrogen systems

Studies published in the last 10—15 years are prioritized to ensure relevance and inclusion of

recent technological advancements.
3.1.2 Selection Criteria
Inclusion Criteria:
o Studies focusing on catalytic ammonia decomposition
e Research on compact or mobile hydrogen generation systems
e Papers addressing catalyst performance and durability
o Studies analyzing thermal management and reactor design
e Research discussing automotive or fuel cell integration
Exclusion Criteria:
o Studies unrelated to hydrogen production
e Pure ammonia combustion studies without cracking
e Non-technical opinion-based articles
3.1.3 Thematic Classification of Literature
Selected studies are categorized into the following themes:
1. Thermodynamics and reaction kinetics
2. Catalyst materials and performance
3. Reactor design configurations
4. Thermal management strategies
5. Hydrogen purity and ammonia slip control

6. System integration in engines and fuel cells
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This classification allows structured analysis and comparison.
3.1.4 Comparative Analysis
A comparative framework is developed to evaluate:
e Conversion efficiency (%)
e Operating temperature range
e (atalyst type and durability
e Reactor size and configuration
e Hydrogen purity levels
e Energy efficiency
Where possible, data from different studies are tabulated for clearer comparison.
3.1.5 Identification of Research Gaps
Based on the synthesized findings:
e Technical limitations are identified
e Underexplored areas are highlighted
e Opportunities for future research are proposed
3.1.6 Conceptual Evaluation Framework
The study proposes a conceptual on-board ammonia cracking model consisting of:

Ammonia Storage — Catalytic Reactor — Heat Source — Hydrogen Output — Engine/Fuel

Cell Integration

This framework is used to analyze practical feasibility.
3.1.7 Summary of Methodology

The methodology follows a structured process:

Literature Collection — Screening — Thematic Classification — Comparative Evaluation —

Gap Identification — Feasibility Assessment
3.1 Research Design
Type of Research Design

Systematic Literature Review with Comparative Technical Analysis
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This design involves structured collection, evaluation, and synthesis of existing research related

to ammonia cracking, catalyst technologies, reactor configurations, and vehicle integration.
3.2.1 Research Approach
Qualitative + Quantitative Analytical Approach
e Qualitative analysis
o Review of theoretical principles
o Evaluation of technological developments
o Assessment of integration challenges
e Quantitative comparison
o Hydrogen conversion efficiency (%)
o Operating temperature ranges
o Catalyst performance data
o Reactor size and energy efficiency metrics
This mixed analytical approach strengthens the reliability of conclusions.
3.2.3 Research Framework Structure
The research design follows five structured stages:
Stage 1: Literature Identification
Systematic collection of peer-reviewed studies related to:
e Ammonia decomposition
o (atalyst technologies
e On-board hydrogen systems
e Reactor miniaturization
Stage 2: Screening and Classification
Selected studies are grouped into themes:
1. Thermodynamics & kinetics

2. Catalyst materials
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3. Reactor configurations
4. Thermal management
5. Vehicle integration
Stage 3: Comparative Technical Evaluation
Data from selected studies are compared using performance indicators such as:
e NH;s conversion rate
e Hydrogen purity
e Operating temperature
e Energy consumption
e System compactness
Stage 4: Gap Identification
Critical analysis is performed to identify:
o Limitations in existing reactor designs
e Lack of dynamic response studies
o Insufficient vehicle-scale validation
Stage 5: Conceptual Model Development

A conceptual on-board ammonia cracking system is proposed based on:

>,

nobCon

Ammonia Tank — Heated Catalytic Reactor — Hydrogen Separation — Engine/Fuel Cell

This model serves as a theoretical validation framework.
3.2.4 Nature of Study

e Non-experimental

e Analytical

e Technology-focused

o Engineering feasibility-oriented
3.2.5 Why This Research Design is Appropriate

This design is suitable because:
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v It allows structured synthesis of diverse studies
v Tt identifies technical limitations clearly
v It supports feasibility evaluation

v It is appropriate for review-type engineering papers

3.2 Sample and Sampling Technique

The sample for this study consists of peer-reviewed journal articles, conference papers, and
technical reports related to ammonia cracking and hydrogen generation systems. A purposive
sampling technique is adopted to select studies that specifically address catalyst performance,
reactor design, thermal management, and vehicle integration aspects. Articles published within

the last 10—15 years are prioritized to ensure technological relevance.
3.3 Data Collection

Data for this review study are collected from peer-reviewed journal articles, conference
proceedings, and technical reports related to ammonia cracking and hydrogen generation
systems. A structured keyword-based search strategy is applied across major academic
databases. Relevant technical data such as catalyst performance, reactor configurations,
operating temperatures, conversion efficiencies, and hydrogen purity levels are extracted and

organized into thematic categories for comparative analysis.
3.4 Data Analysis

The analysis of previous studies indicates that:

. Ammonia cracking is thermodynamically viable.

. Nickel-based catalysts are most practical for automotive applications.

. Reactor miniaturization remains a challenge.

. Thermal management is critical for efficiency.

. Ammonia slip control is essential for safe engine or fuel cell integration.
. Dynamic load response requires further investigation.

Overall, ammonia cracking demonstrates strong potential as an on-demand hydrogen
generation method for vehicles, but significant engineering optimization is required before

large-scale commercial adoption.
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4. Results

Ammonia cracking has significant potential to bridge the gap between hydrogen production
and practical vehicle application. With continued advancements in catalyst technology, reactor
miniaturization, and thermal management, ammonia-based on-demand hydrogen generation

could become a key enabling technology for sustainable transportation systems.
4.1 Descriptive Statistics
Catalyst performance is a critical factor influencing ammonia conversion efficiency.
4.1.1 Nickel-Based Catalysts
Most studies report that:
o Nickel catalysts provide good activity at moderate cost
o Conversion efficiencies of 85-98% are achievable at 600—700°C
e Catalyst deactivation may occur due to sintering or thermal cycling

Nickel remains the most practical catalyst for automotive-scale applications due to its

affordability and availability.

4.1.2 Ruthenium-Based Catalysts

Findings indicate that:
o Ruthenium catalysts exhibit higher activity at lower temperatures (450-550°C)
o They provide faster reaction rates
o However, high cost limits large-scale automotive use

Thus, while ruthenium offers superior performance, economic feasibility favors nickel-based

systems.
4.3 Key Findings

4.3.1 Packed Bed Reactors

Most commonly used configuration

High conversion efficiency

Simple design

Pressure drop increases with compactness
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Packed bed reactors are suitable for small-scale vehicle applications but require careful flow

optimization.

4.4.2 Monolithic Reactors

Lower pressure drop

Improved heat transfer

Better mechanical stability

Suitable for compact integration

Monolithic structures show promise for on-board hydrogen generation due to improved

durability.

4.4.3 Membrane Reactors
e Allow selective hydrogen separation
e Increase conversion efficiency by shifting equilibrium
e More complex and costly

While promising, membrane systems may currently be less practical for small vehicle-scale

systems.
5. Discussion
The analysis of previous studies indicates that:
e Ammonia cracking is thermodynamically viable.
o Nickel-based catalysts are most practical for automotive applications.
e Reactor miniaturization remains a challenge.
o Thermal management is critical for efficiency.
e Ammonia slip control is essential for safe engine or fuel cell integration.
e Dynamic load response requires further investigation.
5.1 Interpretation of Findings
The review findings suggest that:
e Ammonia cracking is scientifically validated.

e The primary barriers are engineering and integration challenges.

ISBN No: 978-81-993732-2-890 90



2" International Conference — NOBCON 2026 on Interdisciplinary Horizons — Innovation,

- - Sustainability, Al and Transformation (IC-IHITSA) <
@ UnNRE.S-IE Noble University Campus, Junagadh @
Junagadh, India, March 6 — 7, 2026 nobCon

e Nickel-based compact reactors with efficient thermal management present the most

practical pathway.
e Real-world vehicle validation is still limited.

Thus, ammonia cracking represents a promising transitional technology within the hydrogen
economy but requires focused development in compact reactor design, heat integration, and

dynamic system control before commercial automotive adoption.
5.2 Comparison with Previous Studies
Compared to previous studies, this review:
e Confirms established thermodynamic and catalytic findings.
o Extends analysis toward compact, vehicle-integrated systems.
o Emphasizes economic feasibility and practical implementation.
o Identifies dynamic load response and real-world validation as underexplored areas.

Thus, while earlier studies establish the scientific foundation of ammonia cracking, this review

shifts focus toward practical automotive deployment and integrated system feasibility.
5.3 Theoretical Implications
The review advances theoretical understanding by:
o Expanding ammonia decomposition theory to mobile, dynamic systems
o Integrating catalyst kinetics with vehicle-level operational demands
o Introducing a systems-engineering perspective into hydrogen carrier research
e Supporting ammonia’s theoretical role in the hydrogen economy framework

In summary, this study not only consolidates existing knowledge but also extends theoretical

discussions toward practical automotive hydrogen generation systems.
5.4 Practical Implications

The practical implication of this review is that ammonia cracking represents a technically
achievable and infrastructure-compatible pathway for hydrogen-powered vehicles. However,

successful implementation depends on:
o Compact reactor engineering

o Efficient thermal integration
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e (atalyst durability
o Safety management systems

If these challenges are addressed, ammonia cracking could become a realistic bridge

technology in the transition toward sustainable hydrogen mobility.
6. Limitations

This study provides a structured analytical review of ammonia cracking for on-demand
hydrogen production; however, its conclusions are constrained by reliance on secondary data,
limited real-world vehicle validation, and absence of detailed economic modeling. Future
experimental research and prototype development are necessary to validate the practical

implementation of ammonia cracking systems in automotive applications.
7. Conclusion

This study critically evaluated ammonia cracking as an on-demand hydrogen generation system
for engines and vehicles. The findings confirm that ammonia is a promising hydrogen carrier
due to its high hydrogen content, established global infrastructure, and easier storage compared

to compressed hydrogen.

The catalytic decomposition of ammonia is thermodynamically feasible and capable of
producing high hydrogen yields at elevated temperatures. Nickel-based catalysts are identified
as the most practical option for automotive-scale systems due to their cost-effectiveness and

satisfactory performance.

However, the successful integration of ammonia cracking systems into vehicles requires
overcoming several engineering challenges, including compact reactor design, efficient
thermal management, ammonia slip reduction, and system durability under dynamic operating

conditions.

Therefore, ammonia cracking represents a viable transitional technology within the hydrogen
economy, offering a potential alternative to high-pressure hydrogen storage systems, provided

that technical optimization and system-level integration are achieved.
7.3 Future Research Directions

Ammonia cracking holds strong potential as a transitional technology in the hydrogen
economy. However, its large-scale adoption in vehicles depends on advancements in reactor

miniaturization, catalyst optimization, thermal integration, and system-level validation.
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Continued interdisciplinary research combining chemical engineering, mechanical
engineering, materials science, and automotive design will be essential to transform ammonia

cracking from laboratory research into practical hydrogen mobility solutions.
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Abstract

In recent years urban mobility is rapidly shifting from traditional internal combustion (IC)
engine run vehicles to modern electric motor run vehicles due to silent operation and zero
emission. Hence, significant research is being carried out to develop next generation traction
motor for e-mobility. Amid this revolution, permanent magnet synchronous motors (PMSM)
are becoming more popular due to their high power-torque density, fast dynamic response and
extended speed range. However, these e-mobility motors are still struggling with performance
challenges such as limited drive cycle efficiency, thermal sensitivity, complex control
algorithm and high cost. The issue of optimizing motor performance becomes even more
challenging for compact electric vehicle motors. As an integral part of traction motor, stator
dimensions are directly affecting the energy density and performance characteristics of motor.
In this context, this paper presents comprehensive review of stator topologies and their
influence on traction motor performance. Moreover, review paper highlights effect of stator
design variables on air gap flux density, back EMF, cogging torque, torque ripple, noise,
vibration, size and weight. Furthermore, paper discusses the development trends and challenges

to improve energy efficiency of motors for sustainable clean e-mobility.

Keywords: E-mobility, Motor Design, Permanent Magnet Synchronous Motors (PMSM),
Stator Topologies

1. Introduction

In this modern era of technological advancement, electric vehicles are transforming the
automotive industry. Across all vehicle segments, the urban mobility industry in India have
drawn substantial attention to adopt electric passenger and cargo vehicles, due to their low
operating costs, zero emissions, and silent operation. Although two-wheeler is the prime target
segment of urban mobility electrification, three-wheeler segment is also growing tremendously

due to the implementation of government incentives. Figure 1 represents the gradual rise of

ISBN No: 978-81-993732-2-895 95



2" International Conference — NOBCON 2026 on Interdisciplinary Horizons — Innovation,

- - Sustainability, Al and Transformation (IC-IHITSA) PN
@ unNgEa.s-lg Noble University Campus, Junagadh @
Junagadh, India, March 6 — 7, 2026 nobCon

electrical vehicle in public domain and Figure 2 shows the participation of companies in
electric vehicle development in past few years, [Courtesy: Vahan Public Report, Ministry of

Road Transport & Highways (MoRTH), Government of India].

Despite promising traits, two-wheeler and three-wheeler market is hindered due to inadequate
design, development, manufacturing, testing and validation infrastructure for electric vehicles
sub-systems such as electric motor, controller and battery. Electric vehicle motor, usually
referred as traction motor, transmits tractive force on the vehicle wheels through automatic or
manual gearbox transmission system coupled to motor shaft. Operational cycles of traction
motors are quite different from traditional motors as they demand high power-torque density,
swift dynamic response, extended speed range and elevated efficiency considering compact

size, light weight and competitive cost.

Direct current (DC) motors were the choice of early stage electric vehicle manufacturers due
to their high starting torque and simple speed control. Today, alternating current (AC) motors
are reigning the electric mobility industry due to their high power density and efficiency in
extended speed-torque and speed-power range. From market perspective, original equipment
manufacturers (OEMs) are adopting alternative traction motor topologies like permanent
magnet synchronous motor, permanent magnet assisted synchronous reluctance motor,
induction motor and synchronous reluctance motor for their electric vehicle and hybrid electric

vehicle to keep balance between performance and cost.

30.0 , 120
%
= 250 5 100
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20.0 8.0
15.0 6.0
10.0 4.0 [
00 | o o | 0.0
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Figure 1 Electrical Vehicle in Registered (India) Figure 2 Electrical Vehicle Manufacturers (India)

A raw material cost comparison presented in [1] proves that for the same power, torque and
speed requirement cost of magnetic steel, winding wire and permanent magnet are the only
cost for motor topology adoption. Over the year, cost of interior mount permanent magnet

synchronous motor (IPMSM), surface mount permanent magnet synchronous motor (SPMSM)
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and permanent magnet assisted synchronous reluctance motor has been doubled due to
impulsive rise in the cost of rare earth material. Magnet free induction motors also matched the
doubled cost due to added magnetic steel and copper volume requirement to uplift reasonable
low power density (kW/kg) capacity. Cost of synchronous reluctance motors is lowest among

all owing to least copper usage in shorter core length and overhang end winding [1].

Despite, high cost of active material, permanent magnet synchronous motors (PMSM) are the
optimal choice for on-road two-wheeler, three-wheeler, four-wheeler and off-road farming
vehicles because of high power-torque density, excellent efficiency and extended field

weakening range.

Since then, many topologies have been invented for traction motor, no PMSM delivers the
absolute mobility solution. One of the main reasons for inadequacies in electric vehicle PMSM
development is the enormous number of parameter optimization. Selection of functional
parameters such as supply voltage, frequency, number of poles, number of stator slot, magnet
orientation in rotor, air gap length, current density, flux density, thermal stability, stator and
rotor diameters, stator slot type and magnet slot type may produce one operating point which
is no longer applicable to another operating point. This paper aims to present comprehensive
review on stator design trends and associated challenges of permanent magnet synchronous

motor used for urban mobility electric vehicles.

The paper is organized as follows. Section 2 reviews different stator development trends based
on topologies considering magnetic flux path, stator arrangement in motor and winding
technology. Section 3 represents direct and indirect effect of stator design variables such as
diameter, slot geometry and slot/pole combinations on performance indicators under steady
state and transient conditions. Section 4 summarizes research and development trends and
challenges to improve energy efficiency of traction motors for sustainable clean e-mobility.

Finally, Section 5 draws the conclusion.

2. Stator Configurations
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Figure 3 Classification of Different Stator Topologies of Traction Motors

Stator topologies developed for e-mobility application determine the dimensions necessary to
achieve continuous varying demand over the drive cycle. Stator of permanent magnet
synchronous motor used in traction motor differs from that of conventional motor so that it
develops power and torque to extended speed range without arbitrating thermal and mechanical
envelop limits. Different stator configurations adopted by traction motor manufacturers as

shown in Figure 3 are the geometrical design required to defeat development challenges.
2.1.  Stator Topologies based on Magnetic Flux Paths

Topology change is mainly based on structural difference employed to direct the magnetic flux
path parallel or perpendicular to shaft. In contrast to conventional radial flux stator, for peak
torque demand, axial flux segmented stator delivers high torque in extended speed range,
whereas transverse flux claw pole structure delivers highest torque in low speed range because
of different induced voltage limit restrained by number of poles in each type [2]. Dual stator
radial flux and axial flux motor with ferrite magnets exhibit the strong performance traits for
torque-power density referred to rare earth magnet motors as both stator topologies possess
adequate resilience to irreversible demagnetization of the ferrite magnets [3]. In addition, axial
flux permanent magnet motors (AFPM) deliver better performance than radial flux permanent
magnet (RFPM) motos where axial space is the constraints compared to radial space [4]. For

equal outer radial space, axial flux motor delivers 140% higher power density with 30% shorter
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length compared to radial flux motor [5]. The main reason for improved performance in AFPM

motor is the high average torque and low flux pulsation over airgap compared to RFPM [6].

i
%

=7

(a) 3D-Model (b) Flux density distribution (a) 3D-Model (b) Flux density distribution

Figure 4 Radial Flux Motor [5] Figure 5 Axial Flux Motor [5]

Transverse flux permanent magnet (TFPM) motor with lamination stator core arranged along
rotational direction presents a novel topology alongside soft magnetic composite (SMC)
material made C-type stator core topology. Modularity of lamination stator core in TFPM
motor offers huge flexibility in direct drive applications [7]. Coreless AFPM motor with
segmented combined lamination stator structure delivers better efficiency due to lower

combined iron loss [8].
2.2.  Stator Topologies based on Arrangement

Another topology difference in the stator structure is mainly determined by number of stators
used. Single stator motor and double stator motor are two design traits widely adopted in
traction applications to utilize radial space to keep tradeoff between high power density and
overload capacity in compact size. In single stator design, one stator is employed either outer
or inner side of rotor, wherein double stator design, two stators are employed on both side of
rotor. For same 36 slot/42 pole combination and stator diameters, an outer rotor structure
permanent magnet motor with double stator delivers 92% more output torque compared to
single stator due to batter permanent magnet utilization [9]. Rational power distribution
between inner stator winding and outer stator winding in double stator topology is the
fundamental design attribute usually looked after for low speed-large torque and high speed-

low torque motor [10].
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Figure 9 In-wheel Double Stator Permanent Magnet Motor [12] Figure 10 Water Cooling Circuit Arrangement [12]

Double stator improves power by 144.9% for same magnetomotive force and 77.6% for
different magnetomotive force design due to added space available for inner stator in hollow
rotor permanent magnet motor [11]. However, heat dissipation from inner stator to
surroundings through outer stator is handholding limitation for double stator motor. Water
entering from axial cooling circuit of outer stator and flowing into axial cooling circuit of inner

stator through end cooling circuit keeps thermal behaviour of motor within limit [12].
2.3.  Stator Topologies based on Winding Technology

Furthermore, stator topology difference is governed by winding technology employed to house
conductors in stator slots. A tradeoff selection between random winding and hairpin winding
is mainly carried out considering thermal stability, manufacturability and production cost. A
round aluminum conductor concentrated coil winding reduces winding loss without increasing
winding weight due to low DC winding loss [13]. In contrast to random winding, hairpin
winding delivers 27.1% more peak power density with 21.6% reduction in volume due to high
slot fill factor [14]. A continuous hairpin winding with open slot and semi magnetic wedges
deliver performance as compatible as conventional dis-continued hairpin winding [15].
Variable conductor cross-sections or segmented conductor cross-sections are the design
considerations usually adopted for hairpin winding for performance improvement and cost

effective production [16].

ISBN No: 978-81-993732-2-8100 100



2" International Conference — NOBCON 2026 on Interdisciplinary Horizons — Innovation,

= - Sustainability, Al and Transformation (IC-IHITSA) PN
w UnNeE.s-lg Noble University Campus, Junagadh >
Junagadh, India, March 6 — 7, 2026 nobCon

O ¢

a D 28 = g

b °g

] l:]:]} 2% ﬁ}&g

==8 (L) g

36 11 B
Figure 11 Conductors for Random Winding and Hairpin Winding [16] Figure 12 Hairpin Winding Configurations [16]

However, selection of different winding topologies governs the current density limits and
thermal performance of the motor. Random winding with low slot fill factor suffers from high
thermal stress but preferred in high frequency operation due to low eddy current loss, whereas
on the contrast, hairpin winding with high slot fill factor aids low thermal stress but not
preferred in high frequency operation due to complex manufacturing and high eddy current
loss [17]. In contrast, hairpin winding improves 1% efficiency for rated load and mid speed
range compared to random winding due to lower DC resistance and longer active conductor

length [18].

Figure 13 Slot Area of Hairpin, Random and  Figure 14 Current Density Distribution in  Figure 15 Current Density Distribution
Litz Winding [17] Random Winding [18] in Hairpin Winding [18]

Winding technology not only affects thermal performance at one duty point operation, but it

has great impact over complete drive cycle operation. Segmented hairpin winding reduces AC

loss up to 20% during Highway Fuel Economy Test (HWFET) drive cycle for high frequency

application. [19]. For the same target specification, hairpin winding reduces 21.6% volume,

17.4% active mass and increases 28.1% peak power density compared to random winding [20].
3. Stator Design Variables

Stator dimension optimization determines required radial space, slot geometry, slot-pole
combination and winding configuration to achieve electrical, magnetic and thermal
performance of traction motor. Design optimization not only enhances air gap flux density,

back EMF, efficiency, constant torque-speed and power-speed range but also keeps parasitic
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effects such as cogging torque, torque ripple, noise, vibration, weight and size within limit.
Stator design variables presented in Table 1 summaries performance indicators associated with

energy efficient e-mobility traction motor.
3.1. Stator Inner Diameter and Quter Diameter

Radial dimensions such as inner diameter and outer diameter are key performance indices for
flux density, current density, magnetic saturation, winding loss and temperature rise limit of
permanent magnet synchronous motor. An increased split ratio (inner diameter to outer
diameter of stator) improves power density of motor due to more available space in rotor to
embed permanent magnet accompanied by high winding loss and current density [21].
Minimum AC winding loss is one of the design attributes that mainly governs the stator
diameters. With the increase in stator diameter windling loss reduces significantly, however
following certain value winding loss increases with the increase in diameters [22]. Wherein,
small high speed application iron loss increases with all split ratio and winding loss increases
with small split ratio. 3slot/2pole motor experiences severe effect of rotor eddy current loss in
comparison to 6slot/2pole machine as split ratio increases [23]. Machine learning based
integrated logarithmic regression across variable poles (ILRVP) design framework enables

split ratio optimization for efficiency and cost in timely manner [24].
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tor tool
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Figure 16 Stator Split Ratio Scaling [25] Figure 17 Dual Stator Machine with Different Split Ratios [26]

For invariant thermal conductivity, split ratio optimization using scaling of electromagnetic
parameter and stator loss ensures extended power-speed range along with efficient utilization
of active material and magnet [25]. Hybrid magnet dual stator field modulation machine
(HMDSFMM) with split ratio combination K1 = [2, 3] delivers highest torque and back EMF
and lowest torque ripple, magnet demagnetization and saturation compared to split ratio
combinations K2 =[1, 2], K3 =[1, 3] and K4 = [2, 2] due to employment of high number of

turn, winding factor and hybrid magnet excitation [26].

ISBN No: 978-81-993732-2-8102 102



2" International Conference — NOBCON 2026 on Interdisciplinary Horizons — Innovation,

- - Sustainability, Al and Transformation (IC-IHITSA) .
@ UnNgE.s—lg Noble University Campus, Junagadh @
Junagadh, India, March 6 — 7, 2026 nobCon

Water jacket
\ 154.79 Max 156.88 Max
Stator yoke 1055 1784
/ 1w 1288
1327 11475
® e—  Winding W4 10071
Heal source 85.569 8547
= Pc __ Stator tooth 7o e
\ u or toof L 58586
Thermal resistance Pst Rs —7 a0 12542
4 30.233 Min $0.502 Min
Figure 18 Thermal Resistance Network [27] Figure 19 Temperature Distribution with Different Split Ratio [27]

Thermal resistance network (TRN) based split ratio optimization to produce maximum output
torque under allowable maximum temperature rise demonstrates increase in copper loss due to

reduced thermal resistance from coil to coolant as split ratio increase [27].
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Figure 20 External Rotor PMSM [28]

Optimization of split ratio along with rotor diameter to axial length ratio has minimum impact
on motor volume for target output torque for fixed electrical loading and magnetic loading in

external rotor permanent magnet synchronous motor (ER-PMSM) [28].
3.2.  Stator Slot Geometry

Stator slot shape and dimensions are the significant measures of electrical, magnetic, thermal
and mechanical behaviour of permanent magnet motor. Improved slot design ensures
performance attributes do not overstep the limits. Rounded semi close stator slot dimension
optimization using Taguchi method proposes set of slot geometries that achieve performance
requirement such as torque, efficiency, stator thermal load, current density, flux density, torque
ripple and noise [29]. Slot structure not only enhances the power and torque density, but it
attains nearly sinusoidal airgap flux distribution. Improved slot geometry reduces 1.97% torque
ripple, 94.21% cogging torque and increases 14.72% torque, 14.76% power and 1.85%
efficiency compared to conventional slot geometry [30]. Dipper and wider slot structure offers

low starting current and its total harmonic distortion (THD) compared to shorter and narrow
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slot structure due to more slot area available to accommodate copper for target specification
[31]. Optimized stator slot design carried out for integrated starter generator (ISG) used for
ground and aerial vehicle delivers 91% efficiency in generating mode and 52% efficiency in
motoring mode. In generating mode operation flux density reduces and leakage reactance
increases compared to motoring mode [32]. Improved leakage flux and saturation in open slot
stator topology developed for radially magnetized stator slot opening permanent magnet
(RMSS PM) machines, tangentially magnetized stator slot opening permanent magnet (TMSS
PM) and compound magnetized stator slot opening permanent (CMSS PM) machine, offers

low-speed and high-torque, wide speed range and high torque density respectively [33].
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Figure 21 Semi Closed Stator Slots [29]
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Figure 23 Stator Slot Geometry [31]

Open slot arrangement not only impacts the flux distribution, but it also eases the
manufacturing as pre-formed winding coils are effortlessly inserted in slot and some extent
improves the heat dissipation of the machine [34]. Whereas fully closed slots with all equal
tooth width (ETW) demonstrate low torque ripple compared to alternate equal tooth width
(ETW) stator topology due to symmetric tooth saturation [35].
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Figure 24 Outer Rotor BLDC based Integrated Starter Generator (ISG) [32]
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Figure 25 Stator-consequent-pole Permanent Magnet (SCPPM) with Semi-closed and Closed Slot [36]

Though semi-closed slot stator topology suffers from non-uniform airgap flux distribution and
high harmonic compared to closed slot stator topology, widely adopted due to manufacturing
ease and cost efficiency [36]. Electromagnetic force optimization through stator slot dimension
reduces maximum vibration speed of the motor by 12.2%. Vibration harmonic response model

helps to mitigate the vibration and confirms the fitness of slot structure [37].
3.3.  Stator Slot/Pole Combination

Stator slot/pole combination is the fundamental measure of flux distribution, back EMF,
torque-speed density, power-speed density, loss distribution, cogging torque and torque ripple
in permanent magnet synchronous motor. Drive cycle of high power density traction motor
used in heavy vehicle enables competent operation in both constant torque speed range (CTSR)
and constant power speed range (CPSR) due to improved field weakening control. Effective
magnet flux weakening through slot/pole combination and magnet arrangement in rotor
delivers five times extended speed than base speed [38]. However, slot/pole combination
selection is the tradeoff between motor size, cogging torque, torque ripple and radial force
constraint [39]. Given slot number, pole number greatly influences the magnet volume and

efficiency [40].
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Figure 26 Stator Slot/Pole Geometry for IPMSM [38] Figure 27 Rotor Magnet Layers [38]

High speed permanent magnet synchronous motor with 2pole proposes elevated efficiency,

high rotor structural strength and better manufacturability. Large number of stator slot and
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small air gap length significantly reduces the rotor loss [41]. Higher number of slot/pole
combination delivers smooth torque profile because of lower airgap field periodicity.
24slot/28pole combination improves range of low speed electric bike conversion kit used in
urban terrain road. [42]. Numerical value of slot per pole per phase q=1/11 produces low
vibration whereas winding configuration impact torque ripple. 72slot/66pole combination with
semi-symmetric double layer winding reduces torque ripple up to 0.129% compared to other

combination due to high winding coefficient [43].

B [tesla)

180
|
143
127

a) 6-slots b) 12-slots 11
l I 09
¢) 18-slots d) 24-slots (c)
Figure 28 Stator Slot Geometries for 2pole Motor [41] Figure 29 Stator Slot/Pole Geometry for SPMSM [45]

Slot/pole combination and permanent magnet arrangement in rotor optimization using high
fidelity numerical method identifies a unique option for material savings, loss reduction and
stable permanent magnet operation constraints [44]. Lumped parameter thermal network
(LPTN) based analysis of permanent magnet synchronous motor for marine application
suggests that for each slot/pole combination noise and vibration is more dependent on vibration
mode order than electromagnetic force magnitude. Underwater radiated noise (URN) of the
motor reduces for a slot/pole combination which generates high vibration mode order [45].
Number of poles greatly influences cogging torque and stator iron loss especially for surface
permanent magnet motor due to direct exposed orientation of permanent magnet to the stator
tooth. Effect gets worse as the speed of motor increases. Stator iron loss and magnet loss in
48slot/40pole motor is increased by 3175 Watt and 425 Watt respectively compared to

48slot/4pole motor due to increased volume of material [46].

Design variables and their impact on performance indicator presented in Table 1 shows that

how multi-dimensional design optimization approach not only achieves the target specification
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but also enables reliability, durability, scalability and sustainability for smallest 0.385 kW, 180
RPM, 3slot/2pole to largest 1.5 MW, 110000 RPM, 96slot/94pole specification. Comparison

across variables also highlight the range of values derived for permanent magnet motor used

in diverse application

Table 1 Performance Indicators Associated with E-Mobility Motor

Design
Target Specifications
Variables

35 kW, 36slot/6pole

48slot/8pole

110000 RPM, 3slot/2pole
and 6slot/2pole

18slot/20pole

10 kW, 12slot/10pole
Stator

Diameter

176 RPM,
9slot/2pole-6slot/2pole,
18slot/2pole-9slot/2pole,
18slot/2pole-6slot/2pole
and
9slot/2pole-9slot/2pole
200 kW, 40000 RPM,
24slot/2pole
30slot/28pole

14 kW, 30000 RPM,
4pole

Stator

Slot
0.565 kW, 1800 RPM

Value

Inner Diameter = 152 mm

Outer Diameter = 240 mm
Inner Diameter = 132 mm

Outer Diameter = 198 mm

Outer Diameter = 50 mm

Inner Diameter = 66 mm
Outer Diameter = 96 mm

Outer Diameter = 200 mm

Outer Stator

Outer Diameter = 140 mm

Inner Stator

Outer Diameter = 70 mm

hs0 =[0.4 0.5 0.5 0.3] mm

hsl =[---- 0.5 0.5 0.5] mm
hs2 =[8.0 8.5 8.0 8.5] mm
bs0 =

[
[1.51.51.51.5] mm
bsl =[544 4] mm

bs2 =[7 6 6 6] mm
27slot/6pole

198slot/6pole

hs0 =[0.76 0.76 0.76] mm
hsl =[2.17 ---- 2.17] mm

ISBN No: 978-81-993732-2-8107

Performance Indicators

Winding Loss (Copper Loss), Stator
Tooth and Yoke Flux Density, Current
Density, Thermal Load

Winding Loss

Winding Loss, Core Loss (Iron Loss),
Rotor Eddy Current Loss, Windage Loss,
Slot/pole Combinations, Magnet
Materials
Fill Factor, Residual Flux Density,
Average Torque, Number of Pole

Coil Turns, Fill Factor, Current Density,
Maximum Output Power as a Function of
Speed

Flux Density, Back EMF, Harmonic
Distortion, Steady State Torque, Cogging

Torque

Winding Loss (Copper Loss), Iron loss
(Core Loss), Friction Loss, Torque
Torque, Winding Loss (Copper Loss),
Iron loss (Core Loss), Efficiency, Flux
Density

Winding Loss (Copper Loss), Iron loss

(Core Loss), Friction Loss, Torque

Torque, Power, Airgap Flux Density,
Back EMF, Saliency Ratio, Cogging
Torque, Torque Ripple, Efficiency

Torque Ripple, Solid Loss, Stator

Current, Total Harmonic Distortion

Ref.

(21]

[22]

(23]

(24]

[25]

[26]

(27]

(28]

[29]

[30]

[31]
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hs2 =[29.445.0 45.0] mm | (THD)
bs0 =[3.93.93.9] mm
bsl =[11412.0 15.0] mm
bs2 =[1515 15] mm
5.6 kW, Motoring = 1000 RPM Flux Density, Efficiency, Leakage @ [32]
36slot/12pole Generating = 6000 RPM Reactance
Slot Area = [75.75 88.9
113.86] mm?
2000 RPM, | - Torque, Torque per Magnet Usage, | [33]
12slot/10pole Power Factor, Efficiency
1700 RPM, Trapezoidal Slot Temperature Rise [34]
24slot/28pole Parallel Slot
400 RPM Stator Yoke Thickness=[4 | Torque, Torque Ripple, Back EMF [35]
12slot/10pole and 44 4] mm
12slot/14pole Stator Tooth Width = [8 8
8 102 and 6°] mm
# a tooth with a coil and b
tooth without a coil
Turns per Phase = [184 92
184 184]
6slot/11pole hyoke =[5.6 4.9] mm Flux Density, Torque, Cogging Torque, | [36]
hteeth = [6.6 5.6] mm Torque Ripple, Back-EMF
hst =[3.0 3.5] mm
hspm =[2.5 3.1] mm
rsi =[57.6 59.4] mm
hr =[6.3 8.0] mm
50 kW, 1500 RPM, Tooth Width Electromagnetic =~ Force,  Vibration, | [37]
28slot/4pole Tooth Height Harmonics
300 kW (max.), 1800 Nm | Slot=[24 48 72] Torque Ripple, Efficiency, Power Factor, | [38]
(peak), 1591 RPM, 8pole | Magnet Layer =[1 2 3] Operating Region, Field Weakening Area
70 kW (max.), 42slot/8pole Cogging Torque, Torque Ripple, Radial & [39]
210 Nm (peak), 48slot/8pole Force
8000 RPM (max.) 54slot/8pole
60slot/8pole
90 kW, 1500 RPM 72slot/4pole Winding Loss (Copper Loss), Iron Loss | [40]
Stator 72slot/6pole (Core Loss), Efficiency, Reluctance
Slot/Pole 72slot/8pole Torque, Magnet Weight
7.5 kW, 30000 RPM 6slot/2pole Rotor Loss, Torque Ripple [41]
12slot/2pole
18slot/2pole
24slot/2pole
0.385 kW, 420 RPM 18slot/20pole Torque, Power, Efficiency [42]
36slot/34pole
18slot/16pole
ISBN No: 978-81-993732-2-8108 108



2" International Conference — NOBCON 2026 on Interdisciplinary Horizons — Innovation,

?-; . ObL e Sustain?\‘?ility, AI' and Transformation (IC-IHITSA) <
&” UNTYERS Ty oble Un1vers¥ty Campus, Junagadh W
Junagadh, India, March 6 — 7, 2026 nobCon
24slot/28pole

1.5 MW, 180 RPM, 12- 96slot/88pole Torque, Torque Ripple [43]

phase 96slot/92pole
96slot/94pole

14 kW (max.), 60slot/10pole Torque, Back EMF, Efficiency [44]

50 Nm (peak), 18000 72slot/12pole

RPM (max.) 96slot/8pole
Rotor Layout = [Flat V]

50 kW, 1800 RPM 48slot/16pole Torque, Back EMF, Winding Loss @ [45]
24slot/16pole (Copper Loss), Permanent Magnet Eddy
24slot/20pole Current Loss, Electromagnetic Force,

Noise, Vibration
50 kW, 1950 RPM 48slot/4pole Torque, Flux Density, Cogging Torque, | [46]

48slot/40pole Torque Ripple, Back-EMF, Winding
Loss (Copper Loss), Iron Loss (Core
Loss), Magnet Loss

4. Stator Development Trends and Challenges

Automotive market is experiencing fastest growth in urban mobility due to adoption of electric
vehicle. The main directives for growth are supportive government policies and technological
innovations. The demand for development of more energy efficient traction motor emphasis
on active research and development of new motor topology, innovative materials, precision
manufacturing and advanced testing facility. Traction motor stator development is still
challenged by tradeoff balance between high power-torque density, elevated efficiency,
extended speed, effective thermal management, compact size, light weight and lowest cost. As
the powertrain of vehicle dominates the major share of vehicle cost, efficiency directly affects
the range and so motor topology [47]. Multiphase motor (MPM) is considered as the answer to
all issues like superior power output, lower harmonic content and high fault tolerance.
However, classical motor controller topologies are not competent of operate MPM,
development of multiphase motor and controller is still a biggest challenge automotive industry

is facing [48].
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Figure 30 Multiphase Motor Development Tradeoff [48] Figure 31 Integrated Nine-Phase Drive System for EV [48]

Temperature sensing throughout operation and dynamic optimization of thermal limits during
vehicle run is very critical task. Development of motor under low thermal band and temperature
modelling techniques are still hard to overcome [49]. Prediction of accurate value of
characteristic current to determine filed weakening performance and constant power speed
range is critical. Muti-objective design optimization approach with price estimation of direct

axis flux linkage under saturation and least computation cost are the main constraints [50].

Material / Design|

White-Box
Models

Temperature-Sensitive
Electrical Parameter
Tracking

Model / Computational Complexity

A Pricri System Knowledge

Figure 32 Motor Thermal Modelling Techniques [49] Figure 33 Fractional Slot Concentrated Wound (FSCW) Motor [51]

Least accuracy in estimation of inductances due to assumptions made in conventional method
whereas high computational cost in estimation of inductances due considerations of iron core
saturation, cross-magnetization effects and variation of inductances with respect to rotor
positions are the challenges addressing the effect of saliency ratio in design optimization of
interior permanent magnet machine [51]. Low magnet energy, irreversible demagnetization
and inferior mechanical strength of ferrite permanent magnets are still cost versus efficiency
constraints holds back from using it commercially compared to rare earth based motor [52].
An unequal bridge opening method developed for spoke type ferrite permanent magnet rotor
reduces 26% torque ripple and 6% voltage THD compared to conventional skewed rotor
method. Compared to laminated rotor, 3D printed rotor performance of spoke type motor marks

100% material waste saving but, deescalated performance during high speed operation due to
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eddy current loss in rotor [53]. Electrical machines’ thermal management methods using
additive manufacturing opens new doors for design freedom and complex geometries.
However, low production rate, high cost, small size and fewer materials restrict the additive
manufacturing of all components of motor [54].

Tixi : Outer rotor Output of the air
Fixing system Feftite PMs el 3 tp
(also serves  Stator N

as an air

channel)
N\ 3

\\

Rot(;r Shaft

1
N |

Be'aring Stator \\vinding Fan glades

Femite penifanent
magnet

Figure 34 Fe-Based Outer Rotor Permanent Magnet Machine [52] Figure 35 Fe-Based Disk Type PM Machine [52]

3D printed rotor 3D printed rotor Conv. laminated rotor
(Fe-2.9wt%Si) (Fe-3.7wt%Si) (50A400)

Ferrite
magnets

Tooth winding

Figure 36 3D Printed and Traditional Laminated Rotor [53] Figure 37 Concept Design of Direct Winding Heat Exchange [54]

Interturn connection is the challenge traction motor winding technology presently facing as
large number of conductor strands needs to be handled in random winding whereas shaping,
assembling, twisting and connecting production stages needs to be handled in hairpin winding.
Both the technology involves two stage process, insulation removal and joining of conductor,
performed under different environment and temperature. Optimization of welding depth to
reduce contact resistance using infrared lasers technology enables hairpin winding adoption for

unmanned series production at a high financial cost [55].
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Figure 38 Production of Hairpin Winding [55]

heavy duty vehicle, home appliance, marine propulsion and wind applications due to short
winding overhang and high slot fill factor even though it is ineffectual to deliver low cogging

torque and uniform airgap flux distribution [56].

Figure 39 Fractional Slot Concentrated Windings [56]

Genetic algorithm base motor design approach not only improves stator performance but also
enhances rotor performance. It enables impact of small change on performance especially for
complex motor topologies [57]. Recyclable material based motor design strategy rather than
focusing on “what is technically best” without compromising the target specification is the new

development trend that can be more adaptable to urban mobility vehicle [58].
5. Conclusion

This review provides an overview of different stator development trends based on topologies
considering magnetic flux path, stator arrangement and winding technology. It also discusses
the effect of stator design variables such as diameter, slot geometry and slot/pole combinations
on performance indicators such as gap flux density, back EMF, winding loss, iron loss, magnet
loss, cogging torque, torque ripple, noise, vibration, size and weight. Furthermore, it highlights
advancements and challenges associated to material development, performance optimization
and modern manufacturing. In conclusion, a review of the literature confirms that continuous

advancements in stator topologies are occurring day by day, and these developments are
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expected to further improve the performance capabilities of permanent magnet synchronous

motors used in e-mobility applications.
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Abstract

The rapid growth of plug-in hybrid electric vehicles (PHEVs) has intensified the demand for
efficient, compact and cost-effective power electronic interfaces for on-board and off-board
charging systems. Among these, non-isolated bidirectional DC-DC converters play a critical
role by enabling controlled power flow between the battery pack and the DC link during
charging, discharging and regenerative operation. This paper presents a comprehensive
literature review of recent advances in non-isolated bidirectional DC-DC converter topologies
developed for PHEV charging applications. The review systematically categorizes
conventional and emerging converter structures, including buck—boost, interleaved, multi-
phase, switched-capacitor and coupled-inductor based topologies. Key performance metrics
such as efficiency, voltage gain, power density, component stress, ripple characteristics, control
complexity and scalability are critically analysed and compared. Furthermore, recent
developments in wide-bandgap semiconductor integration, soft-switching techniques and
advanced control strategies are discussed in the context of improving system performance and
reliability. The paper also highlights current challenges, design trade-offs and research gaps,
providing insights into future trends and potential directions for next-generation PHEV
charging systems. This review aims to serve as a valuable reference for researchers and
engineers engaged in the design and optimization of bidirectional DC-DC converters for

electric vehicle applications.
Keywords: Non-isolated bidirectional DC-DC converter, Plug-in hybrid electric vehicle

(PHEV), Battery charging systems, Bidirectional power flow, High-efficiency power
conversion, Electric vehicle power electronics.

1. Introduction
The rapid growths of the automotive sector and the increasing concerns regarding fossil fuel
depletion and environmental pollution have accelerated the development of electric mobility

solutions, particularly Plug-in Hybrid Electric Vehicles (PHEVs). PHEVs integrate both an
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internal combustion engine and an electric propulsion system, requiring efficient power
conversion interfaces between the battery pack and the DC bus. Among these interfaces,
bidirectional DC-DC converters play a crucial role in managing energy flow during charging

and discharging operations. . [1,2,3]

In recent years, non-isolated bidirectional DC—DC converter topologies have gained significant
attention due to their high efficiency, compact size, reduced cost, and simplified structure
compared to isolated counterparts. These converters enable two-way power transfer between
the high-voltage battery and low-voltage auxiliary systems, supporting functions such as
regenerative braking, battery charging and vehicle-to-grid (V2G) applications. Advanced
topologies such as buck—boost, interleaved, multi-phase, coupled-inductor and switched-
capacitor configurations have been widely investigated to achieve high voltage gain, reduced

current ripple, improved power density and enhanced dynamic performance. . [4,5]

Furthermore, modern control strategies including soft-switching techniques, digital control
methods and intelligent optimization algorithms have been integrated to improve converter
reliability and efficiency under varying load conditions. The continuous evolution of
semiconductor devices, particularly wide-bandgap materials like SiC and GaN, has further

enhanced switching performance and thermal characteristics. . [5,6]

This literature review focuses on recent advances in non-isolated bidirectional DC-DC
converter topologies for PHEV charging systems, highlighting their operating principles,

performance improvements, control techniques and research challenges.

1.1 Background

The rapid advancement of electric mobility and the growing demand for energy-efficient
transportation systems have significantly accelerated research in Plug-in Hybrid Electric
Vehicles (PHEVs). PHEVs combine an internal combustion engine with an electric propulsion
system, requiring efficient energy management between the high-voltage battery pack and the
vehicle’s DC bus. A critical component in this architecture is the bidirectional DC-DC
converter, which enables controlled power flow during charging and discharging operations. .

[7.8]

Non-isolated bidirectional DC-DC converters have emerged as a preferred solution in PHEV
charging systems due to their compact size, reduced cost, lower component count, and higher

efficiency compared to isolated counterparts. These converters facilitate essential operations
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such as battery charging, regenerative braking, auxiliary power supply, and vehicle-to-grid
(V2G) integration. As battery voltage levels and power density requirements continue to
increase, advanced converter topologies are needed to ensure high voltage gain, reduced

switching losses, low current ripple, and improved dynamic response. . [9, 10]

1.2 Research Problem

Despite extensive research on bidirectional DC-DC converters, existing non-isolated
topologies still face challenges related to limited voltage conversion ratio, high switching
stress, efficiency degradation at partial load conditions, electromagnetic interference (EMI),
and thermal management issues. Moreover, many conventional designs struggle to balance
high power density with reliability and cost-effectiveness, especially under dynamic operating

conditions typical of PHEV charging and discharging cycles.

There is a need for a comprehensive analysis of recent advancements in non-isolated
bidirectional DC-DC converter topologies to identify their performance improvements,

limitations, and suitability for next-generation PHEV charging systems.

1.3 Research Objectives

The primary objectives of this literature review are:

1. To examine recent developments in non-isolated bidirectional DC-DC converter
topologies for PHEV charging systems.

2. To compare various topologies such as buck—boost, interleaved, coupled-inductor,
multi-phase and switched-capacitor configurations.

3. To analyze modern control strategies, including soft-switching techniques, digital
control, and intelligent optimization methods.

4. To identify performance metrics such as voltage gain, efficiency, power density, ripple
reduction and switching stress.

5. To highlight research gaps and propose potential directions for future development.

1.4 Significance of the Study

This study provides a structured and comparative review of recent advances in non-isolated
bidirectional DC-DC converter topologies for PHEV charging systems. By identifying
performance trends, technical limitations and research gaps, this review contributes to the

development of more efficient, reliable and high-power-density converters. The findings are
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expected to support researchers and engineers in designing optimized converter architectures

suitable for next-generation electric mobility applications and smart grid integration.

2. Literature Review
When starting a new project on bi-directional DC-DC converters for plug-in hybrid electric
vehicles (PHEVs the first questions that usually arise are about where to begin, what methods

are available, and how to make design efficient).

Extensive research, including various IEEE papers and books, guides the way. In today’s
market, there is a growing need for PHEVs due to issues like energy security and greenhouse

gas emissions, alongside the benefits of lower electricity costs.

With advancements in battery technology, the demand for high-power off-board charging
stations has increased, enabling faster charging for drivers. Among different types of
converters, the half-bridge converter stands out for its efficiency and fewer parts compared to

other converters.

The goal is to create charging stations that not only recharge PHEV batteries quickly but also
incorporate energy storage systems, allowing them to operate effectively. As the industry
pushes towards higher electric ranges, the design of these systems becomes crucial for the

future of electric transportation.

Charge station structural engineering has been proposed, which has a DC small scale

framework to interface with numerous DC to DC chargers.

Different non-isolated  bi-directional DC to DC  converters utilized for
charge station applications. Half bridge converter is better than SEPIC, Luo and Cuk converte
r because of higher efficiency, smaller littler number of detached parts

and lower exchanging current anxiety.
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3. BIDIRECTIONAL DC-DC CONVERTER TOPOLOGY The bidirectional DC-DC
converters fills the need of venture up or venture down the voltage level between its
information and yield alongside the capacity of force stream in both the headings. Bidirectional
DC-DC converters had discovered the applications in the region of the vitality stockpiling
frameworks for Hybrid Vehicles, Uninterruptable Power Supplies and Fuel cell stockpiling
frameworks. Bidirectional DC-DC converters are employed when the DC bus voltage
regulation has to be achieved. One of the examples is power generation by wind or sun oriented
force frameworks, where there are vast vacillations in the created force as a result of the
expansive variations in the energy supply to the conversion unit (wind turbines & PV panels)
by the primary source. Along these lines, the bidirectional DC-DC converter is expected to
have the capacity to permit force stream in both the bearings at the controlled level. . [11, 12,

13]

DC/DC CONVERTER FOR
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Figure: - 1 CLASSIFICATIONS OF VARIOUS DC-DC PEC CONVERTER

3.1 NON-ISOLATED BIDIRECTIONAL DC-DC CONVERTERS
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3.2 Basically a non-isolated bidirectional DC-DC converter can be derived from the
unidirectional DC-DC converters by enhancing the unidirectional conduction capability
of the conventional converters by the bidirectional conducting switches. Due to the
presence of the diode in the basic buck and boost converter circuits shown in figure 2,
they do not have the inherent property of the bidirectional power flow. This limitation
in the conventional Boost and Buck converter circuits can be removed by introducing
a Power MOSFET or an IGBT having an anti parallel diode across them to form a
bidirectional switch and hence allowing current conduction in both directions for
bidirectional power flow in accordance with the controlled switching operation.
[14,15,16,17,18,19,20]

Figure: -2 (a) Buck Converter and (b) Boost Converter
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Buck Boost Converter

The first bidirectional topology can be directly derived from the conventional buck boost
topology by the introduction of the bidirectional conducting switch as shown in figure 3. Figure
3 Bidirectional Buck Boost Converters During step up operation Switch Q1 is conducted at the
required duty cycle whereas the switch Q2 is kept off all the time. Similarly during the step
down operation the switch Q2 is made to conduct at required duty cycle whereas the switch Q1

is always off. Small Dead time is provided during mode transition in order to avoid the cross

conductance through two switches and the converter output capacitance.
Figure: -3 Bidirectional Buck-Boost Converters
Buck Boost Cascade Converter

The second Bidirectional topology as seen in the figure 4 can be obtained by cascading the

bidirectional buck converter with bidirectional boost converter. This topology allows the output
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voltage to be either higher or lower than the input voltage depending up on the switch
combinations used and the direction of the current. For the step up operation in the forward
direction, the switch S1 is always on and S2 and S4 are always off, whereas the switch S2 is
conducted depending on the duty cycle. During forward step down operation the switch S1 is
operated with the required duty cycle and the switch S2, S3, S4 are always off. Diode D2 and
D3 are always reverse biased whereas the D3 is always forward biased. Diode D4 acts as a
freewheeling diode. Similarly in the backward step up operation, switch S3 is always on
whereas the switch S4 is operated with the required duty cycle with the diode D1 acting as a

freewheeling diode.

Figure: - 4 Bidirectional Cascade Buck-Boost Converter

Cuk Converter

Figure: -5 Bidirectional Cuk Converters

The third topology is obtained by replacing the unidirectional switches of the conventional Cuk
converter by the bidirectional switches. The resulting circuit is as shown in the figure 5. The

capacitor C acts as the main storage element whereas the capacitors C1 and C2 act as the
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coupling capacitors. It can step up or step down the input voltage like a buck-boost converter

but with inverted polarity.
Half-Bridge DC-DC converter

When the Buck and the boost converters are connected in anti parallel across each other with
the resulting circuit is basically having the same structure as the fundamental Boost and Buck

structure but with the added feature of bidirectional power flow. The below figure 6 shows the

‘“—|

=
r =

Q2 | +
D2 C2—— — VL

basic structure of the non-isolated Half-Bridge Bidirectional DC-DC converter. [6]

Figure: -6 Non-Isolated Half-Bridge Bidirectional DC-DC Converters

The above circuit can be made to work in buck or boost mode depending on the switching of
the MOSFETs Q1 and Q2. The switches Q1 or Q2 in combination with the anti parallel diodes
D1 or D2 (acting as freewheeling diode) makes the circuit step up or step down the voltage
applied across them. The bi-directional operation of the above circuit can be explained in the

below two modes as follows:

Mode 1 (Boost Mode): In this mode switch Q2 and diode D1 enters into conduction
depending on the duty cycle whereas the switch Q1 and diode D2 are off all the time. This
mode can further be divided into two interval depending on the conduction on the switch Q1

and diode D2 as shown in the Figure 6.

Interval 1 (Q2-on, D2-off; Q1-off, D2-Off): In this mode Q2 is on and hence can be
considered to be short circuited, therefore the lower voltage battery charges the inductor and
the inductor current goes on increasing till not the gate pulse is removed from the Q2 . Also
since the diode D1 is reversed biased in this mode and the switch Q1 is off, no current flows

through the switch Q1.

Interval 2 (Q1-off, D1-off; Q2-off, D2-0on): In this mode Q2 and Q1 both are off and hence

can be considered to be opened circuited. Since the current flowing through the inductor cannot
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change instantaneously, the polarity of the voltage across it reverses and hence it starts acting
in series with the input voltage. Therefore the diode D1 is forward biased and hence the
inductor current charges the output capacitor C2 to a higher voltage. Therefore the output

voltage boosts up.

Mode 2 (Buck Mode): In this mode switch Q1 and diode D2 enters into conduction depending
on the duty cycle whereas the switch Q2 and diode D1 are off all the time. This mode can
further be divided into two interval depending on the conduction on the switch Q2 and diode

D1 as shown in the Figure 6.

Interval 1 (Q2-on, D2-off; Q1-off, D2-Off): In this mode Q1 is on and Q2 is off and hence
the equivalent circuit is as shown in the Figure below. The higher voltage battery will charge

the inductor and the output capacitor will get charged by it.

Interval 2 (Q1-off, D1-o0ff; Q2-off, D2-0n): In this mode Q2 and Q1 both are off. Again since
the inductor current cannot change instantaneously, it gets discharged through the freewheeling

diode D2. The voltage across the load is stepped down as compared to the input voltage.

[21,22,23,24,25]

A comparison between the different features of the non-isolated bidirectional topologies have

been presented below: [26]

1. During step up mode, in the buck-boost bidirectional converter the rms value of the current
through the inductor and the power switches is greater by an amount equal to the output current
as compared to the buck-boost cascade bidirectional converter. Also the capacitor RMS current
also exceeds in the former case by an amount of the 1/3rd of the output current. Therefore in
the bidirectional buck-boost converter the inductor, power switches and the capacitor operate
under more thermal and electrical stresses as compared to the buck boost cascade converter

resulting in the greater power loss and also causing the saturation of the inductor core.

2. However the number of devices required by the cascade buck boost converter is twice the
number devices in buck-boost bidirectional converter. This problem can be solved by using the
Half-Bridge Bidirectional DC-DC Converter. It has the same no devices as the buck-boost
bidirectional converter and can be employed instead of the buck-boost cascade bidirectional
converter for the applications that require the boost operation only in one direction and the

buck in the other.

3. The main advantages of the half bridge bidirectional converter as compared to the

bidirectional Cuk converter is that it only requires one inductor instead of two and that too half
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the value of latter as well as the power switches ratings required for the half bridge bidirectional
converter is much lower as compared to the Cuk converter. Also the efficiency of the half
bridge converter is higher than the Cuk converter because of the lower inductor current and

therefore lower conduction as well as lower switching losses.[27,28,29]

Here half bridge converter use because of simple structure, high efficiency, low cost, high
reliability, etc. Half-bridge Converter which operates either in Buck or in Boost mode shown
in figure 6. When bi-directional DC-DC converters work in charging mode, the ratio of output
voltage Vo to input voltage Vin is lower than 1; when they work in discharging or V2G mode,
the ratio of Vo to Vin is larger than 1. Half Bridge is expected to be more efficient and it also
has less number of inductor and capacitors. Half Bridge converter is a better candidate in this

scenario.
3.2 Isolated Bidirectional DC to DC Converter

These converters can regulate a wide range of power from few watts to hundreds of kilowatts.
Galvanic isolation is required in certain applications demanding personnel safety, noise
reduction as well as proper operation of protection systems. Also certain systems require
voltage matching between the different stages for the proper design and the optimization of
different stages. Generally, voltage matching and galvanic isolation is achieved by the

transformer in a power electronic circuitry. This necessitates the requirement of the a clink for
Power Flow

Mode Ato B
 ——
Converter A . ModeBto A Converter B
DCBus A h In DC Bus B
i dc ac i
v, ' =,
- | ac de
HF
Transformer

the energy transfer. . [30,31,32,33,34,35]
Figure: -7 Basic Configuration of Isolated Bidirectional DC-DC Converter

Thus the system complexity grows up with the incorporation of all this features. Basically most

of the isolated bidirectional DC-DC converters have the structure as shown in thefig7.

This scheme requires two switching DC to AC converters operating at high frequency so as to
convert the dc input to high frequency AC quantities. Galvanic isolation between the source
and load side is provided by the high-frequency transformer. Transformer also performs

voltage matching between the source and the load side since the voltage ratio between them is
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very high. The transformer works with AC quantities and hence a DC-AC converter is required
at both the terminals. Since the system is meant for the energy transfer in both the directions,
DC to AC converters employed must have the capability of bidirectional power flow. This
converter also like the non-isolated bidirectional DC to DC converters works in two modes of

operation i.e. in buck or boost.

The isolated bidirectional DC-DC converters can be divided into two categories on the basis

of their configuration:

A current fed isolated bidirectional DC-DC converter has inductor at its terminals which acts

like a current source.

A voltage fed isolated bidirectional DC-DC converter as shown in the fig8 has a capacitor at

its terminals which acts like a voltage source.

i
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Figure: -8 Bridges Isolated Voltage Fed Bidirectional DC-DC Converter

Since the isolated bidirectional DC-DC are having more complex structure, are bulkier, costlier
and heavier than the non-isolated bidirectional DC-DC converters due to the presence of the
transformer, they are usually unfit for the HEV application. Also the overall efficiency of the
non-isolated bidirectional converters is more as compared to the isolated bidirectional
converters. Therefore, the Non-Isolated Half Bridge Bidirectional DC-DC converter is selected

for the present design.
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4. RESEARCH METHOD / METHODOLOGY:
4.1 Proposed Block Diagram of Plug-in Hybrid Electric Vehicle Charging Station

The proposed architecture of PHEV’S charge station is shown in Figure 9. Compared to
discrete AC-DC and DC-DC chargers, the proposed charge station uses higher DC distribution
bus with one high power three-phase AC-DC converter as grid interface. This architecture has
several advantages. The specific cost of high power AC-DC stage is lower than that of discrete
low power AC-DC converters if AC power distribution bus is used. The three phase rectifier
is rated for average power rather than peak power if ultra capacitor energy storage is installed
to filter the ripple power. The power of each DC-DC channel is rated for normal slow charge
rating to minimize cost. The parallel of several DC-DC stages provides a high power fast
charging channel, assuming only small portion of PHEV’s will require this service. With bi-
directional DC-DC converters, energy stored in PHEV batteries can be fed back to grid, which
is called V2G operation. An intelligent energy management system (IEMS) with wireless
Zigbee communication platform can coordinate system operation. The charge station can
provide several grid support functions such as reactive power injection, peak power generation,

harmonic current filter, and load balance .[36,37,38,39,40]

DC Link +ve
: Three phase Rectifier/
To Grid —— P
Inverter DC Link -ve
Ultra
Bidirectional DC-DC Capacitor
Converter Storage

e

PHEV/EV

Figure: - 9 Proposed Charging Station Architecture with DC Power Distribution
5. CONCLUSION

Several low cost non-isolated bi-directional DC-DC converters suited for Plug-in hybrid
electric vehicle charge station applications have been reviewed and compared. Half bridge
converter is better than Cuk and SEPIC/Luo converter because of smaller number of passive
components, lower switch current stress and higher efficiency. The topology is suitable for
high power applications, in particular for controlling the charge discharge of ultra-capacitors

that can be used in plug-in hybrid electric vehicle.
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6. FUTURE SCOPE

Interconnect with Micro grids system and smart Grids.

Implementation of bi-directional DC-DC converter in Hybrid Renewable systems.
Integration with Al and Iot.
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IOT Enable Battery Management System or EV With Real-time
Diagnostic and Thermal Control

Bhavesh P.Mahida, PG Student, Department of Electrical Engineering, Noble
University
Dharmesh Savsani, Assistant Professor, Department of Electrical Engineering, Noble
University.

Abstract: Lithium-ion batteries are widely used in electric vehicles and portable energy
systems due to their high energy density and long service life. However, improper
charging, deep discharge, and excessive current can reduce battery lifespan and create
safety risks. Continuous monitoring and intelligent protection are therefore essential

for reliable battery operation.

This paper presents the design and implementation of an Io T-enabled Battery
Management System (BMS) using the ESP32 micro-controller. The system monitors
key battery parameters such as voltage, charging and discharging current, and State of
Charge (SOC) in real time. Two INA219 sensors are used to measure charging and load
currents separately, while the MAX17043 fuel gauge IC provides accurate SOC
estimation. The ESP32 processes the measured data, compares it with predefined safety
limits, and automatically disconnects the load under abnormal conditions such as over-

voltage, under-voltage, or over-current.

The built-in WiFi capability of ESP32 enables real-time transmission of battery data
to a cloud platform for remote monitoring through a web dashboard. Experimental
results demonstrate reliable monitoring performance, effective protection response,
and stable SOC estimation. The proposed system provides a low-cost and practical
solution for enhancing battery safety, monitoring accuracy, and operational efficiency

in electric vehicle and energy storage applications.

Key Words: Io T, Battery Management System (BMS), Electric Vehicle (EV), Real-
Time Monitoring, Thermal Control, Lithium-Ion Battery, Cloud-Based Diagnostics.

INTRODUCTION:

The increasing use of electric vehicles and energy storage systems has created a strong need
for reliable battery management solutions. Lithium-ion batteries are widely used because of
their high energy density and long life, but they are sensitive to overcharging, deep discharge,

and excessive current. Improper monitoring can reduce battery life and create safety risks.
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Traditional battery monitoring systems often rely only on voltage measurement and do not
provide real-time or remote access to battery data. This limits accuracy and makes it difficult

to detect abnormal conditions quickly.

To address these challenges, this work presents an lo T-enabled Battery Management System
that continuously monitors voltage, current, and State of Charge (SOC). The system uses a
micro-controller to compare measured values with safety limits and automatically disconnect
the load when unsafe conditions occur. Real-time data transmission through WiFi allows

remote monitoring of battery performance.

The proposed system aims to improve safety, enhance monitoring accuracy, and extend battery

lifespan in electric vehicle and energy storage applications.

In addition, the use of smart control algorithms will aid in the preservation of optimal charging
and discharging cycles, which will enhance the efficiency of the cycle and prolong battery life.
The BMS is powered by the o T and it does not only provide operational reliability but helps
in conserving energy and promotes sustainable development. As more electric mobility and
renewable energy storage systems are adopted, these types of smart battery management
systems are becoming necessary in order to achieve greater performance, improved safety, and

cost efficiency in the long run.
1.2 PROBLEM STATEMENT:

The Lithium-ion batteries have become a commonplace in the current electronics and energy
systems but very sensitive to overcharging, deep discharge and over-currents. The conventional
battery monitoring does not provide an accurate State of Charge (SOC) estimation, automatic
protection and real-time remote monitoring and is primarily based on a simple measurement of
the voltage. Failure to monitor correctly may shorten battery life and pose a safety hazard (i.e.
overheating or malfunction). Thus, there is the need to create a smart, low-cost, and reliable
system based on the lo T-enabled battery monitoring and protection system with the ability to

guarantee precise measurement, safety control, and real-time cloud-monitoring.

1.3 OBJECTIVES / AIMS:
itelligent Battery Management System (BMS) with the help of the Io T technology.
ant battery parameters including current, temperature, State of Charge (So C) and voltage in real-time.
r discharging batteries, and short-circuit conditions to achieve enhanced safety.
| efficiency by appropriate charge and discharge management.

mnitoring remotely with the help of a cloud platform or a mobile application.
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cations in case of abnormal battery conditions. To cut maintenance bill by use of automated battery health

iable system that can be used in electric vehicles and in portable energy storage systems.
1.4 Significance of the Study:

The importance of this study is that it will solve the urgent issue of safe, precise, and smart
monitoring of lithium-ion batteries that have become highly prolific in electric vehicles,
renewable energy systems, and handheld electronics. The suggested Io T-based battery
monitoring and protection system will improve the battery safety by avoiding overcharging,
deep discharge, and over-current by means of automatic control of the relay. The system offers
a better State of Charge (SOC) estimation than the voltage-based approach by combining a pair
of current sensor units with a fuel gauge IC, hence more precise results are achieved. Real-time
cloud monitoring can be performed with the ESP32 having the in-built WiFi which will save
the reliance on expensive GSM based systems as well as such a system will provide the ability
to monitor the system remotely. This enhances efficiency in operations, access to data and
reliability of the system. In sum, the research paper helps to create a low-cost, intelligent, and
expandable Battery Management System (BMS) capable of increasing the battery life,
improving the safety, and can facilitate the advancement of the contemporary Io T-enabled
energy applications.

2. LITERATURE REVIEW:

Battery Management Systems (BMS) play a critical role in maintaining the safety and
reliability of lithium-ion batteries used in electric vehicles and energy storage applications.
These batteries provide high energy density but require careful supervision due to their

sensitivity to overcharging, over-discharging, and excessive current flow.

Earlier monitoring systems mainly focused on measuring terminal voltage and current using
micro-controllers such as Arduino. In many cases, State of Charge (SOC) was estimated using
voltage-based approximation. However, lithium-ion batteries exhibit non-linear voltage

characteristics under varying load conditions, which limits the accuracy of such methods.

To improve SOC estimation, researchers introduced charge-based techniques such as coulomb
counting and algorithm-based estimators. While these methods improved precision, they often

required higher computational complexity and calibration effort.

With the development of Io T technology, battery monitoring systems evolved toward remote

supervision. WiFi-enabled controllers allow real-time data transfer to cloud dashboards,
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reducing dependency on GSM modules and lowering communication costs. Despite these
improvements, many systems either focus only on monitoring or only on protection, with
limited integration of accurate SOC estimation, dual current sensing, and cloud connectivity
within a single low-cost platform.

2.1 Theoretical frame work:

The proposed work is grounded on the principles of lithium-ion battery Elect Chemistry, laws
of electrical measurements, integrated control systems, and the Internet of Things ( Io T)
communication. Lithium-ion batteries can work in the safe voltage range (3.0 V 4.2 V) and the
battery may be damaged in case of poor charging or discharging. Current sensing techniques
are utilized to measure voltage, current and power using Ohm Law of current ( V=1 x R) and
Power Law (P = V x I). A model-based fuel gauge algorithm rather than an easy voltage
measurement is used to get accurate state of charge (SOC) estimation. The ESP32 micro-
controller uses the theory of embedded system control to measure battery parameters and
compare them with the safety thresholds and manage a relay to protect the battery. The lo T
communication theory is applicable in the provision of real-time data to the cloud, where data

is monitored and analyzed remotely.
2.2 Previous Study:

The previous types of battery monitoring systems used micro-controllers such as Arduino to
measure voltage and current. The majority of the systems estimated battery charge level by
some early voltage-based mechanisms which were not particularly accurate. GSM modules
were also utilized by some researchers to make remote monitoring, although they were
expensive and had low real-time data visualization. The latest works have proposed Io T-driven
monitoring over WiFi and highly sophisticated fuel gauge IC s in order to achieve increased
precision. Nevertheless, this type of system with the combination of accurate SOC estimation,
dual current sensing, automatic protection, and Io T monitoring are not present in many current

designs at a single low cost.

2.2 Research Gap:

Although several battery monitoring solutions exist, many lack a balanced integration of
monitoring accuracy, automatic protection, and remote accessibility. Voltage-based SOC
estimation remains common despite its limitations. In addition, some systems rely on costly

GSM communication or lack real-time cloud visualization.

<> There remains a need for a compact and economical system that integrates:
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Accurate SOC estimation
Separate measurement of charging and discharging currents

Automatic protection against unsafe conditions

R R

Real-time IoT-based monitoring

This work aims to address these limitations within a single unified framework

2.3 Existing System:

The current battery monitoring device relies on sensors attached to a micro-controller like
Arduino U no that is able to detect voltage, current, and temperature of the battery. The data
obtained was shown locally through LCD displays. To send alert messages to the users, a GSM

module is occasionally used.

Despite the fact that this system offers simplified monitoring, it is faced by a number of
limitations which include limited storage of data, slow communication, and lack of real-time
monitoring of the cloud. Moreover, the current systems do not have automatic load protection
and high levels of integration with Io T, which makes them less effective in the contemporary

applications.
2.4 Proposed System:

The propose system presents a smart monitoring scheme, which is an IoT based solution based
on an advanced sensor and wireless communication device. The battery will be a lithium-ion,
and the sensing modules will include the MAX17043 and INA219 sensors. These are sensors
which monitor voltage and current parameters. ESP32 microcontroller receives sensor data and
transfers it to an loT platform via Wi-Fi connection. A relay unit is used to cut off the load in
unsafe battery conditions. The charging module is a TP4056 which guarantees safe battery
charging. The system allows users to track the performance of the battery remotely via mobile

applications.
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FIGURE-1. PROPODED SYSTEM MODE

2.5 COMPONENT SPECIFICATION:
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FIGURE-2 SPECIFICATION OF COMPONENET
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3.0 Methodology

The methodology is subdivided into six stages:
» Step 1: Hardware Design

All the components are inter-linked in an appropriate manner with 12C protocol and controlled
power supply.
» Step 2: Sensor Data Acquisition.

ESP32 reads:
Charging current from INA219-1
INA219-2 discharge is current.

SOC from MAX17043
» Step 3: Data Processing

ESP32 calculates:
Voltage

Current

Power

Battery percentage

Safety thresholds are compared to values.

» Step 4: Protection Mechanism Should unsafe condition be realized:

Relay OFF Load disconnected
» Step 5: o T Communication ESP32 is used to connect to WiFi and transfer data to IOT
platform.

» Step 6: Testing & Validation System tested under:
Charging condition

Discharging condition

Low voltage condition

3.1 System Architecture/Design
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DC Motor
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Power Supply Layer Processing & Control Layer Protection Layer

FIGURE-3 SYSTEM ARCHITECHURE
The proposed system consists of five major layers:
3.1.1 Power Layer
18650 Lithium-ion Battery (3.7V)
TP4056 Charging Module

TP4056 offers constant current - constant voltage (CC -CV) charging and provides
safe battery charging.

3.1.2 Sensing Layer

INA219 Sensor 1 (Charging current)

INA219 sensor no.2 (Discharging current)
MAX17043 Fuel Gauge

IC The sensing layer is continuously monitoring:
Voltage

Current

Power

Battery percentage (SOC)

3.1.3 Processing Layer

ESP32 Microcontroller
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The ESP32 performs:

The acquisition of sensor data through 12C.
Data processing

Safety comparison

Relay control

[oT communication

3.1.4 Protection Layer

Relay Module

The relay breaks the load below:

Low voltage (<3.0V)

Overvoltage (> 4.2V)

Overcurrent condition

3.1.5 IoT Communication Layer

WiFi (Built-in ESP32)

Instant battery parameters are sent to the cloud and monitored remotely.
3.2 WORKING PRINCIPLE:

The proposed Lithium-Ion Battery Monitoring and Protection System based on the IoT will

work in the following way:

the system will constantly monitor the battery parameters, including voltage, charging current,
discharging current, and State of Charge (SOC), and upon having an unsafe situation, it will
automatically protect the battery. The 18650 lithium-ion battery is first charged with the help
of TP4056 charging module that operates in accordance with the Constant Current Constant
Voltage (CCCV) principles to provide complete safety during charging up to 4.2V. Two
INA219 current sensors are used during operation to measure the charging current and load
(discharging) current respectively. The MAX17043 fuel gauge IC also includes an internal
Model-gauge algorithm that then calculates the correct battery percentage (SOC). All sensor
data is sent to the ESP32 micro-controller through the 12C communication (SDA and SCL
lines). ESP32 receives the data collected and compares it with the set safety limits. In case

some abnormal condition is identified, e.g.: Low voltage (< 3.0V) Over-voltage (> 4.2V) Over-
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current condition to prevent the battery damage, the ESP32 is used to turn the relay module on
and off to disconnect the load. At the same time, the ESP32 is connected to the Io T cloud
platform with the help of the inbuilt WiFi module that transmits real-time battery data, which
can be remotely monitored and analyzed. Thus, the system ensures: Constant review of battery.

Intelligent protection Accurate SOC estimation IoT supervision in real-time.
FIGURE-4 WORKING OF PROPOSED MODEL

4.0 Result/Finding:

Experimental Results The Lithium-Ion Battery Monitoring and Protection System proposed on

WA

the basis of o T was ¢ éctually put to practice and its funétionality was demonstrated in various
operational conditions, such as charging mode, discharging mode, low voltage condition and

overload condition.
4.1 Voltage Monitoring:

This system was found to measure battery voltage in the range of operation that was 3.0V to
4.2V accurately. As the charge commenced, the voltage was gradually increasing and the right
value was shown on the o T dashboard. The charging process was safely controlled when the
voltage was 4.2V. At the point where voltage was less than 3.0V, the relay automatically DE-

energized the load.
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FIGURE-5 VOLTAGE MONITORING CHART
Finding: The voltage monitoring system was accurate, and threshold-reactive.
4.2 Current Measurement:

INA219 Sensor 1 was able to measure charging current.
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FIGURE-6 BATTERY CHARGING CURRENT MEASUREMENT CHART

INA219 Sensor 2 had correct discharging (load) current measurement.
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FIGURE-7 LOAD CURRENT MEASUREMENT CHART

Normal load conditions were stable and consistent with regards to current readings

FIGURE-8 NORMAL LOAD CURRENT MEASUREMENT CHART

Finding: Dual current sensing enhanced the levels of monitoring and provided the ability to

distinguish between the discharging and charging mode.
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FIGURE-9 BATTERY PERCENATGE MONITORING CHART

The estimation of state of charge (SOC) is presented in 1.3. MAX17043 gave the correct
readings of battery percentages. Even when the load changed, SOC values did not change. As

compared to voltage-based approximation, SOC estimation was more accurate
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5.0 Discussion:

The proposed Lithium-Ion Battery Monitoring and Protection System based on IoT was created
to address the constraints of the traditional battery monitoring systems. According to the results
of the experiment, the system can be characterized as a reliable system in terms of monitoring

accuracy, safety control, and real-time communication.
5.1 Monitoring Accuracy

Dual INA219 current sensors integration was found to significantly enhance the accuracy of
the current in the measurement of charges and discharging currents. This is contrary to the
conventional systems which operate on the voltage mode alone, where the proposed system
isolates the charging and load current to take place separately. This offers an improved analysis
of the behavior of the battery in different operating conditions. The accuracy of the State of
Charge (SOC) estimation was increased with the use of the MAX17043 fuel gauge IC. The
non-linear discharge nature of lithium-ion batteries causes the estimation of SOC based on
voltage to give wrong percentages of the battery. Nevertheless, the algorithm of the fuel gauge
ensured consistent and steady SOC values when there were alterations in the load. This

validates the fact that intelligent SOC estimation enhances the general monitoring reliability.
5.2 Protection Performance:

The protection mechanism was a relay that reacted successfully to insecure conditions
including low voltage, over-voltage, and over-current. In testing, the system was able to
disconnect the load at voltages less than 3.0 V and preclude deep discharge. The reason is that
profound discharge lessens battery life and can have an irreversible effect on lithium-ion cells.
Correspondingly, over-current detection safeguarded the circuit against high flow of current to
avoid overheating and breaking of the component. The reaction speed of the relay module and
ESP32 was quite rapid enough to avoid dangerous scenarios. Accordingly, the automatic

protective system increases the safety of operation and battery life.
5.3 Internet of Things Communication Efficiency:

ESP32 was used with inbuilt WiFi which enabled real-time transfer of data to the Io T cloud
platform. WiFi communication ensured that the cost of operation was lower and the data was
updated faster, compared to GSM -based systems. The continuous monitoring of battery
parameters was provided through remote monitoring without physical presence. The Io T

dashboard enabled the visualization of the voltage, current, SOC, and load status. This is an
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advantage that enhances user convenience and aids the process of data analysis to analyze

performance.
5.4 Reliability of the System and Economical

It utilized the cheap and readily accessible ESP32, INA219, TP4056, and MAX17043 as the
overall system. Although the system was cost effective, it had high monitoring precision and
intelligent protection. Arduino based on the suggested system has the following advantages
compared to standard Arduino -GSM systems: The suggested system has superior SOC
estimation. It offers dual current measurement. It allows monitoring of the cloud in real-time.
It minimizes the cost of communication. Thus, the system is performance-safety, and cost-

efficient.
5.5 Limitations:

there were few shortcomings noted:

< Temperature check had not been provided.

< The system was evaluated using a single cell battery.
< Multi-cell packs Cell balancing was not introduced.
<> This did not have long-term battery health prediction.

< Such limitations are subject to improvement in the future.

6.0 CONCLUSION / SUMMARY:

An Io T-enabled lithium-ion battery monitoring and protection system has been successfully
developed and tested. The system continuously measures voltage, current, and State of Charge

using dedicated sensing modules and processes the data through an ESP32 micro-controller.

The integration of dual current sensors improves monitoring precision, while the fuel gauge IC
enhances SOC reliability. The automatic relay protection mechanism safeguards the battery

under abnormal conditions such as low voltage and over-current.

Real-time WiFi-based monitoring enables remote access to battery performance data, making
the system practical and cost-effective for electric vehicle and energy storage applications. The
proposed design demonstrates improved safety, accuracy, and operational efficiency in

comparison with conventional monitoring systems.

6.1 Summary of Key Findings:

<> The system is precise in the measurement of battery voltage in the safe operating range
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(3.0V -4.2V).

<> Dual INA219 sensors enhance the setting of the monitoring accuracy because charging and

discharging currents are measured separately.

<> Compared to the voltage-based fuels reading, the MAX17043 fuel gauge is more reliable

and stable in providing SOC estimation.

< The relay module is suitable to break the load in case it is exposed to unsafe conditions,

avoiding battery damage. ESP32 provides real-time internet of things remote monitoring

via WiFi. The suggested system is cost-effective and efficient compared to the traditional

Arduino- GSM monitoring systems.

<> Smart sensing and automatic protection increase the life of the battery and its operational

safety.

7.1 FUTURE SCOPE:

Adding temperature sensors to help regulate heat on the battery and keep it cool or
eliminate overheating.
Battery health prediction and fault detection: Implementation of Artificial Intelligence

(Al) and Machine Learning (ML).

Scaling up of the system to support multiple-battery cell or battery packs against
electric vehicles and energy storage systems.

Creation of a mobile app that would notify and alert in real-time to overcome distance
monitoring and control.

Combination with renewable energy sources like solar systems and smart grid

technology to use as smart energy management applications.
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Abstract:

Consensus mechanisms are fundamental to blockchain systems, enabling secure and
decentralized agreements among distributed participants. However, the integration of Artificial
Intelligence (AI) imposes additional performance pressures, including latency, scalability, and
computational overhead. This study investigates the performance trade-offs of major consensus
mechanisms—Proof of Work (PoW), Proof of Stake (PoS), Delegated Proof of Stake (DPoS),
and Byzantine Fault Tolerance (BFT)-based protocols—within Al-integrated blockchain
environments. Employing a comparative review methodology, we evaluated the influence of
consensus design on throughput, fault tolerance, communication complexity, and
decentralization. The analysis revealed the key strengths and limitations of each protocol under
Al-driven workload. The findings indicate that while certain mechanisms enhance efficiency,
they often compromise decentralization or increase the coordination costs. The study concludes
that no single consensus approach fully addresses all the requirements of Al-enabled

blockchain systems, underscoring the need for context-specific protocol evaluations.

Keywords: Artificial Intelligence Integration, Blockchain, Consensus Mechanisms,
Distributed Systems, Performance Trade-offs

1. Introduction:

Blockchain technology has emerged as a transformative framework for decentralized data
storage and secure transaction processing (Shaikh et al., 2025). Using a distributed ledger,
blockchain enables multiple participants to maintain a shared and tamper-resistant record
without relying on a central authority (Shen et al., 2025). Initially popularized by
cryptocurrencies such as Bitcoin, it has since expanded into sectors including supply chain
management, healthcare, and financial services because of its transparency and security. At the
same time, advances in Artificial Intelligence (AI) have enabled automation and intelligent
decision-making in data-driven environments (Merrad et al., 2022). However, Al applications,

such as predictive analytics, autonomous systems, and machine learning, require high
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throughput, low latency, and rapid data access, placing significant performance demands on

the underlying infrastructure.

Integrating Al with blockchain offers benefits such as improved trust and auditability through
immutable records of training data and model decisions (Merrad et al., 2022). Nevertheless,
blockchain consensus mechanisms, which are designed primarily for security and
decentralization, often introduce performance limitations (Sun et al., 2025). Protocols such as
Proof of Work (PoW) and Proof of Stake (PoS) differ in efficiency and energy consumption,
yet both involve trade-offs that may affect real-time Al applications. For example, consensus-
induced delays in decentralized finance (DeFi) platforms can slow transaction finality and
impact their responsiveness (Zeydan et al., 2025). Although interest in Al-blockchain
integration is increasing, few studies have systematically evaluated consensus performance
under Al-specific workload demands (Shaikh et al., 2025). This study addresses this gap by
comparatively analyzing major consensus mechanisms and their trade-offs in Al-integrated
environments.

II. Literature Review :

The study of blockchain consensus mechanisms has evolved significantly as distributed ledger
technologies have matured, and their use cases have expanded beyond cryptocurrency to data-
driven and Al-enabled applications (Zhou et al., 2023). Consensus protocols determine how
network participants agree on the blockchain state, thereby affecting critical performance
metrics such as throughput, latency, security, and decentralization. Recent surveys have
highlighted that these mechanisms exhibit intrinsic trade-offs, where improvements in one

performance aspect often lead to compromises in another aspect.

One comprehensive review categorized consensus mechanisms according to their performance
orientation, examining high throughput, strong security, low energy consumption, and scalable
designs (Shaikh et al., 2025). This analysis reveals that achieving high transaction processing
rates frequently comes at the expense of decentralization or increased communication
overhead. For example, mechanisms designed for high throughput may limit the number of

participating nodes, thereby impacting decentralization and reducing latency.

Comparative studies further underscore the complexity of consensus selection, noting the
absence of standardized benchmarks that can consistently evaluate protocols under uniform

conditions (Shen et al., 2025). Such research contrasts conventional mechanisms like Proof of
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Work (PoW) and Proof of Stake (PoS) with alternatives such as Delegated Proof of Stake
(DPoS), Proof of Authority (PoA), and Proof of Capacity (PoC), documenting that PoW’s high
security and decentralization come with significant energy costs and low throughput, whereas

PoS and its variants offer improved efficiency but may introduce centralization risks.

Quantitative evaluations also illustrate variations in the practical performance of the protocols
(Merrad et al., 2022). Under controlled loads, energy consumption and decentralization metrics
differ significantly, with mechanisms such as DPoS showing low energy demand and high
throughput but reduced decentralization compared with PoW. These findings emphasize that
protocol performance is context-sensitive and depends on the protocol’s specific operational

requirements.

Taken together, the literature confirms that consensus mechanisms cannot deliver optimal
performance across all metrics (Shaikh et al., 2025). Instead, each protocol embodies a set of
trade-offs, necessitating an informed selection based on the demands of a particular application
domain. This review provides a foundation for evaluating such trade-offs in Al-integrated
blockchain environments, where performance requirements may diverge further from those of
traditional blockchain applications.

III. Methodology :

This review uses a comparative analysis approach to examine the performance trade-offs of
key blockchain consensus mechanisms in the context of Al-integrated systems (Shaikh et al.,
2025; Zhou et al., 2023). Rather than conducting experiments or simulations, this study
synthesizes performance insights reported in the existing technical literature to evaluate how
different consensus protocols behave under Al-related workloads (Shen et al., 2025; Merrad et

al., 2022).

The literature considered in this review includes research articles and conference papers that
discuss the performance characteristics of consensus mechanisms in blockchain systems.
Sources were identified by searching major academic databases using relevant terms such as
blockchain consensus, proof-of-work performance, proof-of-stake latency, Byzantine Fault

Tolerance throughput, and consensus performance in distributed ledger systems. After the
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initial retrieval, the full texts were examined to extract information related to the performance

metrics of interest (Shen et al., 2025).

To compare consensus mechanisms meaningfully, this review adopts a structured analytical
framework that focuses on several core performance factors relevant to Al-integrated
applications. These factors include:
e Throughput, referring to the rate at which transactions or blocks are validated
e Latency indicates the time delay involved in reaching an agreement (Zhou et al.,
2023).
e Fault tolerance reflects resilience to node failures or adversarial behavior.
e Communication complexity represents the messaging overhead among network
participants (Shaikh et al., 2025).
e Decentralization describes the distribution of decision-making authority across

nodes (Zeydan et al., 2025; Andrews et al., 2025).

Each consensus mechanism is evaluated with respect to these factors based on the evidence
and observations presented in the literature review. This framework highlights the trade-offs
that arise when consensus protocols are employed in Al-driven environments with performance
requirements.

IV. Overview of Consensus Mechanisms :

In blockchain systems, consensus mechanisms are protocols that enable distributed network
participants to agree on the validity and order of transactions without relying on a central
authority (Zhou et al., 2023). These mechanisms play a central role in determining
performance, as they influence the transaction throughput, latency, decentralization,
computational demand, and communication complexity. Understanding the fundamental
operations and trade-offs of common consensus protocols are essential for evaluating their

suitability for Al-integrated blockchain environments.

1. Proof of Work (PoW) :
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Proof of Work was the first widely adopted consensus mechanism and remains a benchmark
for decentralized systems (Shaikh et al., 2025). In PoW, nodes (commonly called miners)
compete to solve cryptographic puzzles; the first to solve the puzzle earns the right to validate
the next block and receives a reward. This competition ensures strong security because
attacking the network requires controlling the majority of the computational power, which
making malicious behavior costly. However, the computational intensity of PoW translates to
high energy consumption and a comparatively low transaction throughput. Under increasing
load conditions, PoW systems can struggle to maintain efficiency, with energy use rising
substantially as the transaction processing demand grows. These traits render PoW less suitable

for latency-sensitive or high-throughput artificial intelligence (Al) applications.
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Figure 1. The process of random number search in Bitcoin PoW (adapted from (Zhou
et al., 2023)).
2. Proof of Stake (PoS) :

Proof of Stake was developed as an energy-efficient alternative to PoW (Merrad et al., 2022).
Instead of computational puzzles, validators are selected based on the amount of
cryptocurrency they stake as a collateral. This reduces the need for intensive computation and
lowers energy consumption. PoS generally offers improved throughput and reduced latency

compared with PoW. However, the security and decentralization of PoS depend on the
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distribution of stakes among validators; if a few entities hold most stakes, decentralization may
diminish over time. PoS has gained prominence in modern blockchain networks, including
major platforms that have transitioned from PoW to PoS to improve scalability and efficiency.

3. Delegated Proof of Stake (DPoS) :

Delegated PoS enhances PoS by introducing a voting layer in which token holders elect a
smaller set of delegates to produce blocks (Shaikh et al., 2025). This reduces the number of
active validators, enabling faster consensus and higher transaction throughput compared to
PoW and standard PoS. However, streamlining the validation set also concentrates power
among fewer participants, potentially reducing decentralization and creating governance
challenges for digital currency. Although DPoS can achieve high-performance levels that are
beneficial for applications requiring rapid transaction confirmation, it carries trade-offs in
terms of network decentralization and trust assumptions.

4. Byzantine Fault Tolerance (BFT)-Based Protocols :

BFT-based consensus mechanisms, such as Practical Byzantine Fault Tolerance (PBFT), are
designed to tolerate a defined number of faulty or malicious nodes while providing rapid
finality (Sun et al., 2025). In these protocols, validators exchange messages in multiple rounds
to reach an agreement, making them suitable for permissioned or consortium blockchains.
However, the communication complexity of BFT mechanisms typically increases rapidly as
the number of participants increases, which can increase the latency and limit scalability. Such
protocols are effective when the number of participants is controlled and trust boundaries are
known; however, they may be less efficient in large open networks.

5. Alternative and Hybrid Approaches :

Beyond the core mechanisms, hybrid models attempt to combine the strengths of various
protocols (Andrews et al., 2025). For example, some systems integrate elements of PoW and
PoS to balance security and efficiency, while emerging consensus designs leverage variations
such as Proof of Authority (PoA) or reputation-based methods to optimize specific
performance aspects. Although these alternatives can offer improved throughput or lower
energy costs under certain conditions, they often introduce compromises in decentralization or

trust assumptions that must be considered in their implementations.
Summary :

No single design optimizes all performance metrics simultaneously across all consensus

mechanisms. PoW excels in decentralized security but suffers from energy intensity and low
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throughput, whereas PoS and DPoS improve efficiency at the cost of potential centralization.
BFT-based protocols provide fast finality under controlled conditions but are challenged by
communication complexities in larger networks. These characteristics underscore the
importance of analyzing performance trade-offs when evaluating consensus protocols for Al-
integrated blockchain systems.

V. Performance Trade-off Analysis :

This section compares the major blockchain consensus mechanisms by focusing on key
performance metrics that are particularly relevant for supporting Al-integrated applications.
These metrics include throughput, latency, security, decentralization, and the
communication overhead. Each consensus design makes trade-offs between these factors
under various conditions (Shaikh et al., 2025).
i. Throughput Trade-Offs :
v" Proof of Work (PoW) :
e Very low throughput (=7 TPS in Bitcoin).
e Computationally intensive mining slows down the creation of block.
e Suitable when security and decentralization are prioritized over speed.
v Proof of Stake (PoS) :
e Moderate throughput (~15-250 TPS for certain networks).
e No mining competition — faster block times than PoW mining.
v Delegated Proof of Stake (DPoS) :
e High throughput (hundreds to thousands of TPS).
e Fewer active validators lead to faster block finality.
e Trade-off: decentralization decreases as the validator count is limited.
v" BFT-Based Protocols :
e Moderate throughput in permissioned settings.
e This is better for systems with fewer validators.

e The communication overhead increases with the number of nodes.

ii. Latency Trade-Offs :

Latency refers to the time required for a transaction to be finalized in the system.
v PoW:

o High latency is due to mining difficulty and confirmation requirements.

o For example, the average block time for Bitcoin is 10 minutes.

v PoS and DPoS :
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o It has a much lower latency than that of PoW.
e Quickly selected validators reduce the waiting time.
o DPoS often achieves faster finality because of limited delegates.
v" BFT Variants :
e Low latency in smaller networks is also a challenge.
e Multiple message rounds ensure fast consensus but hinder scalability.
iii. Security vs Performance Trade-Offs :
v PoW:
e High security due to computational difficulty.
o [t is resistant to many attack types but can suffer 51 % attacks in small
networks.
v" PoS/DPoS:
o Security depends on token distribution or delegates.
o [Itis less energy-intensive than PoW, but security assumptions differ.
v" BFT Protocols :
o Strong fault tolerance for the known participants.
o Suitable for permissioned environments but with limited scalability.
iv. Decentralization vs Efficiency Trade-Offs :
v PoW:
e Most decentralized: Any node can mine.
e Efficiency suffers because of competition among miners.
v PoS:
e Moderate decentralization depending on stake distribution.
e [tis improved efficiency over PoW.
v DPoS:
e Lower decentralization is due to limited validator sets.
e Itis highly efficient in terms of throughput and latency.
v BFT:
e Decentralization is limited by controlled validator lists.

e Efficient where participants are known and trusted.
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Figure 2. Comparison of decentralization among major consensus mechanisms

(adapted from (Shaikh et al., 2025)).
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Key Observations :

To quantify the comparative performance of the consensus mechanisms, we adopted the
selected computed results from the study by (Shaikh et al., 2025). Table 1 summarizes key
metrics such as decentralization levels, security scores, scalability ratings, and energy
consumption factors across the widely studied protocols. These empirical indicators illustrate
the fundamental performance trade-offs when integrating consensus protocols into Al-centric

blockchain ecosystems.

Table 1. Performance Characteristics of Consensus Mechanisms (Adapted from

(Shaikh et al., 2025))

Metric PoW PoS DPoS
Decentralization 10,000 1,000 21
(nodes)
Security (0-1) 0.95 0.85 0.80
Scalability Low Moderate High
Energy Factor 0.10 0.01 0.001
(kWh/txn)
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e Throughput increases as decentralization decreases; DPoS achieves high TPS but
limits validator diversity.

e Latency improves when competition is reduced; PoS and DPoS offer faster block
times than PoW.

e Security is the strongest consensus that requires extensive validation efforts such as
PoW and BFT protocols.

e Communication overhead becomes a bottleneck in large validator networks — BFT

- based designs.
Implications for Al-Integrated Systems :

Al workloads often require higher throughput and lower latency for real-time data processing.
Consensus mechanisms that improve speed and efficiency (such as PoS or DPoS) are more
suitable than PoW. However, this often comes with reduced decentralization or altered security
assumptions, which must be carefully considered for sensitive or trust-critical applications.

V1. Discussion :

Many studies have proven that consensus protocols involve unavoidable trade - offs between
major performance metrics, which determine how well a mechanism handles different
situations. First, consensus protocols that prioritize security and decentralization, such as
Proof of Work (PoW), generally yield inferior results in terms of speed and energy
consumption. Several comprehensive studies have disclosed that the computationally intensive
nature of PoW limits its throughput and leads to long confirmation times, which makes it less

compatible with real, time Al applications (Merrad et al. , 2022).

Second, alternatives such as Proof of Stake (PoS) and Delegated Proof of Stake (DPoS) offer
improved efficiency by reducing the computational burden and accelerating consensus.
However, the literature notes that these mechanisms may weaken decentralization due to
validator selection processes and potential stake concentration, illustrating another trade-off

between performance and distribution of control (Shen et al., 2025).

Third, protocols based on Byzantine Fault Tolerance (BFT) deliver fast finality and strong fault
resistance in smaller networks but become less scalable as communication overhead increases
with more participants, indicating that performance benefits can diminish in larger distributed

environments (Zhou et al., 2023).
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Finally, this study emphasizes that no single protocol satisfies all requirements simultaneously.
Instead, the consensus choice should be driven by the specific performance priorities of the
target application, such as high throughput and low latency for AI workloads versus high
security and decentralization for public trust systems (Zeydan et al., 2025).

VII. Conclusion:

This review examines the performance trade-offs of major consensus mechanisms in Al-
integrated blockchain environments through a comparative analysis of Proof of Work (PoW),
Proof of Stake (PoS), Delegated Proof of Stake (DPoS), and Byzantine Fault Tolerance (BFT)-
based protocols. The findings highlight that consensus mechanisms inherently balance
competing objectives, such as throughput, latency, security, decentralization, and energy
efficiency, and no single approach optimizes all metrics simultaneously. PoW ensures strong
security and decentralization but suffers from low throughput and high energy consumption,
making it less suitable for latency-sensitive Al applications. In contrast, PoS and DPoS enhance
efficiency and scalability but may reduce decentralization due to validator concentration, while
BFT-based protocols provide rapid finality in smaller networks but face scalability limitations
caused by communication overhead. For Al-driven systems that require fast processing and
frequent coordination, consensus selection must align with specific application requirements.
Overall, understanding these inherent trade-offs supports more informed and context-aware

design decisions for integrating blockchain technology with Al-enabled applications.
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Abstract

With the accelerated development of the Internet of Things (IoT), healthcare monitoring
systems changed dramatically, since now they allow gathering physiological information and
even diagnosing remotely in real-time. This research paper gives a design and
operationalization of an IoT-based body parameter monitoring system that enables the
application of multiple biomedical sensors and a cloud storage system to perform continuous
health monitoring. The proposed system employs an ESP32-S3 WROOM microcontroller as
the central processing unit, interfaced with AD8232 (ECG), OLSP001 (BPM/Sp0O:), and
DHTI11 (temperature and humidity) sensors to acquire vital physiological signals. This data is
processed, converted to the JSON format, and sent over Wi-Fi to Google Firebase, a real-time
cloud-based scalable database that allows the instant retrieval and the visualization of the data

with the help of web or mobile dashboards.

Evaluation ECG and heart rate, oxygen saturation, and temperature data were accurately
obtained with a low latency of less than 500 ms and a mean error of less than 97 per cent in
experimentation. The modular architecture of the system allows having new sensors to
integrate with the system with ease, and allows remote patient monitoring, telemedicine, and
emergency alert functionality. Although the system has issues on power consumption,
calibration of sensors, and reliance on networks, it is a cost-effective and energy efficient
system that provides security in continuous health monitoring. The proposed solution explains
why the IoT-cloud convergence can foster accessible, preventative, and data-driven healthcare

provision.

Keywords: IoT-based health monitoring; ESP32-S3 WROOM; ADS8232 ECG sensor;
OLSPO001 pulse oximeter; DHT11 sensor
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1. Introduction

The recent years have been characterized by the advent of Internet of Things (IoT) to nursing
revolution, which is introducing the way patient information is obtained, passed on, and
measured. [oT-enabled biomedical systems can be continuously tracked regarding health status
and remotely diagnosed and early-detect physiological abnormalities, which will result in
reduced dependence on care provided at the hospital and offer individual healthcare solutions
(Rahman et al., 2022). These systems work with smart sensors and microcontrollers that can
detect physiological data that point to detecting things such as heart rate, body temperature,
oxygen saturation and transmit this in real time to cloud servers where it can be archived and
processed (Patel and Patel, 2023). The IoT together with the cloud computing has consequently
provided an infrastructure that is decentralized and cheap during real time surveillance of health

and decision making.

Traditional healthcare systems are more likely to apply their records by relying on their manual
measurements and offline data collection which is time-consuming, subject to error and will
not be able to allow continuous monitoring (Singh et al., 2021). With the emergence of low-
power embedded systems and the ESP32-S3 WROOM microcontroller in particular, real-time
acquisition, as well as wireless data transmission, is now affordable and feasible as well
(Sharma and Kumar, 2023). The ESP32-S3 WROOM is equipped with a two-core processor,
Wi-Fi, and Bluetooth connection, and integrates many biomedical sensors, which is why it
appears to be the optimal choice in the application of the 10T in health management. It can
work with an array of sensors simultaneously because of its computing capability and energy

efficiency and offer reliable connectivity to the clouds (Nayak et al., 2022).

This research paper will use various bio-medical sensors in the process of monitoring essential
health vital parameters. The AD8232 module is combined with the device to record cardiac
electric to generate an electrocardiogram (ECG) and detect a cardiac anomaly (Jadhav et al.,
2021). The OLSPOO1 optical sensor will be used to measure pulse rate and blood oxygen
saturation (SpO2) as the primary indicators of the well-being of the circulation system, as well
as respiratory systems (Kumar and Sahu, 2023). The sensor is DHT11 that will track the body
temperature and the humidity in the environment, which are essential to finding out the effect
on the body of metabolic and environmental factors (Goyal et al., 2020). All of them will
provide a complete physiological profile depiction of the user and the outcomes are processed

by the ESP32-S3 WROOM to coordinate it with the cloud.
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Data management is also another factor that is significant in the IoT healthcare systems. Google
Firebase is employed as the data storage and visualization cloud service in order to be scalable
and enable access. Firebase offers synchronization of the real-time database, secure
authentication, and API based structure that enables unceasing interaction between the device
and the cloud (Patel et al., 2024). The architecture enables the healthcare professionals or users
of physiological data to access it remotely on the web or mobile dashboard. In addition,
Firebase can log and analyze data, and they can be then integrated with Al algorithms to make

predictive health checks (Das et al., 2022).

The main aim of the proposed research is to develop and introduce an loT-based body
parameter monitoring system that could record physiological data in real-time, store it in a
cloud server, and remotely visualise it. The proposed system will also offer an effective,
affordable, and permanent health monitoring platform by utilizing the computation power of
the ESP32-S3 WROOM and the scalability power of Firebase to the cloud environment. There
has been potential applications of it in remote patient monitoring, telemedicine, geriatrics, and
post-surgical health tracking-areas in which real-time, accurate and non-invasive monitoring is

needed.
2. Literature Review

The blistering development of the Internet of Things (IoT) and embedded electronics has
greatly changed the situation in the modern healthcare system. [oT allows using a combination
of biomedical sensors, communication modules, and cloud storage that helps to conduct
constant monitoring and diagnosis without having to physically visit the clinic (Mahajan et al.,
2021). These systems are aimed at ensuring high-quality, affordable, and real-time evidence of
physiological information that healthcare experts and patients can use to optimize disease

detection and treatment (Jain et al., 2022).
2.1 IoT in Healthcare Surveillance

The IoT-based healthcare systems are built around three main components: (1) sensing
components that miniaturize the physiological signals, (2) processing components i.e.
microcontrollers or microprocessors that process and format the data, and (3) communication
components that transmit the data to the cloud-based platforms or medical servers (Mishra &
Rathore, 2020). The combination of sensors like ECG, SpO., temperature, and heart rate

monitors allows for a holistic understanding of a patient’s health status. According to current
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studies, wireless data transfer and real-time synchronization to cloud services, e.g., Google
Firebase, AWS IoT, and ThingSpeak, is crucial to provide easy access to visualizing the data

and store it in the long run (Patel et al., 2023).
2.2 10T Health Systems Microcontrollers

Microcontroller selection is important in deciding on the system performance, scalability, and
power efficiency. The first platforms early adopted in prototyping of the IoT health systems
were Arduino and Raspberry Pi, but due to their power consumption and high cost, they were
ineffective in wearable and portable systems (Singh and Sharma, 2021). ESP8266 type of the
microcontroller enhanced connectivity via Wi-Fi inclusion and had inadequate GPIOs and

processing capacity to manage numerous sensors concurrently (Das et al., 2022).

The ESP32-S3 WROOM, which is an improved variant of ESP32, eliminates these limits with
the dual-core architecture, integrated Wi-Fi and Bluetooth LE support, and is equipped with
inbuilt Al acceleration capabilities (Nayak et al., 2023). Its fast processing speed and numerous
ADCs are important to use it in biomedical signal capture like an ECG or pulse oximetry.
Research has established that the IoT devices based on ESP32 have a lower latency and data
throughput compared to previous modules (Rathore et al., 2021).

2.3 Sensor Technologies and Artificial Accuracy of Data

Several biomedical sensors are applied in the process of monitoring essential body parameters.
The ECG signal acquisition is popularized by the AD8232 through its small front-end structure
that minimizes the motion artifact and noise (Ahmed and Alhassan, 2022). The optical ones
are OLSP001, or MAX30100 that measure pulse rate and oxygen saturation using
photoplethysmography (PPG) (Kumar and Sahu, 2023). DHT11 sensor is a basic device that
provides reliable temperature and humidity readings that are significant in examining

physiological variations in the environment (Goyal et al., 2020).

Several researchers have attempted to incorporate these sensors within one system of IoT. To
illustrate, Meena et al. (2022) developed a patient tracking system that operated on Arduino
UNO and Bluetooth connection but lacked an external storage on the cloud. Sharma and Verma
(2023) also came up with a temperature and pulse monitoring system based on the ESP8266-
AB but it was intended to be integrated with ThingSpeak; it suffered limitations because of low

sampling rate and was not done in the form of ECG.
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2.4 Cloud Platforms and Data Management

The available volume of biomedical data can be managed using cloud computing which is a
scalable and available infrastructure. Google has developed an IoT-friendly real-time cloud
platform known as firebase, which is becoming more popular in health monitoring systems
because it can be easily built on microcontrollers and mobile applications (Patel et al., 2024).
It functions with the database types that are based on JSON format and update the information

in real-time on all the associated gadgets.

It is reported that in comparison of Firebase and ThingSpeak or AWS 10T, Firebase can provide
a lower latency and improved real-time synchronization with small to medium data payloads
(Khalid et al., 2023). Also, its integration with Android apps allows monitoring health remotely
with the help of visualization dashboards (Chauhan et al., 2022). In spite of all these benefits,
such issues as information safety, authentication, privacy compliance are essential factors in

IoT systems in healthcare (Islam et al., 2021).
2.5 Summary and Research Gap

Based on the literature review, it can be concluded that health monitoring systems built on the
concept of the IoT have significantly developed throughout the last ten years. Nevertheless, the

current models usually have weaknesses concerning:

a. Absence of multi-sensor monitoring of the body,

b. Scalability of cloud storage or visualization in real-time, and
c. Lack of standardized data security and encryption systems.

To address these gaps, the present work proposes an ESP32-S3 WROOM-based IoT
architecture integrating multiple biomedical sensors (ECG, BPM, SpO., temperature) with
Firebase cloud storage for real-time visualization and historical data management. The
proposed system focuses on low-cost design, high-accuracy, and seamless wireless
connectivity, which brings out a scalable system to be used in remote monitoring of the patient

and in telemedicine applications.

Table 1. Comparison of Existing loT-Based Health Monitoring Systems
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Controller Sensors

Author (Year) Cloud Platform Key Limitation
Used Integrated
Arduino Temp, HeartNone (Local

Meena et al. (2022) No remote access

UNO Rate Display)

Sharma & Verma

ESP 8266  Temp, Pulse  |ThingSpeak Low sampling rate
(2023)

Ahmed & Alhassan

Raspberry Pi ECG, SpO- AWS IoT High power use

(2022) Y s

Heart Rate, Limited sensor
Rathore et al. (2021) [ESP 32 ThingSpeak )

Temp interface

ECG, SpO2, High accuracy, cloud
Patel et al. (2024)  |[ESP32-S3 Firebase

Temp enabled

3. System Architecture and Design

The IoT-based body parameters monitoring system, which is proposed, incorporates several
biomedical sensors with the ESP32- S3 WROOM microcontroller to gather, nurture and
forward physiological data to Google Firebase cloud to be visualized and stored in real-time.
This system architecture is based on the three-layers model which includes: (1) sensing layer,
(2) processing and communication layer, and (3) cloud storage and application layer (Mahajan

etal., 2021).
3.1 System Overview

The sensing layer forms the foundation of the system and includes three types of biomedical
sensors: the AD8232 ECG module for cardiac signal acquisition, the OLSP001 optical sensor
for heart rate and oxygen saturation (SpO:), and the DHT11 sensor for body temperature and
ambient humidity. These seniors are chosen due to their reliability, low power consumption as
well as compatibility with 3.3V logic systems. The ESP32-S3 WROOM is the processing and
communication chip that obtains the data of the sensors via its ADC (Analog-to-Digital

Converter) and GPIO interfaces (Nayak et al., 2023).
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The ESP32-S3 performs ESP32-S3 processing that raw sensor data are processed and signal
conditioned (filtering and normalization of ECG signals), and data are formatted into objects
in JSON format. It sends the processed information securely to the Firebase Realtime Database
using its in-built Wi-Fi module through HTTP requests using the HTTPS protocol (Patel et al.,
2024). Firebase is selected due to low latency and scalability as well as the capability to offer

instant synchronization with various client interfaces like Android applications or web

dashboards.
3.2 Hardware Architecture

Figure 1 demonstrates the block diagram of the entire system with sensor inputs being

connected to ESP32-S3 controller that creates wireless communications with Firebase cloud.

The AD8232 ECG module is an analog device that is connected to electrodes via analog pins,
which measures bio-potential differences between electrodes placed on the chest of the user

providing an output as a filtered signal that is the cardiac rhythm (Ahmed & Alhassan, 2022).

The OLSP001 sensor (or MAX30100/30102 equivalent) connects via the I?C interface to
measure blood oxygen saturation and pulse rate using red and infrared LEDs (Kumar & Sahu,

2023).

The DHT11 sensor has an input and an output digital maximum memory known as a GPIO pin
that can be connected to a frequency counter to send periodic temperature and humidity
measurements. The ESP32-S3 WROOM has power pinned through a regulated 5V USB and
also has onboard voltage regulated 3.3V logic on all its connections. Microcontroller also has
built-in overcurrent and short-circuit protection to make sure that it is reliable to use in portable

or wearable conditions.

Goog
Fireba

ECG OUT

AD8232
ECG Sensor

8882
>§0

OLSP001
Sensor

DHTM1
AD8232
[ECG Sensor
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Figure 1. Schematic diagram of the proposed loT-based physiological monitoring system
integrating ESP32-S3 WROOM with ECG (AD8232), BPM/SpO. (OLSP001), and

temperature-humidity (DHT1 1) sensors connected via Wi-Fi to the Google Firebase cloud.
3.3 Software and Data Flow

Firmware for the system is developed in Arduino IDE using C/C++ libraries for each sensor

and Firebase integration. This program will run in three major phases:

a. Data Acquisition: The acquisition of ECG, heart rate and temperature data is done

periodically by the microcontroller with adjustable intervals.

b. Data Processing: The ECG signals undergo noise filtering and analog-to-digital conversion

in order to guarantee clean generation of waveforms.

c. Data Sending: ESP32-S3 can send the data packets to the Firebase database via Wi-Fi
connecting the device, which will provide high reliability in terms of the least delay and

secure connection (Rathore et al., 2021).

The Firebase dashboard allows visualizing the real-time health measures (heart rate, oxygen
saturation, temperature changes, etc.). It is also possible to retrieve the data to further analysis

or incorporate it with the machine learning algorithms to predict analytics.

3.4 Component Summary

Component Function Interface Type |Operating Range
Main controller and Wi-Fi

ESP32-S3 WROOM GPIO, ADC, I’'C 3.3V
module

ADS8232 ECG _ o
Heart signal acquisition Analog +3.3V

Sensor

OLSP001 Sensor  |BPM & SpO: measurement IC 3.0-3.6V

DHT11 Sensor Temperature & Humidity Digital 3.0-5.0V
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Firebase Cloud Data storage and visualization =~ HTTP/HTTPS

The ESP32-S3 WROOM was chosen due to its dual core architecture, in-built Wi-Fi/BLE and

3.5 Design Rationale

low-power nature, which provides a tradeoff between performance and size. It is also
compatible with Google Firebase that provides real-time access to information about health
and secure storage in the cloud. Contrary to conventional systems that are constrained by wire
networks or storage on-site, the architecture offers around-the-clock monitoring, which is why
it can be used in telemedicine, elderly care, and post-surgery health monitoring (Jain et al.,

2022).
4. Software Implementation

The proposed system of body parameter monitoring via [oT is implemented in the software as
the priority is on the efficient data collection, preprocessing, and transmission to the cloud in
the real-time. The firmware is developed using the Arduino IDE, written in embedded C/C++,
and leverages open-source libraries for sensor communication and Firebase integration. The
general principle will consist of an intermittent sampling of physiological information, signal
conditioning, and a systematic alert of sensor information to the Google Firebase Realtime

Database.
4.1 Firmware Workflow

The firmware is designed based on the modular style and has three key activities, involving
sensor data acquisition, data processing, and cloud communication. When the system is first
started, the ESP32-S3 WROOM connects to the Wi-Fi and uses the WiFi.h library, connects to
the Firebase database and uses the FirebaseESP32.h library and starts to continuously monitor
the data. Sensor readings are acquired at defined intervals- ECG data at 250 Hz, SpO: and BPM

every second, and temperature/humidity every 2 seconds.

The analog input pin reads the ECG signal in real-time in raw as output of the AD8232 module.
A moving-average filter is used to eliminate noise and motion artifacts. The OLSP001 optical
sensor communicates via the I?C bus, returning red and infrared light absorption data, which is

processed using a pulse-oximetry algorithm to calculate heart rate and oxygen saturation
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(Kumar & Sahu, 2023). The sensor is DHT11 that uses a digital one-wire protocol, and it

reports temperature and humidity values in real-time (Goyal et al., 2020).

After processing sensor data, a labeled key-value pair object (["ECG, "BPM, "SpO2, Temp,
"Humidity, "Timestamp]) is created in the format of a JSON format object. This JSON response
is subsequently sent through the HTTPS POST requests in the Firebase database on a unique
user ID node. Firebase automatically reflects the cloud dashboard and in real-time can be

visualized and viewed through Android or web connections (Patel et al., 2024).
4.2 Data Flow Description

The data flow of the software is described in Figure 3. The ESP32-S3 will bring the sensors
online, measure the physiological data, filter and organize data, and send it to Firebase. This
data is then synchronized across all the clients that are connected to Firebase and could be

monitored by many people at the same time using the real-time database.

Key steps:

a. Initialization: Firebase authentication and Wi-Fi setup.

b. Acquisition: Continuous sampling from ECG, SpO:, BPM, and DHT11 sensors.

c. Processing: Filtration and feature extraction (ECG peaks, BPM calculation).

d. Packaging: JSON packets are created to be sent to the clouds.

e. Transmission: Firebase secure HTTPS data upload.

f.  Visualization: Information presented through a mobile/web dashboard in real-time.
This chain provides low latency, high reliability and scalability of the data management.

4.3 Firmware Components

Execution
Module Library Used Function
Frequency
Establishes network
Wi-Fi Setup WiFi.h o Once at boot
connectivity
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. AnalogRead(), |[Samples ECG signal from
ECG Reading 250 Hz
filters ADg232
~ |Wire.h,
SpO2/BPM Reading Reads pulse & oxygen levels |1 Hz
PulseSensor.h
Temperature & Captures environment/body
o DHT.h Every 2 s
Humidity temp
Firebase
o FirebaseESP32.h |Uploads data in JSON format |Real-time
Communication
Detects disconnection or failed
Error Handling Custom module Continuous
upload

4.4 Error Treatment and Optimization

The firmware has error detection routines in order to provide reliability within the system. In
case of Wi-Fi or Firebase failure, the ESP32-S3 will save the readings in the local memory and
will resummit every half-hour (30s). The microcontroller is also used to provide non-blocking
delays (timer-based) so that data collection and data transmission can be run simultaneously.

Dynamic frequency scaling and regular deep-sleep cycles

are used to optimize the power used by the system when

[ Sensor Initialization
idle (Rathore et al., 2021).

The modular design can be extended in the future with the

firmware, including adding machine learning algorithms to Data Acquisition

identify abnormal patterns or the addition of MQTT

A

protocol to communicate with several nodes. The ultimate
[ Filtering j

outcome is an inexpensive, low energy consumption, and

scalable IoT platform that will be able to perform

continuous health monitoring.

JSON Packagmg

Figure 2. Software data flow of the IloT-based body

monitoring system showing sequential processes - sensor

initialization, data acquisition, filtering, JSON packaging, Firebase Transmission

Firebase transmission, and real-time visualization.

5. Results and Discussion
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The physiological monitoring system developed using IoT was put into testing in order to
determine its performance, accuracy, and real-time performance in terms of data transmission.
The ESP32-S3 WROOM was interfaced with AD8232 (ECG), OLSP001 (SpO2/BPM), and
DHTI11 (temperature-humidity) sensors. The whole system was capable of recording the
physiological data and sending them to the Google Firebase Realtime Database over the Wi-Fi

with a minor delay.
Experimental set up and procedure

Testing was performed in a controlled indoor environment at 25°C with stable Wi-Fi
connectivity (2.4 GHz, 20 Mbps). Healthy subjects had electrodes to the chest area (RA, LA,
RL) of the ECG. The SpO: sensor was clipped to the index finger, while DHT11 measured
ambient and body-adjacent temperature. All the tests took 15 minutes and the values of all

parameters were sampled continuously.

The system logged data at distinct rates- ECG at 250 Hz, SpO./BPM every 1 s, and
temperature/humidity every 2s. The information was concomitantly presented in the Firebase

dashboard (Figure 2) as well as in the database to be analyzed retrospectively.
5.2 Performance and Observations of system

The performance of the individual sensor modules are shown in Table 2. The signal received
at the ECG was compared with the AD8232: P, QRS, and T waves had an identifiable signal
in the serial plotter and on the Firebase dashboard (Figure 1). The measured heart rate (BPM)
and oxygen saturation (SpO:) values from OLSP0OO0I1 closely matched commercial medical-

grade instruments, with mean absolute errors below 2%.

There was high repeatability in both temperature and humidity readings and the overall cloud
of the system respond time was less than 500 milliseconds to all readings, which means that it
is very much in the real time. Figure 3 shows the relative latency between the Firebase upload
and local serial display of 50 data samples in one sequence with the same results of sub-second

response times in the cloud.

Table 2. Sensor Module Performance Evaluation
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Observed Response Time

Parameter Sensor Used Accuracy (%)
Range (ms)

ECG Signal ADS8232 0.2-3 mV 98.5 4

Heart Rate (BPM) OLSP001 55-110 BPM  [97.8 800

SpO:2 (%) OLSP001 94-99 % 98.6 900

Temperature (°C) DHTI11 28-38 °C 96.5 1200

Humidity (%) DHTI11 40-65 % 95.3 1200

Figure 3. ECG Waveform Output
5.3 Data transferring and synchronization of the clouds

Firebase cloud storage was also characterized by consistent synchronisation between the gadget
and the dashboard with no lost packets. Both sensor nodes made a distinct, time-marked, entry-

JSON, which could be easily

visualized in the form of trends. 1% Real-time ECG Waveform
. . 1.2

Figure 2 shows the Firebase

~ 08
dashboard  displaying ECG E oal
waveform, SpO., BPM, and % 00l

w
temperature in real-time. With Q-0.2

1]
this architecture, the cliniciansor | -04
users have the chance to access 061

. _08 - L L L 1 !
the data remotely  with 0.0 2.0 4.0 6.0 8.0 8.0 10.0
. Time (s)

authenticated accounts. Real-time ECG Waveform

10.0

The system was evaluated using the latency of the system, the packet loss, and the uptime in
comparison to the other models reported before of loT monitoring (Table 3). The ESP32-S3

Firebase alliance attained a better latency and dependability score.
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Figure 4. Firebase Dashboard Output
Table 3. Comparative Analysis with Existing loT Systems
Data
Cloud Average
System Reference Controller Accuracy Remarks
Platform Latency (ms)
(%)
Sharma & Verma
ESP 8266 |ThingSpeak|1350 95.2 Slower updates
(2023)
Ahmed & Raspberry '
' AWS IoT (910 96.8 Higher power use
Alhassan (2022) |Pi
Fast, stable, energy
Proposed System ESP32-S3 Firebase (480 98.3

efficient
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Figure 5. Latency Comparison Graph
5.4 Discussion

These findings are reassuring that the suggested system is an efficient, precise and
apprehensive technique of remote health monitoring. This dual-core performance of ESP32-S3
was able to process multi-sensor input commandingly with minimal lag, which was reinforced
by Firebase real-time database because it facilitated easy data synchronization among devices

(Patel et al., 2024).

The AD8232 ECG recorded was free of noise owing to the fact that the analog filters worked
effectively which demonstrates that the system is indeed clinically relevant as far as detecting
alterations in the heart rhythm is concerned. Also, pulse and oxygen measurements of
OLSPO001 sensor were reliable and consistent in users, which confirms the validity of optical

sensing algorithm.

It supports a system latency of less than 0.5 seconds (mean) to support almost real-time remote
updates necessary in emergency or telemedicine systems. Due to the modular design, it is also

possible to add new sensors (ex: BP or glucose) and predictive Al analytics to predict a disease.

On the whole, it is seen that the system has high reliability, precision and scalability and fulfills

the key criteria of a real-time internet of things monitoring solution to healthcare monitoring.
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6. Applications

The suggested system of [oT-controlled body sensing is widely applicable in the contemporary
healthcare environment, as it provides non-invasive, real-time, and continuous physiological
measurements. The system facilitates the process of medical intervention that is based on data,
via the integration of several biomedical sensors with the cloud technology, the system
provides an effective tool in the environment of connection between patients and medical

professionals.
6.1 Remote Patient Monitoring

Remote patient monitoring (RPM) is one of the most drastic applications of this system. The
integration of ECG, heart rate, SpO-, and temperature sensors allows for continuous assessment
of vital signs without requiring hospital admission. The system posts real time data to Google
Firebase where the readings are available immediately to the healthcare providers. This ability
is especially important to those patients who have undergone heart operations or are already
diagnosed with chronic complications like blood pressure and diabetes. The data trends of
continuously monitored data will enable the early detection of anomalies, which is likely to

occur prior to an emergency scenario and decreasing hospital readmission (Patel et al., 2024).
6.2 Telemedicine Systems

The development of telemedicine depends on the exchange of real-time data between
physicians and patients based on reliable information. The proposed architecture supports
seamless cloud integration, ensuring physicians can remotely analyze ECG waveforms, SpO:
variations, or body temperature patterns. Such IoT-based systems in combination with video
consultations can be used to provide more accurate diagnoses and decrease the number of visits.
Also, real-time update option of Firebase cloud platform has the ability to ensure simultaneous
data visualization on mobile applications or web portals, thereby closing the divide between

patients in rural regions and the medical specialists in urban areas (Jain et al., 2022).
6.3 Tracking of Elderly and Chronic patients

Older patients or the ones with chronic illness are exposed to physiological instability and thus
the need to be monitored constantly. The IoT-based system enables the family members or

caregivers to keep track of various parameters through a mobile dashboard. Alert mechanisms
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can be integrated within Firebase to trigger warnings when physiological readings exceed
threshold values (e.g., SpO2 < 92% or abnormal heart rhythm). These proactive surveillance
systems play a great role in improving patient care and facilitating self-care among the older

generation.
6.4 Integration of Emergency Alert System

The other aspect through which the system can be applied is as part of an emergency alert
infrastructure. The system may also be auto-programmed to identify critical conditions
(arrhythmia or hypoxia) in the firm-ware or Firebase database and issue alerts or SMS to the
registered customers or health care providers within proximity. It could also be coupled with
the GPS modules to provide location based response to emergencies. It is first of all in cases
of patients of the heart, the athletes subject to training, or the condition of remote place and

where the medical attention is few.
6.5 Research Applications and Public Health

Beyond clinical use, anonymized and aggregated data of such IoT systems can be used in the
fields of public health analytics and biomedical research. Live feeds of different populations
can aid to spot the trends and in determining the impact of lifestyle and aid Al-based
epidemiology models. Thus, not only the personal healthcare performances are being

improved, the system contributed to the greater issue of the population healthcare knowledge.
7. Challenges and Limitations

Though very efficient, the proposed system faces a number of technical and operational

challenges that need some additional optimization.
7.1 Power and Battery Limitations

The most important limitation is power consumption since ESP32-S3 WROOM and also other
embedded sensors ensure that dedicated portions of the device operate in a localized mode,
constantly capturing data and transmitting it via Wi-Fi, which is highly destructive to battery-
powered implementation. Although ESP32 supports power saving modes, field deployment

even on a long term basis would require rechargeable or high capacity battery options.

7.2 Sensor Calibration and Noise

ISBN No: 978-81-993732-2-8181 181



2" International Conference — NOBCON 2026 on Interdisciplinary Horizons — Innovation,

- - Sustainability, Al and Transformation (IC-IHITSA) <
@ UnNRE.S-IE Noble University Campus, Junagadh @
Junagadh, India, March 6 — 7, 2026 nobCon

Biomedical sensors and the AD8232 ECG in specific case to motion artifact, lead breakage and
electromagnetic interference. It is important that it be regularly calibrated to be accurate. Signal
filtering (both hardware and software) can eliminate noise, but excessive filtering may result
in the divergence of diagnostic characteristics of a waveform at significantly increased costs to

the validity of diagnostics.
7.3 Network Dependency and Data Security

Wi-Fi connectivity is vital in real-time synchronisation with Firebase in the system. Latency
can be experienced or the data can be lost in the low-bandwidth setting. Moreover, since
medical data is confidential, the Firebase utilization should be boosted in regards to security
and privacy with the help of encryption, limited authentication, and data processing that meets

HIPAA requirements.
7.4 Scalability

Although Firebase is good at the single-user setting, getting it to the multi-user or hospital tier
presents a challenging database management issue, concurrency, and real-time load handling.
The next step that needs to be done in the future work is centered on distributed architecture

and dynamic user management to overcome the issue of scalability.
8. Future Scope

The suggested IoT architecture has a number of technological advancement opportunities and

new research integration.
8.1 Adaptation with AI/ML to Anomaly Detection

Real-time sensor data can be analyzed with the help of artificial intelligence and machine
learning, and there is a chance to detect abnormal ECGs patterns and the initial symptoms of
cardiovascular diseases. The predictive analytics that are deployed on the cloud may also notify
users or physicians prior to the clinical symptoms appearing and enhance preventive healthcare

(Nayak et al., 2023).
8.2 MQTT Protocol and Node-RED Dashboard

By using the MQTT protocol and a Node-RED dashboard, the effectiveness of the transmission

of data and the scale of the system would increase. In contrast to HTTP-based Firebase uploads,
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the publishsubscribe structure of MQTT minimizes the latency and bandwidth consumption

and is suitable in large-scale deployment of the IoT.
8.3 Patient and Doctor Access Mobile Application

An app connected to Firebase and specifically created on a mobile platform can be very
practical on the part of the patient and medical care experts. Patients have the ability of tracking
personal health history, and doctors have the ability to view longitudinal data, be alerted, and

handle numerous patients at a time.
8.4 GPS and Motion sensor integration

The inclusion of GPS and accelerator modules can widen the opportunities of tracking activities
and locating emergency situations inside the locality. This would permit the automatic
identification of accidents or falls in geriatric patients and transmit the current geolocation

information in real-time to ambulance units or relatives.

The combination of these technologies allows the system to develop into a universal smart
healthcare system, combining IoT sensing and Al analytics in predictive and personalized

medicine.
9. Conclusion

This work successfully demonstrates an IoT-based multi-sensor body monitoring system that
integrates ECG, BPM, SpO-, and temperature sensing with the ESP32-S3 WROOM controller
and Google Firebase cloud platform. The system has the right physiological data acquisition in
real time, low-latency and cloud synchronization, and user-readable visualization of obtained

data through web and mobile dashboards.

The system provides an effective and affordable and highly scalable remote healthcare service
particularly in telemedicine, elderly health or crisis monitoring and long distance care due to
its dependable communications architecture and its modular nature. Although issues like sensor
calibration, power consumption and data security are still present, the overall functionality

justifies its applicability to real-life use.
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As the system is integrated with Al-driven analytics and mobile access, the system can
transform the digital health monitoring process because it can provide instant access to the

information-rich, continuous, and patient-centered healthcare in a digital format.
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Abstract
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oflost B2l sLAHT A clott HIRRA R ugll Ho3cEl A 3oLAl USSIRA 8l B.
oflost E2loll slAEA Wal wetlRell HaAllR t oAt dlanell uel staciits (1A wetstiRu
ASloll Aeitlo] AUSR U Sl 5 UL Slal Al A staARURLe] U[del 58l 2sl2L. clctot
(AWeq], AslA, AR WRAAL Mol UR0Ue] AdRL A SlARRUe] AdRU B. As
dRg olall AUl drtcllo] ol RAR UL Réclle] B. Al 6l dRg &l ARAAL UR,2UM, clclat,
AOU aslell, ¢, Bal, Ars(R, Arglq, eunl, W, sctill H2ell BAW B, AZHLAHI
AU AW Al Sl B, el el UL AW A5 AAEot- [AUR collal Mot cndll
2% 8. WlAURUE -ollot ARAI o2 Bled2Uat oll Wl Aol RRA UL U (s A SlRURLS]
Az B.@

YO % YEAML dAcll Hiolal Aol YEAML A2 RUR liotl dHIM decll doll A0l
AUA D, AR A Aot Acdlct Ucll HIZ uaAs AUl 52 O, ul AUl suRs Al
UMl U Al Uit 2l 8. dl saRs del Aclct ol Ut Wcllall cctotoll 2l
& €2l 10l Uiy 23U GUAL A B, LA 51 URL Y%A cloll cl5el B JsRAcdoll 6lslR
UREAM ¥l clA B R A SlARWRL %Al A3 WA 8. Al Aol 4l AUl
AdA staARWRA oAl UldeA sdclu B,

wgAglAAEA URRUA 2ALAL xRl Udta cllB A ldct Adtctal W s ol UM
Yl 220 B, ez 2l sl Ul stall U Al (AUl wal s et URRA[QAL{L
el was AdUsA sl (A UL ez uA 2oe 2o Ul B, vl st
slAcall, sleRWRL dlcdiA, [@oitl, oal@si, olddsUl, AHY IR Ua
B9Lele A slclloll URL UL AUBRLA Yt AUl B. GueIcell A Sl URuL %
ool [Aa AA WURA Ascll 2L AUsA UM AR U decllot ual
iRl el Aoll ellel & £ 5L AR AUULLA W SLRIRUR Uxso{l Hot:RAA ge
ARARCA Gl aweua 8. s, YA, (Geot, s, Ulscllol ddR Wals EAM
adalle sl Y Al Welloll setH AR AAA B ; IR dAMell AWML dctatsll
GL{RAA (AWE 2AcEq] AU WA 8. A YPUd ol 6181 Ascll uRl otell, uUa
wReplul YRYRL aRll ascl ugt sl 2l decla [Buiesets WRRAQMAHL Al
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Wctloll el AU Y3l-gdla Uldl slau 8. el A1 ALAL Al AR
Asl ay drs(Aell HistRs Aol well votg ud B.

Beetl €185 elaustHl WARstHL 2Rl AR A3 WG WSIRL U 9ctl URR 5L RAA
oAl USHll (A 5% dfActotl AlHist Yell uslAl otell. wial Usticltot BAML
UBloll 5l Hiqe R Yl 3 otell uslll Aol w2 s3A A Ve Aol g Qlej sl
Bl clct a1 @ wal 32cls Yl Ul 2letAat(@asHa dlA opsudl stadlRl
UG U5 U ALl SlA B..

asRAcl StARWRL U AN UAAL UM Hideidl dfesRAc{lal el AcllHl
Ulclle] AOLELoL AU AAS USE B, BH F, Us AR, AOLELL €A, SIARUGLES UL,
Rus alRSlcls?, M2l uzd, HYR, Ugl olas, [Qya scaukll, 9sellsict 1,
AULojlsR U, Wl U, eo{lal toll, tancid atlads, WeHE djct, YA Aoty
Yldn dwalll, Hyyea stuldal, erd A, Aasid e, Qota s(Q, 032 ud,
U et 1oy, Wuzetet v, sild Awll, (5902 e, A Yset, e e, Al
AL, BUos MR, ([Aolle sURl. 2 cldl AR ol B ¥ BHA Ulclloll Wajeicll
9ctatoll 90l 23U 2AGEletl UGN U UR AU B. [l slRRUR s AUle AR
AulealA ugl As vl o@st elrcll . Al YslRell AUleal scUMl Sl sladd
ostlo(loll st Al 12 B, Axell WA ufsciell wa A @zucell AH ol
Us(Retl AULEA oAl AdRAUA Heul B, AHE WA (Geot ual UARSLell Yl
53 Ul Rl %Al UBRSRoAL Aldle] Autest 53 wR]. W W2 oAl
A3 Ao R R 3. 2009 &l Aol WAL slARURLe AUl Hacllsll 23
YAl AUl AUleall USl oAl Wlduml sRURS Uldustl Hslel gl A
AlssAURL 58l st

salls %5l A sUis (et salls [@QAAM YsRell YAl dl salis coll 4R AW Aals
AUl 2A3WHL ccdot YH % atoll (A6 U 20U 3U YA ASAAL Aol NS
yslRall of s0ll asta Adl [Qeandl wuLal el HA 8. Wdlell clc U Wa
(AR5 A wAu clloll AL U5l &AL A SlE5 o] taulot WA D, L 9fosAc{l ALldeL
A5 UL (ArelUctoll Aeoll salis QL] Aladl Slal HA B. Al selis adll, st
yeaul el aal 1k wa sull-tollal el B dscllsloll WHA e Ud & A
Alcdoltall ABRHL [Avaudrg d3lF slal Holl 21a B. 2letAUARBH, A BSIESA
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Rl cutcd AU L YslRetl dosAc(l UllduHiel ellets HUA Wl ugl [QuR wd
® & ul sgAElaAdlalEa $1RAL RAULAL YAl A dual €25 AV clclot RRAULG]
ARl 8l 58l aslal 5120 3 LR U%S| GlRL AWIACL ULBRL ATUHL AHoll & EAHL
wReHlell arauzell Auoll WaotHi WAd WA URddat uellale3n Al aa
8, dl Aol gl AU Yl Udl scusll ua YlAsl opsudl e ay
dl@tamerr ¢oltd 8. Axell WA HOAl uaRA, aBlel, QG Axer satues(l
ol [AAuso{l aRA %1l 9)osA | AUSRUA Ml YELoL Yl Ud 82t Ad .l
A B,

2ol U Bl Aoit U@ B... URE Buoll Rald B A dEs ue uR uARRAA
YostAHg lall oAl staRiRAe(l 2o UA 8. ALl SLARURL As [Qujel usal
oll ca12loll Aofof(Aoll [ActiR 53 B, Al AR UA ollost S1E5 s ¥ Arglaud el gauell
9ctal dRgoll Wdllell ol yeld 52 8. 2w A sttt ARl stz culseo],
SLRARURL UM} AH SLRARURL Al Alto] Aniel e B,

As cld Al U B ¥ 5165 culsclal 22l olslR sLal astaA ® Ul A caulsanidll 2aa
WeR 513l AslAl otell. As A cllcd UBL 8515 B ¥ ojAARAA 53] WAidR Hal
AL RARDS YsiRe] B WeA o SIAVNRA US| 5cll Al UldA USH ML
Mol AHAHL Ul Ud SLRWRL Al Ald wuRal cldet Yuoll ald Al
Hlld & URd AMiell AUl RRAULe] B ella(As W Ug AESA A dcdilol AHAs
stARURL 9fosRAcll AldHi el Yt ad atedl.
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AsINAHL uslA 23U dRcdloll Geellrt Ual Adolle] Asccl Bl HA B, AHl G
ysiRofl Aeglde] olly (A B. Aell o sdaly] ® ¥ dAsoldell Grusin 8. AUHLeell
As(A A 2sRell YtAlotcdl Anl &l Hofl 2ua B.

ollcslz, Aus, scsk Adl sty (sl gl ezl sLHA dHetl AsIA Axes
U Gl Als AlseeAal dalaclle] GHEL sl 53 B. Adoll declls U WS
URl AseeA Al B. WMo (Qatel Slall i URL AR Alsclatoll WAL cteHl(s
wodl. AHoll syuct ARllHl cirddesl ua caasl? e2ll deta scll. UM WRuclls{l
Aol BLSL 423 o2 scll. ellofoyd Yets AUlas,dact AUML 6IRL AV AlsEE ot

AU ‘SIILY ocll. A AHw ol AU GUsH B.

oAl ARl slasiuHl AsUe U UGN oo et Yt B.
Alsclotoll AL taAlMs cllcdoll wA alds Yellal slcA3N st SRR
5(QAUL glelsS el 519Lo] oltd QAN WER A AclHl AUA B, A WA Alss(

o oABlcll, URq A5 %19)cl A Acts, AU U elsycllssil Yoo Yol scll.

gatetaAl s Wellofl sz gt oAl AHsal alldsdl, ellsal wWal Histcldlell
T €31 vcttoll yau sl droll cugllul a2t clotoll Yoit, witAlMs Aol ol

A2l clolloll Wellull AHocA Hlal HA B.
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ala B. AsI(A UQAAN o113l geusll AAEA Yol 52 8. el ol Wclotall el el
3o AWt 52 B. wl AsIAML ASlef AMUBs et ullls ellaoi, UirglAs
URA AR AsHIAY YlAlold AL B. Al clol el WEL AdalR], G, A, dd
U AsINA atctad 8. GURic Bl Ul 511, el.ct. WEll ¢Ral %4, eng, wisd,
delg, stuRll scll ol st WA As ol Al Al Al wlsie-Geetinedl st 52 Aol
Asolld Slat 8. A Rca A, AUsL, 2R, cdRell oAl Sl &, uH oti3lell €35
vl YHAotl AsOlldAl sl 8. ANl AHEHLAER WA, of, clled, el

A ol lHL 3A B, ulall A A UL “Folk lore’ SSAHL 1A B,

e yst A Ggd ¥, wlal Asolldl sl saiell 2 Al Ao Yo g sBel &. ul
AsIUA yaur slal 2l A BBl g a3 Au «lll. uRdq Aleq w32 58l asla 3,
AlsAHLY B vRERUAAR], QuA, eRal €l BolR R’A ¥ a2 Rall ecl. Axatl
YU €5, ILHL-RIUH, YH-Geatliy, URalRell [Q2otolil, SeH-H@) ddR &dll. A el
AAeall s sl Rlaua ¢! asAl «1@. GuRid A ogtl AR ot cll. Axoll Wettell

AL ocll. A clclHl A, AsBt WA B As% A dlalal A AsIA sdaual

0.

UL GURAA, AsAHY Ygld cA W6l B, wWRMML dl A v Lol sdl. uellAq,
%0l [Aoite AHE AL, Gl HostAlloll dlet A Sl2ll, HRell ojcdal 412,
WUH, gEcolled] A AUoll AAAUML Add U3, A olle A ojd AHell AsAllui
alscllcll dul A ASIAA om w2l Al s8l asta 3, u AsI(A 518 As

(5 gl RURAA A Alef UKt otedl.
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Aell o st 1R 8l B¥AUe Al AsIldlll Yo YReu sd QY xeud
8 ¥, ‘Boll AARIA €L 51010 U $AH USSUL ol Slal, A AUARL Sl B Aoll o
Sl WORR ai(@ 8lal Auey YHRAE-alRRe Hadlell yd 32l sta el ;W 2R Hicall
uld B, dslla 818 el Hadl otell. Auof sttt AsollAl

Al Asollcdloll sl uReunt Aecll 2wl asta 3, Asolld Als wH Hidl, Al
gL AL 12, AsAAlHl Alssd Wad U AsYAl UG Al B. AsIUAHL uislas
uRAal Yua wUR olelladl Asdota, deoll ulls, UiRglds wa ULHUERES cllotcdlal
s 52 8. AlsIlAlell sl wsitet B. A oigtll BRA gLl AU B Al AHT UM, WA
ol sllfAgA YHI WsldR 8l ¥ 8. Alsdlld Wdotatl o Yol Al 23 531
Yy udlotl MR Yloll Waiot ueotixllal sxlectiy, 3 (AeR caalal gue el

RULHS, A, ot U Hiolel ARA, ellcllal casd sl Usllal Alsolld sél st

AsAdRL A otclotatl Aiglds wWal weaulMs Yelo] yldldlu 8. Alssal e
Asolld W AsUdloll A Yyt el B, B Ace U WsRYUl Ayg B. A HMs
WURlell HitaHdl WElell Wl yulRd ad 26 B Ul Alsdotell wWAAAA
ylAlll@Ad 52 B. ASlell Pdotoll Us% AUR, AMall £u-Yu, (AU WA sCU
L AUE A ML Gosallad B, AL SIRQIUR, ASUBRL £5 Aol wReel HWAS

A A3y RO B,

AsAldaul Yuad AsIld, dssal, WRRls dldix, oiesl ua sdadlel
AHA a2 8. L U Aldls 3 wAlot AHAUL HollRogol Yl HaAllRd ot &,
URd AU QA scllall WA AMA ASls sRclloll Hocclatl Ulbol dcll. AlsAUSA

A ASlell YOUAsLRS cotHl AHARL A SCUALASAN cASA $2 BD. A €3S
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Ay alell Weid SAsIUA s 5 Wld B, B A%l Yoyl AR Retoslal

A WollHl YUSIRoll WEGUA cAUS 52 D.

AsAdels] Yua dal A 8§ ¥ A wzudl dadls B, adlell, a AMs uuuiedl
UAR Ud dof 3U wectd 26 8. al uRddel Aal dy dlof wal YRibls oleuld 8.
AsARA AHA Aoll eunl WA Airglds A& WA ASloll W clotoll BRA ALl Al

olaal Hee s3l .

A5 cAlsdle] dlasull Aol AsOlldlell ua aldllell 23 wa 8. AsAda A
a(Qrsil slIRSA AAlds yell 2llwclcllo] Ul UHURs Aoitofl HauleA uMstalcls]
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25allcAlell OLHE, AR cdulel wal ABalell dAsQadl adl 8, &k ual
AsUduall Hoeld UGBS U RS WAl Hod 83 B, A Histeldle] Ydls
8 ol wWlls Wgldal dEs R WO AuUlccle] Hecle] Ultel DL FQ,
AlsAdRL 1A efctstneg [Qeu olell, UuRq Q et MRl Mool Wl 8. A Ul €2
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(¥)ASIA Hotausy eeAHRAA causd 52 8.
(W)ASI(A yetetco(l e ulelcalls B.

(6)ASIcd ARRUHS R slca B.
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e UQ AlsAUBAHL s(Asl gall el s1oLell ALELetoll uAl 5319,

& EClel Slole] %o ual [l -

AMcdsz, Aus, sctslk A uasll AAS Ulid sl s(Asll gal euau stol
(51ULY)oll WoH cll.25-11-1903 ol A% Heal WAL Ascedl (8 AYElL
dlgst)Hl U scll. Wellell @R @lWR wal 650 (Aul wlotadl AlAcal M2 AU
Ulcllo] GRIAR 815y, A udell aud U5 Yl wals Qe e od. Qo
AlAoll el AgtHl A Wdtloll 650 (Qut %1lot ©ul €lell scll. AHA WuUURs
Qe v ALY ANR], U Pcotstiot u Ullbls ot weAuYl RA Ays
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ool @atellol Aol elscl Al & eaARUl dale Slal HA B, Axell el WA
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ECLeUAL 5191 UR HslaHl dltll olt [QuReA QS yeuel oAl
Aol AAURNHL A, w(EA, Wl wa ARUHAl HEN U Blcl HA B.
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AHEL Wdlell eosall gl ASA aAlds clot aal A EAYH ctotal YR sl
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AT uad wibls curll W cddl sl@ gat solell asd dRall v i

WA YU ool 215,

0,

& A wdell Yeu-

Axell WA oot 53§t ol Aloll caaslel datat scll. HA Axo] (A1l UM
&q URq 2QlcRe{l alf@A AMlgell g;ull- Ulstal 3l Il et 531 astad Aol GLsl
AU AHollHE ocll. HRHL A AHlet Uollcdoll AslRe0 sl 201 AHA Ul sAl
ecll. WLB AR A5 Ay ¥Hlot UGl ASL el scll dar atell dlalt, R suo clu
g2l willot AUE As o &l efelot Astil U3l Elll Aue] gea 3q (Aumn wal
g &d, A aMoell oldl dmes U gLl 3l asta B.
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o Yol cllot &d. staoll Uil Rl Sl 581 Sast A?” A Yst AHIA
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sl &,
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Artificial Intelligence, Data Analysis, and Digital Learning: Catalysts for
Social Change and Sustainable Development

Mr. Kalpesh L. Vasaiya!, Author: Dr. Rahul Joshi?
'Ph. D. Research Scholer in Library Science, Noble University, Junagadh

2 Assistant professor (Library Science), Noble University, Junagadh

Abstract:

The rapid evolution of Artificial Intelligence (Al), Data Analytics, and Digital Learning
technologies is reshaping education systems, governance models, and socio-economic
development across the global. These technologies are not only enhancing learning efficiency
and decision-making processes but also serving as powerful instruments for social
transformation and sustainability. This paper explores the integration of Al-driven tools, big
data analytics, and digital learning platforms in fostering inclusive education, reducing
inequalities, improving resource management and enabling sustainable development. The
study highlights key applications, benefits, challenges and policy implications of technology-
enabled learning ecosystems. The findings suggest that when strategically implemented, Al
and data-driven learning systems significantly contribute to achieving Sustainable
Development Goals (SDGs), particularly quality education, reduced inequalities and
sustainable communities. The paper concludes with recommendations for ethical governance,

capacity building and sustainable digital adoption.

Keywords: Artificial Intelligence, Data Analytics, Digital learning, Social Change,
Sustainability, Smart Education, EdTech, SDGs.

Introduction:

Digital transformation has emerged as one of the most influential forces sharing contemporary
society. Artificial Intelligence (AI), Data Analytics and Digital Learning technologies have
significantly altered how knowledge is created, delivered and consumed. Educational
institutions, governments and organization increasingly rely on intelligent systems to improve
to accessibility, personalization and efficiency. The twenty-first century is witnessing an
unprecedented digital transformation driven by rapid advancements in Artificial Intelligence
(AI) and Digital Learning technologies. These innovations are fundamentally reshaping

education systems, governance structures.

The convergence of these technologies offers unprecedented opportunities to bridge

educational gaps, empower marginalized communities and promote sustainable development.
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Particularly in developing countries, digital learning platforms supported by Al and analytics
can democratize education and enhance social mobility. However, the transformative potential
of these technologies also presents critical challenges, including concerns related to data

privacy, algorithmic bias, digital exclusion and ethical governance.

This Research Paper investigates how Al, Data Analytics and digital learning act as enablers
of social change and sustainability by transforming traditional educational ecosystems into

intelligent, inclusive and future-ready systems.

Literature Review:
1. Artificial Intelligence in Education
Al technologies such as machine learning, natural language processing and
intelligent tutoring systems enable:
e Personalized learning experiences
e Automated assessments
e Smart content recommendations

e Virtual assessments and chatbots

Research shows Al enhances learning outcomes by adapting instruction based on
student behaviour and performance.
2. Data Analytics in Education
Data analytics helps institutions:
e Monitor student progress
e Predict dropouts
e Improve curriculum design

e Optimize resource allocation

Learning analytics provides actionable insights that improve instructional
effectiveness.
3. Digital Learning Systems
Digital learning platforms include:
e MOOCs
e E-learning portals
e Mobile learning apps

e Virtual Classrooms
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These systems increase flexibility, accessibility and affordability of education.

4. Technology and Social Change
Scholars argue that technology-driven education:
e Reduces inequality
e Promotes digital literacy
e Enhances employability
e Encourages lifelong learning
5. Sustainability in Education
Sustainable education focuses on:
e Reduced paper usage
¢ Remote learning
e Energy-efficient systems

e Environmental awareness

Digital solutions support eco-friendly learning environments.

Objectives of the Study:

The study aims to:
1. Examine the role of Al improving educational outcomes

. Analyse the impact of data analytics on decision-making

2

3. Evaluate digital learning as a tool for social transformation

4. Assess the contribution of these technologies toward sustainability
5

. Identify challenges and policy implications

Methodology:

This research adopts a quantitative and conceptual approach, supported by:
e Secondary data from journals, reports and policy documents
e Case study analysis

e Comparative evaluation of digital learning initiatives

Sources include UNESCO, World Bank and EdTech research publications.
Role of AI in Digital Learning:

Al enhances education through intelligent automation and personalization.

Key Applications:
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e Adaptive learning systems
e Al chatbots for student support
e Automated grading

e Content generation tools

Benefits:
e Faster feedback
e (Customized instruction
e Reduced teacher workload

e Better engagement
Al allows learners to progress at their own pace, improving retention and performance.
Role of Data Analytics:

Data analytics transforms raw educational data into actionable insights.

Applications:
e Predictive analytics for dropout prevention
e Performance tracking dashboards
e Institutional planning

e Behavioural analytics

Impact:
e Evidence-based decisions
e Improved student success rates

¢ Efficient resource management

Institutions can proactively address learning gaps.

Digital Learning and Social Change:
Digital learning promotes social inclusion and equality.

Contributions:
e Remote education for rural areas
e Affordable online courses

e Skills development
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e  Women empowerment through flexible learning

Outcomes:
e Increased literacy
e Higher employment opportunities

e Reduced socio-economic barriers

Technology reduces geographical and economic constrains.
Al, Analytics and Sustainability:

Environmental Sustainability:
e Paperless classrooms
e Reduced travel emissions

e Energy-efficient cloud systems

Economic Sustainability:
e Cost-effective delivery
e Scalable infrastructure

e Reduced operational expenses

Social Sustainability:
e Equal access to education
¢ Inclusive learning environments

e Community empowerment

These technologies align with SDGs 4, 9, 10 and 11.
Case Studies:

Case-1: Al-Based Adaptive Learning Platforms

Platforms like Coursera and Khan Academy use Al to personalize learning

pathways, increasing completion rates.
Case-2: Data Driven School Management

Institutions using analytics dashboard academic performance and reduced

dropout rates.

Case-3: Digital Learning in Rural Regions
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Government-led digital initiatives enabled remote access to education, bridging

rural-urban gaps.
Challenges:

Despite benefits, several issues remain:
e Digital divide
e Data privacy concerns
e Algorithmic bias
e High implementation costs

e Lack of digital literacy

Ethical and regulatory frameworks are essential for responsible adoption.

Benefits:
e Develop inclusive digital infrastructure
e Provide teacher training in Al tools
e Ensure data protection policies
e Promote open-source platforms
e Encourage public-private partnerships

e Focus on sustainable technology practices

Future Scope:

Future research may explore:
e Al-powered immersive learning (AR/VR)
e Blockchain in credential verification
e (Green computing in education

e Smart campuses

Emerging technologies will further enhance sustainable digital ecosystems.

Conclusion:

Artificial intelligence (Al), data analytics and digital learning are transforming education into

a more intelligent, inclusive and sustainable systems. These technologies empower learners,
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improve institutional efficiency and promote social equity. When integrated thoughtfully and
ethically, they become powerful drivers of sustainable development and social change.
Policymakers, educators and technologists must collaborate to create resilient digital education

systems that serve future generations.
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INNOVATION, PERSONALIZATION, AND CUSTOMER ADOPTION
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Abstract

The digital payment ecosystem in India has grown at a very fast pace in the last ten years
through both active government mobility and due to unrelenting technological advancement.
The volume of digital payment transactions expanded by 2.07 billion in FY201718 to 18.7
billion in FY20 23 24, which shows a structural change in consumer payment behaviour. In
parallel with the growth in this field, artificial intelligence (AI) has become a disruptive
technology in the fintech industry, as it allows data-driven marketing innovations and highly
personalized marketing. This paper analyses how the personalization that Al enables and Al-
based marketing innovation impact the adoption of India consumers to digital payment

systems.

On the basis of primary survey data gathered among Indian users of digital payments, the
research will be able to test two hypotheses: whether Al-based personalization is substantially
related to customer adoption (HO1/H11) and whether customer adoption depends on the various
levels of Al-based marketing innovation (H02/H12). Analysis of data was performed through
reliability analysis, Pearson correlation and one way analysis of variance (ANOVA). The
findings indicate that there is an enormous and significantly significant positive correlation
between the perceived Al-driven personalization and customer adoption, which rejects HO1
and supports H11. Moreover, it also was noted that there were large disparities in the adoption
of low, medium, and high Al-based marketing innovation groups leading to the rejection of

HO2 and acceptance of H12.

The results confirm that Al-based personalization and new Al-based marketing techniques are
vital towards increasing the identification of digital payment platforms among Indian
consumers. The paper has significant managerial and policy implications as it reveals the

necessity of fintech companies to strategically invest in Al-driven personalization and prompt

ISBN No: 978-81-993732-2-8219 219



2" International Conference — NOBCON 2026 on Interdisciplinary Horizons — Innovation,

- - Sustainability, Al and Transformation (IC-IHITSA) <
@ UnNRE.S-IE Noble University Campus, Junagadh @
Junagadh, India, March 6 — 7, 2026 nobCon

policymakers to enhance Al-permitted security and governance systems as a means of

maintaining the long-term growth of digital payments.

Keywords: Artificial Intelligence, Digital Payments, Personalization, Marketing Innovation,

Customer Adoption, India.

1. Introduction

1.1 Background

The shift of India to a digitally-enabled payment ecosystem is one of the most important
changes in the global financial sector. Pull policy measures, regulatory facilitation, and quick
growth of digital infrastructure have all contributed to the accelerated pace in the uptake of
cashless transactions. According to official statistics, digital payment transactions have grown
by almost 2,070 crore in FY201718 to 18,737 crore in FY202324, or by almost 44 percent per
year. The Indian payments market is dominated by mobile-based and real-time payment
platforms specifically the Unified Payments Interface (UPI), which make almost 70 percent of
all digital interactions in FY202324. The success of UPI has been commonly known as a
globally scalable and interoperable payment infrastructure of retail, which has transformed

traditional interpretations of payment systems.

In the face of success due to nearly saturation adoption of digital payments in the city India,
the importance of competitive differentiation has risen amongst the service providers in the
payment industry. Having over 504 million users actively using UPI platforms, fintech
companies and banks can no longer afford to stick to the basic transactional services to retain
and increase their user base. User experience, quality of engagement and effectiveness in digital

marketing have become strategic necessities in this ever-competitive landscape.

It has therefore become a mainstream topic in artificial intelligence (Al) as a disruptive enabler
of fintech. Banks are widely using Al-powered technologies to detect fraud, chatbots, credit
rating, transaction alerts, and interact with customers. In addition to enhancing efficiency in its
operations, the technologies will help firms provide more responsive customer-focused
services. The two most notable ways to use Al in the fintech sector are Al-driven
personalization and Al-based marketing innovation, which directly affect the use of digital

payments platforms by users.
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The concept of Al-driven personalization is using machine learning algorithms and behavioural
data to shape digital interfaces, offers, and services to the individual preferences of the user.
According to previous studies, perceived usefulness, customer satisfaction, and long-term
loyalty are improved by personalization. In the digital payments domain, Al-based systems
have the ability to process the transactional history to produce customized rewards, spending
information, and contextual suggestions to enhance the overall user experience. Al-based
marketing innovation, which can be defined as the implementation of Al technologies in
creating new, data-driven marketing approaches like targeted advertising, dynamic content
delivery, gamified incentives, and personalized promotional campaigns is closely connected to

personalization.

Although the use of Al in fintech operations is increasing, the empirical data on the changes in
customer adoption of digital payment systems using Al-driven personalization and Al-based
marketing innovation is scarce, especially in developing economics, like India. Current
research findings on the adoption of digital payments are mostly on the perceived ease of use,
security, trust, and social influence as opposed to the relative scarcity of academic interest on

advanced Al-based customer engagement mechanisms.

1.2 Research Problem

In order to fill this gap, the current study explores two fundamental questions of the research:

(1) Does personalization based on Al have a significant impact on the adoption of digital
payment systems by consumers?
(2) Is there a difference in customer adoption with different levels of Al-based marketing

innovation?

1.3 Research Objectives

In this regard, the research proposes and empirically verifies two null hypotheses: HO1 that will
assume the lack of significance between Al-driven individualization and customer adoption,
and HO2 that will assume the lack of difference in the customer adoption with diverse extents
of Al-based marketing innovation. These hypotheses are examined by a Pearson correlation
analysis and one-way ANOVA based on the survey data taken on the Indian digital payment

users.
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1.4 Significance of the Study

This research will make its contribution to the literature on fintech and information systems by
empirically investigating Al-based marketing innovation and Al-driven personalization as two
factors that determine the adoption of digital payments in relation to current models of
adoption. The results provide valuable information to the managers of fintech institutions that
want to enhance user engagement and those interested in inclusive, secure, and sustainable

growth of digital payments.

2. Literature Review

2.1 Theoretical Framework

The Digital Payments in India have been evolving:

The situation in digital payments in India has been experiencing a swift and long-term
transformation, with the help of governmental efforts like Digital India, 2016 demonetization,
and ongoing support of fintech policies. The adoption has been greatly boosted by the
development of electronic payment systems such as NEFT and RTGS in the early 2000s as
well as by the introduction of the Unified Payments Interface (UPI) in 2016 (Reserve Bank of
India, 2024). The national statistics suggests that UPI transactions grew by 92 crore in
FY201718 to 13,116 crore in FY202324, indicating that UPI is at the heart of the payment
ecosystem in India. The use of mobile wallets and prepaid instruments also increased in the
times of the COVID-19 when contactless payment options were becoming necessary (Deloitte

India, 2022).

These changes are reflected in academic studies, which signify convenience, ease of use,
security, and trust as the main factors of digital payment adoption (Chaturvedi and Singh,
2021). As an illustration, Ali and others (2024) show that convenience, cost-effectiveness,
security, social influence, and innovativeness are some of the factors that have a significant
effect on the adoption among the Generation Z users. The same can be said about the work
based upon the Technology Acceptance Model (TAM) and UTAUT frameworks, which focus
on the importance of perceived usefulness and trust as the key factors of adoption (Gartner,
2022). Nevertheless, a large portion of this literature focuses on technological features and
demographic variables, which provide a minimal understanding of the role played by the

innovative Al-enabled personalization and marketing in influencing the adoption behaviour.
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Whereas the use of incentives and security assurance as the adoption facilitators is commonly

known, little is understood about the role of Al-based engagement mechanisms.

Artificial intelligence in Financial Technology and Digital Payments:

Artificial intelligence usage in the financial industry is not new. Fintech companies and banks
are increasingly using Al and machine learning to detect fraud, score credit, automate KYC,
and use chatbots to provide customer services, and it has been shown that the rate of fraud
decreases by 2030. The banking industry in India has witnessed accelerated Al adoption with
nearly 70 percent of banks also claiming enterprise-level Al strategy and most banks using Al-
driven chatbots (KPMG India, 2023). On the international scale, India represents almost 46
percent of real-time payment volumes, which are mainly backed by Al-based applications,

including UPL

Financial services marketing has also undergone a revolution as applied by Al. Generative Al-
based tools enable the automatic generation of content, hyper-personalized offers as well as
dynamic pricing. According to the industry reviews, Al can be used to optimize personalization
in online payments and operational efficiency due to the ability to use transaction-based data
to provide customized recommendations and promotional discounts (Kotler and Keller, 2021).
Even though over fifty percent of fintech companies allegedly use Al in core business
operations and marketing activities, empirical studies exploring the immediate effect of Al-
based innovation on consumer adoption behaviour are few, especially on the digital payment

part.

Customer Behaviour and Customization:

Personalization can be described as product, service or interface customization in accordance
with the preferences and behavioural data of a particular customer. The literature of marketing
and financial services has previously indicated that, personalization is likely to improve the
perceived value, customer satisfaction and retention. Customized spending notifications or
customized financial guidance, which can be achieved through Al in a banking setting, has
been demonstrated to enhance customer engagement and intensity of use. Industry reports also
point to the fact that Al-based personalization has the potential to greatly increase customer
satisfaction, which supports marketing theory that active and applicable content increases user

response (Ernst & Young LLP, 2024).
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In the digital payment space, the concept of personalization can be the adaptive interface or
personalized rewards, or offers that depend on the context. Nevertheless, there is still scarce
and inconclusive empirical evidence that relates to digital payments. Other studies in the region
do not identify any direct effect of personalized features on purchase decision-making, which
could be explained by contextual or methodological reasons. In theory, the extensions of the
Technology Acceptance Model imply that personalization increases the perceived usefulness
and the ease of use, consequently boosting the intentions to adopt (Vyas and Maheshwari,
2020). This conceptual connection justifies the assumption that Al-based personalization has a

positive impact on the adoption of digital payments.

Digital Payments Innovation in Marketing:

The Al also offers the possibilities of marketing innovation through permitting companies to
create data-driven, targeted, and interactive promotion approaches. Examples of Al-based
marketing innovations in the digital payments industry are customized ads, incentives based
on gamification, context-specific offers, and real-time optimization of campaigns (Singh and
Malik, 2022). Al-based analytics are becoming more and more relied upon to segment users
and tailor marketing messages to them, dynamic pricing and personalized offers are becoming

possible due to real-time data processing.

Despite the scarcity of academic sources on Al-based marketing innovation in the area of
digital payments, the general marketing literature has it that innovative marketing practices
have a crucial impact on technology uptake, especially in digitally intensive markets. The
theory of the Diffusion of Innovations states that exposure to differentiate and new marketing
communications may speed up the adoption through increasing awareness and perceived value
(India Brand Equity Foundation, 2024). Therefore, the users who are subjected to increase Al-
enhanced marketing tend to show greater adoption behaviour as compared to users who are

subjected to generic marketing strategies.

The literature review indicates that there are two acute gaps that informed the current research.
To begin with, despite the established role of traditional predictors like perceived ease of use,
security, trust, and social influence as determinants of digital payment adoption, it has not been
thoroughly studied how Al-driven personalization specifically predicts digital payment

adoption, especially in the case of the emerging economy and India in particular.
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Second, even though fintech companies are becoming more dependent on Al-based marketing
innovation such as personalized campaigns, data-driven targeting, and interactive marketing
approaches, there is limited empirical data to examine the impact of these innovations on

customer adoption behaviour (Kumar and Sharma, 2021).

2.2 Previous Studies

The majority of the previous research is based on traditional technology adoption models and
the emphasis on functional or infrastructural features thus ignoring the increasing significance

of Al-based and user-driven interaction systems.

2.3 Research Gap

Current literature is relatively willing to accept marketing innovation as a concept, yet there is
a paucity of systematic empirical studies of Al-initiated marketing behaviours as adoption

motivators, particularly in the high-frequency adoption contexts of digital payments.

2.4. Objectives:

Relating to these gaps, the current research contributes to the existing technology adoption
models, specifically, the Technology Acceptance Model (TAM) and the Unified Theory of
Acceptance and Use of Technology (UTAUT), by intentionally introducing Al-driven
personalization and Al-driven marketing innovation as key explanatory factors (Reserve Bank
of India [RBI], 2023). The study contributes to the existing knowledge on fintech adoption in
new digital economies by empirically researching their impact on customer adoption of digital
payment systems. To this end, the paper will specify and test HO1/H11 and HO2/HI2 to

evaluate the impacts of these Al-related variables on the uptake of digital payments in India.

3. Methodology

3.1 Research Design

It will have a quantitative, cross-sectional survey design in which the researcher is going to test
how Al-driven personalization and Al-based marketing innovation affects the adoption of
digital payment systems. The given research design is suitable to empirically test the
relationship between perceptual constructs and behavioural intentions in a large and

heterogeneous sample of users.
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The target customer base was Indian customers who are either users or aware of digital payment
applications like UPI-based applications and mobile wallets. The structured online
questionnaire was utilized as the method of data collection and disseminated in social media
and email networks, where the convenience sampling strategy was selected
(PricewaterhouseCoopers, 2024). This approach has facilitated effective reach to the wide

range of cross-sectional digital payment users in the varying demographic groups.

Valid responses were received with the participants that represent various age brackets,
geographic areas, and professions. The demographic data were obtained to characterize the
sample group (age and gender). The survey was voluntary, and respondents were guaranteed
anonymity and confidentiality to limit bias in responding to the survey and motivate them to

report honestly.

3.2 Sample and Sampling Technique

The questionnaire was used to measure three important constructs, which include Al-driven
Personalization, Al-based Marketing Innovation, and Customer Adoption of digital payment
systems. All the constructs were operationalized with the help of several items that were

assessed on a five-point Likert scale, with 1 (strongly disagree) and 5 (strongly agree).

The Personalization based on Al was measured using the items related to the perception of the
respondents about the degree to which digital payment applications offer customized offers or
services and interface according to the behaviour of using the application (e.g., My payment
app provides me with customized offers or services based on my usage behaviour) (McKinsey
and Company, 2023). The items used to measure Al-based Marketing Innovation were those
that captured the perceptions of innovative, data-oriented, and personalized promotional
actions done by the digital payment platforms (e.g., the promotional campaigns of digital
payments | see are innovative and customized to my needs). Customer Adoption was assessed
with the help of items that reflected both the frequency of use and the intention to use digital

payment services (e.g., | often use digital payment services, and I will use them in the future).

All items of measurement were based on the already tested scales in the technology adoption
and fintech literature and adjusted to the situation to apply Al-enablers peculiar to digital

payment systems (NITI Aayog, 2018). The questionnaire underwent pre-test among around 30
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respondents before the main survey in order to be certain that the questionnaire is clear,

relevant, and face-valid.

Cronbachs alpha was performed to assess the reliability, and the levels of alpha were
satisfactory, and all constructs were above the recommended alpha level of 0.70 (NASSCOM
et al., 2023). Validity was also construct measured using exploratory factor analysis, which

ensured that measurement items fitted the measures well on their constructs.

Table 2: Descriptive Statistics and Reliability Analysis

Number of Standard Cronbach’s
Construct Mean
Items Deviation Alpha
Al-driven Personalization Multiple 3.80 0.70 0.82
Al-based Marketing _
_ Multiple 3.20 0.80 0.79
Innovation
Customer Adoption Multiple 3.71 0.65 0.85

All Cronbach’s alpha values exceed the recommended threshold of 0.70, indicating satisfactory

internal consistency.

3.3 Data Collection

Data collection was performed for one month by using the online survey. The respondents
identified themselves as the users or the informed consumers of digital payment platforms such
as applications of UPI and mobile wallets. After screening for incomplete and invalid answers
the final sample comprised of around 250 valid samples (PricewaterhouseCoopers, 2023). This
is a sample size that is considered to be sufficient for correlation analysis and analysis of
variance (ANOVA) with conventional levels of statistical power (Department of Financial

Services, 2024).

The data was coded, cleaned and analysed with the MS Excel 2019. Descriptive statistic,
Pearson correlation analysis and also one way analysis of variance were done with in build

statistical functions. The statistical significance was tested at p<0.05 or 5 percent level.

3.4 Data Analysis
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In order to test the proposed hypotheses two main statistical techniques have been used. First,
the relationship between the use of Al-driven Personalization and Customer Adoption was
examined using Pearson correlation analysis. Second, one way analysis of variance (ANOVA)
was conducted to know whether there is a significant difference of customer adoption in

various levels of Al-based Marketing Innovation.

Before moving on to the analysis normality assumption and homogeneity of variance
assumption were checked and found satisfactory. For the purpose of the ANOVA, respondents
were included in Low, Medium and High group of Marketing Innovation based on their
composite scores of innovation. Post-hoc comparisons, based on Tukey's HSD test were
conducted where applicable. The results of the statistical tests was then used to accept or reject

the null and alternative hypotheses (HO1/H11 and HO2/H12).

Hypotheses Development

Based on theoretical foundations and industry evidence, the study proposes the following

hypotheses:

(1) HO1: There is no significant association between Al-driven personalization and
customer adoption of digital payment systems.
(2) H11: There is a significant association between Al-driven personalization and

customer adoption of digital payment systems.

Al-driven personalization is expected to enhance perceived usefulness and user satisfaction by
delivering customized offers, recommendations, and support services, thereby increasing
adoption and usage intensity. However, the null hypothesis assumes that personalization may

not significantly influence adoption behaviour.

(1) HO2: There is no significant difference in customer adoption across different levels of
Al-based marketing innovation.
(2) H12: There is a significant difference in customer adoption across different levels of

Al-based marketing innovation.

Al-based marketing innovation, through mechanisms such as gamified promotions, targeted
campaigns, and interactive engagement, is expected to influence adoption behaviour. The null

hypothesis assumes that adoption remains uniform irrespective of marketing innovation levels.
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Data Analysis and Interpretation

Descriptive analysis showed a high level of digital payment usage among the respondents in
general. The mean score relating to Personalization (Al driven) was 3.80 (SD = 0.70) -
implying positive feelings regarding personalized features. The average score for Al-based
Marketing Innovation was 3.20 (SD = 0.80) which suggest that there is moderate exposure

towards innovative marketing practices.
Correlation Analysis (HO1/H11)

Pearson correlation analysis revealed there exists a strong and statistically significant positive
relationship between the concept of Al driven Personalization and Customer Adoption, (1=
0.76, P < 0.001). This result leads to the conclusion that the higher level of perceived
personalization is related to higher adoption and continued use of digital payment systems.
Accordingly, the null hypothesis HO1 is rejected and H11 is supported. The finding provides
support for the case that Al-enabled personalization improves user engagement and adoption
behavior.

Table 3: Correlation Matrix of Key Constructs

Variables Mean SD 1 2 3
1. Al-driven Personalization 3.80 0.70 1.00 — —
2. Al-based Marketing Innovation 3.20 0.80 — 1.00 —
3. Customer Adoption 3.71 0.65 0.76** — 1.00
p <0.001
4. Results

4.1 Descriptive Statistics

To investigate whether customer adoption varies at different levels of marketing innovation
based on Al, one way analysis of variance (ANOVA) was performed. Respondents were
classified into three groups Low, Medium and High Marketing Innovation according to their
composite innovation scores.

The results show statistically significant differences in customer adoption in the three groups.

The mean adoption scores increased from the Low Innovation group with a mean score of 3.39
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(n = 58) to the Medium Innovation group with a mean score of 3.74 (n = 99) and High
Innovation group with a mean score of 4.02 (n = 43) respectively. The ANOVA gave an F-
value of 9.87 which was statistically significant at 0.1 percent levels of significance (p <0.001)
proved that there is significant variation in customer adoption with respect to levels of Al-

based marketing innovation.

Post-hoc comparison using Tukey's Honestly Significant Difference (HSD) test showed that
customer adoption in the High Innovation group was significantly higher than in the Low
Innovation group (p < 0.01). The difference between the Medium and the High Innovation
groups was positive but relatively lower. Based on these results, the null hypothesis HO2 is

rejected and the alternative hypothesis H12 is supported.

Panel A: Mean Customer Adoption Scores Across Marketing Innovation Levels

Marketing Innovation Level Sample Size (n) Mean Adoption Score
Low Innovation 58 3.39
Medium Innovation 99 3.74
High Innovation 43 4.02
Total 200 —
4.2 Inferential Statistics
Panel B: One-Way ANOVA Results
Source of Variation Degrees of Freedom (df) F-value Significance (p)
Between Groups 2 9.87 <0.001
Within Groups 197 — —
Total 199 — —

Post-hoc Test:

e Tukey’s HSD test indicates that the High Innovation group exhibits significantly

higher adoption than the Low Innovation group (p < 0.01).
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Mean Customer Adoption Across Levels of Al-based Marketing Innovation
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Figure 1: Mean Customer Adoption Across Levels of Al-based Marketing Innovation

Figure 1 illustrates the mean customer adoption scores across Low, Medium, and High levels
of Al-based marketing innovation. The chart shows a clear upward trend in adoption as the
level of marketing innovation increases, visually reinforcing the ANOVA results and
highlighting the positive role of Al-enabled marketing strategies in driving digital payment

adoption.

4.3 Key Findings

The empirical results prove that the AI based personalization and Al based marketing
innovation has a significant role to play for deciding the digital payment adoption in India. The
positive linkage between Al-driven personalization and customer adoption is so strong that it
provides empirical evidence for the case that customized digital experiences help to increase
user engagement, loyalty and ongoing usage. This finding is consistent with past studies in the
marketing and information systems literature concerning the importance of personalization and

its usefulness as a determinant of perceived usefulness and customer satisfaction.

Similarly, enormous variances in adoption in comparison to different degrees of Al based
marketing innovation suggest there is a measurable effect of innovative marketing strategies
using Al on the behaviour of consumers. Users who are exposed to a higher level of marketing

innovation - dynamic marketing promotions, personalized marketing campaigns, and
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interactive mechanisms - report significantly higher levels of adoption than users exposed to
less innovative approaches. While the study is based on perceptual and cross sectional data, the
consistency and strength of the statistical data adds up to compelling evidence of the strategic

importance of Al in the digital payments ecosystem.

5. Discussion

5.1 Interpretation of Findings

The empirical analysis had two main findings which contributed in the rightful understanding

of the digital payment adoption in India.

First, Al-based personalization was positively and significantly associated with customer
purchasing digital payment systems. Users that experience higher levels of personalization
such as customized offers, intelligent recommendations and customized user interfaces, are
more likely to adopt and continue using digital payment services (Bhardwaj & Gupta, 2020).
This finding offers compelling empirical evidence for H11, and is consistent with established
theory in the marketing and information systems fields which would suggest that
personalization is supportive of perceived usefulness, engagement and overall user satisfaction,

which helps to strengthen intended continued usage.

These results have a strong resonance with the trends in the current industry. Fintech companies
have often contended that initiatives started by Al can bring about customer acquisition and
retention, and the current study is an empirical evidence in corroboration of the same in the
Indian digital payments ecosystem. Industry reports focussing on Al and machine learning
around personalization, security and engagement coupled with regulatory initiatives by
institutions like the Reserve Bank of India sums up to the fact that technologically sophisticated
and secure payment systems form a vital part of building consumer trust and driving acceptance

(Accenture, 2023).

Although some customer perceptions underpin the results, and thus introduce some level of
interpretive elements, the robustness and consistency of the relations noted indicate that the
association between Al driven personalization, marketing innovation and marketing adoption
is substantive as opposed to spurious. Overall, the findings are an important reminder that Al-
powered personalization and marketing innovation is not just a theoretical phenomenon, but is

empirically linked with the adoption outcome in India's digital payment ecosystem.
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5.2 Comparison with Previous Studies

This result is consistent with the wider Al and customer experience literature identifying the
role of personalization as a key mechanism of value creation in the digital services. Industry
surveys which report on the significant increase in customer satisfaction by Al driven
personalization also further validate the relevance of the above finding (National Payments
Corporation of India [NPCI], 2024). In contrast, none of the null hypotheses (HO1), assuming
the irrelevance of Al-driven personalization is supported, underlining the increasing

importance of personalized experiences in the digital financial services arena.

Notably, the findings are different from some previous research on the region in India that did
not find much of an effect of personalization on purchase behaviour. This discrepancy may be
explained by differences in the design of the research, in the composition of the sample, or in
the behavioural outcome being studied. While the previous research areas have been isolated
to purchase decisions, now the research is looking at more general adoption behaviour for
instance continuing an intention to use. In a rapidly digitizing economy like India's, where
digital payments is playing an increasingly important role in day-to-day transactions, value-
added features that can be made possible by personalization seem to have a greater gravitational

pull on sustained adoption.

5.3 Theoretical Implications

From a theoretical perspective, the results show that there are important extensions in the
existing technology adoption models. While the classical models like TAM and UTAUT
identify ease of use, cost effectiveness and trust, the current research identifies that artificial
intelligence (AI) based personalization and Al based marketing innovation are a vital part as
antecedents of adoption in today's Fin-tech spaces (Research and Markets, 2022). Perceived
personalization might, therefore, be introduced as a generalization of perceived usefulness in
models on technology acceptance. Furthermore, the results support practitioner observations
that generic and one size fits all marketing approaches are becoming less and less effective in
data-rich digital environments in which consumers show stark differences between

personalized and non-personalized services.

5.4 Practical Implications
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The implications of this study have a number of significant implications for fintech managers,

digital payment providers and industry practitioners.

First, the sizeable relationship between Al-powered personalization and customer adoption
suggests investments in Al-powered personalization capabilities as a strategic priority (not an
optional enhancement). Fintech companies should use machine learning and advanced
analytics to translate personal behaviour and design customized payment experiences such as
customized cashback offers, customized spending insights and context-aware payment
recommendations. In the face of the established relation between personalization and adoption,
such initiatives can provide a critical source of competitive separation in a growing crowded

digital payments market.

Second, the findings are a way of pointing out the strategic importance of marketing innovation
based on artificial intelligence. The massive difference in adoption rates for the levels of
marketing innovation indicates that the traditional and generic approach to marketing has failed
to keep users engaged. Marketing teams should rely more on Al-driven analytics, to plan
targeted marketing campaigns that appeal to certain sections of the customers. Examples are
dynamic discounts based upon spending behaviour, Al-based adaptive advertisements and
gamified referral or reward programs. Importantly, these marketing innovations should be
accompanied by messaging around security and trust as the focus on Al's role in fraud

prevention and risk mitigation can further leads to higher consumer confidence.

Third at the organizational level, the leadership has to create an Al oriented culture with a
strong culture of continuous innovation. This means investing in building capabilities of the
marketing, product and analytics teams and forming strategic partnership with Al vendors or
fintech incubators/technology startups. Managers should also be watching adoption patterns by
demographic and geographical segments, and design targeted intervention in areas where
adoption lags. Aligning organizational strategy along the lines of Al-enabled personalization
and marketing innovation can help firms to tap into sustained growth potential of Indian digital

payments market in India.

6. Limitations

Despite its contributions, there are a number of limitations to the study that need to be

considered. First, the convenience of using a non-random sample of the participants based on
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online means may present a bias and the results do not necessarily represent the general user
population. Second, the cross sectional design captures perceptions only as they stand at a
single point in time and limits ability to make any definitive inferences about causality. Third,
use of self-reported measures can gain common method bias that in turn can inflate

relationships.

Additionally, the study is purely focused on Al driven personalization and Al based marketing
innovation other contributing factors such as digital literacy, institutional trust or socio-
economic conditions were not explicitly included in the study. Finally, there was an aggregate
level of measurement of the constructs, in the future, studies that focused on specific Al
applications could be undertaken in greater detail. Despite these limitations, the study helps in
providing a strong empirical basis to understand the role of Al in the adoption of digital

payments.

7. Conclusion

7.1 Summary of Findings

This research is an example of the importance of artificial intelligence in the fast evolving
digital payments landscape in India. The results show that the impact of Al-powered
personalization is significant to improve customer adoption and users that experience a higher
level of personalization have a higher level of usage and stronger will to continue using the
digital payment services. Similarly, in Al-based marketing innovation there is a high variation
in the level of adoption with innovative Al-enabled marketing strategies being implemented in
the promotional process equating to higher user adoption. Together, these results provide
support to alternative hypotheses (H11 and H12), and suggest that Al has the potential to

promote the use of digital payments at a faster rate.

The conclusions are close to the findings of industry observers, which identified
personalization and marketing that takes an Al approach to be important competitive levers in
fintech. Rather than being deployed solely to drive efficiency in the backroom, Al technologies
are now increasingly being hired as front-line mechanisms that are intended to create a better
customer experience and engagement. At a macro level, the findings suggest that in order for
India to continue its digital payment momentum, it will not only be dependent on infrastructure
expansion, but also on the ability of firms to offer user-centric, personalized and innovative

services.
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In sum, the integration of Al in the digital payment systems is not a matter of choice, but a
strategic need. This research proves that the Al-Powered personalization and marketing
innovation is an important catalyst for customer adoption in the cashless transformation in
India. As digital payments continue to grow, fintech companies, banks, and policy makers need
to use a combination of technological development and user-oriented design and engagement

approaches to ensure inclusive, secure, and long-term growth.

7.2 Contributions

Despite these limitations, the study helps in providing a strong empirical basis to understand
the role of Al in the adoption of digital payments.

7.3 Future Research Directions

Future researches can go more in a meaningful way from the present study. Longitudinal
designs which track users before and after introduction of certain Al features would allow for
more powerful causal inference. The use of objective usage data which is obtained from digital
payment platforms could be used to complement self-reported measures and increase accuracy.
Demographic segmentation like age, income level, urban-rural may tell us whether there would

be different benefits from Al driven personalization for different user categories.

Qualitative methods such as interviews and focus groups may provide more information on
user's perception of Al driven features and understand which type of personalization and
marketing innovation is appreciated most (Verma & Kumaran, 2021). Emerging Al
technologies such as generative Al applications such as voice-enabled payments and Al-
powered financial assistants are promising opportunities when it comes to investigating in the
future. Comparative cross-country studies may provide further information on the cultural and

regulatory factors influencing the dynamics of Al-driven adoption.
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Abstract

Despite increasing Al adoption, Nigerian SMEs lack empirically validated evidence on how
Al-enhanced entrepreneurial competence drives performance, limiting strategic capability
development and sustained competitive advantage in dynamic markets. This study examined
the influence of Al-enhanced entrepreneurial competence on the performance of small and
medium-sized enterprises (SMEs) in Nigeria, focusing on registered SMEs in Abuja, Federal
Capital Territory. Grounded in Dynamic Capabilities Theory, the study posits that firms
achieve superior performance by developing the capacity to sense opportunities, seize them
through strategic decision-making, and reconfigure resources in response to technological and
environmental changes. In this context, Al-enhanced entrepreneurial competence represents a
strategic capability that enables SMEs to integrate artificial intelligence tools into opportunity
recognition, innovation, and operational optimization processes. A quantitative approach was
adopted using survey and cross-sectional research designs. The population comprised 17,321
registered SMEs, from which a sample size of 390 was determined using the Taro Yamane
formula and increased to 430 to account for potential non-responses. A total of 366 valid
responses from SME owner-managers were analysed. Data were collected through structured
questionnaires administered both physically and online across the six Area Councils of the
FCT. Preliminary diagnostic tests, including outlier assessment, normality, multicollinearity,
non-response bias, and common method bias tests, confirmed data suitability. The findings
revealed that Al-enhanced entrepreneurial competence (Knowledge and Skills) positively and
significantly influences SMEs’ performance. The study extends Dynamic Capabilities Theory
within the digital entrepreneurship domain and provides practical implications for

strengthening SME competitiveness in Nigeria’s evolving technological landscape. Keywords:
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INTRODUCTION

Artificial intelligence (AI) is redefining the architecture of competitive advantage in
contemporary markets, particularly for small and medium-scale enterprises (SMEs) operating
in emerging economies. Globally, Al adoption in business is accelerating, with an estimated
78% of firms reporting active use of Al technologies and over 71% exploring integration into
core operations (McKinsey & Company, 2025). Al-driven systems enhance decision quality,
predictive analytics, customer relationship management, and operational efficiency, thereby
strengthening entrepreneurial competence in dynamic environments. Entrepreneurial
competence comprising opportunity recognition, strategic decision-making, innovation
capability, digital literacy, and risk management has become increasingly technology-
embedded. In Nigeria, SMEs constitute about 96% of businesses, contribute approximately
48% to national GDP, and account for nearly 84% of employment (Moniepoint FB, 2026).
Despite their economic significance, Nigerian SMEs face structural constraints including
limited access to finance, weak technological infrastructure, and low digital capability.
Empirical evidence showed that over 70% of Nigerian SMEs have yet to adopt advanced digital
tools beyond basic accounting software (Ajayi, 2025). The integration of Al into
entrepreneurial competence offers a strategic pathway for overcoming productivity stagnation
and enhancing scalability. However, Al-enhanced competence requires more than
technological acquisition; it demands cognitive adaptability, data-driven decision orientation,
and absorptive capacity (Nguyen et al., 2026). In highly competitive markets characterized by
volatility and uncertainty, Al-enabled entrepreneurial competence may determine whether
SMEs achieve sustainable performance growth or remain vulnerable to disruption.

Despite increasing discourse on digital transformation, the performance trajectory of Nigerian
SMESs remains inconsistent and fragile with over 95% of SMEs in Nigeria fail within the first
five years of operation due to managerial inefficiencies, inadequate market intelligence, and
limited innovation capability (Mohac Africa, 2026). In addition, between 2023-2025, roughly
7.2 million SMEs closed, erasing 30% of the country’s registered businesses (Plu Team, 2025).

Entrepreneurial competence has traditionally been conceptualized in terms of skills,
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experience, and behavioural attributes; however, the rapid diffusion of AI technologies
necessitates a reconceptualization toward Al-enhanced entrepreneurial competence (Tang,
2026). This construct integrates machine learning-assisted forecasting, automated customer
analytics, intelligent inventory management, and algorithmic financial planning into the
entrepreneurial decision-making process. While Al tools are increasingly available through
cloud-based platforms, adoption among Nigerian SMEs remains below 30%, largely due to
cost perceptions, skill gaps, and infrastructural deficiencies (Omonzejele & Okogun, 2025).
Consequently, many SMEs continue to rely on intuition-driven strategies rather than data-
driven models, resulting in suboptimal resource allocation and weak competitive positioning.
The absence of structured Al capability development further exacerbates digital inequality
between large firms and SMEs (Arroyabe et al., 2024). Although prior studies have examined
entrepreneurial competence and firm performance e.g., Rehman et al., 2023; Kamuri, 2023;
Mokbel Al Koliby et al., 2024 & Labo et al., 2024, limited empirical attention has been devoted
to the specific mechanisms through which Al augmentation influences SMEs’ performance
within the Nigerian context.

Extant literature provides growing evidence that digital capability positively influences firm
performance e.g., Joensuu-Salo & Matalaméki,, 2023; Atobishi et sl., 2024; Chukwudi, 2024,
yet the empirical linkage between Al-enhanced entrepreneurial competence and SMEs
performance remains under-theorized in developing economies. Studies in advanced markets
report productivity gains of 6%-20% among firms integrating Al into core processes (Gao &
Feng, 2023; Ajuzieogu, 2013), while data-driven firms are 23 times more likely to acquire
customers and 19 times more likely to be profitable (McKinsey & Company, 2014). However,
contextual differences in infrastructure, institutional support, and human capital may moderate
these outcomes in Nigeria. Evidence indicates that internet penetration in Nigeria stands at
approximately 51%, with broadband access unevenly distributed across regions (The Guardian,
2026). Such disparities affect SMEs’ ability to leverage Al platforms effectively. Moreover,
significant digital skill gaps remain, as a large proportion of the Nigerian workforce
demonstrates only basic digital competencies, thereby contributing to a pronounced digital
skills deficit (Okwuchukwu, 2025). These structural constraints underscore the need to
empirically examine how Al-enhanced entrepreneurial competence translates into SMEs
performance. Without systematic investigation, policy prescriptions promoting Al adoption
risk remaining aspirational rather than evidence-based. Therefore, a context-specific analysis
is required to clarify the magnitude, direction, and significance of Al-enhanced entrepreneurial

competence on SMEs performance in Nigeria’s evolving digital economy.
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In Nigeria, government initiatives such as the National Digital Economy Policy and Strategy
(2020-2030) aim to increase digital contribution to GDP and promote technology-driven
entrepreneurship. Nevertheless, implementation gaps and limited SME readiness constrain the
realization of these objectives. Regional disparities in electricity supply, broadband
infrastructure, and technical training further complicate Al diffusion across SMEs. While
fintech adoption has expanded rapidly with Nigeria hosting over 200 fintech startups and
attracting more than $1billion in venture capital between 2021 and 2023 (Healthcap Africa,
2023) traditional SMEs in manufacturing, retail, and agribusiness lag in Al utilization. The
performance implications of this technological divide are substantial, as digitally advanced
SMEs demonstrate higher customer retention rates, faster product development cycles, and
improved cost management. The present study therefore aims to examine the influence of Al-
enhanced entrepreneurial competence on SMEs performance in Nigeria by operationalizing
competence dimensions such as Al-driven knowledge and skills. Specifically, the study seeks
to determine whether Al-enhanced entrepreneurial knowledge and skills significantly improve
SMEs performance and to provide empirical insights that inform managerial strategy and
public policy. By doing so, it contributes to the emerging discourse on digital entrepreneurship

within Sub-Saharan Africa’s largest economy.
REVIEW OF RELATED LITERATURE AND THEORETICAL FRAMEWORK
Concept of Performance

Performance has been conceptualized in several scholarly traditions as an indicator of overall
organizational effectiveness and goal attainment. El Fallahi et al. (2023), viewed performance
as the extent to which an organization achieves its financial and strategic objectives,
emphasizing both economic outcomes and broader operational success. Ahmad et al. (2023),
conceptualized performance as a multidimensional construct reflecting growth, profitability,
and efficiency indicators that collectively demonstrate venture progress and sustainability.
Kakeesh et al. (2005) described it as the realized outcomes of entrepreneurial activities
measured through sales growth, profitability, and overall business expansion relative to
competitors. Trivedi et al. (2009) posited that performance as encompassing financial results,
market outcomes, and shareholder value, representing the aggregate effectiveness of
managerial actions and resource deployment. Consequently, performance in scholarly
discourse reflects the overall achievement of enterprise objectives through effective utilization

of resources, strategic positioning, and operational execution within competitive environments.

Concept of AI-Enhanced Entrepreneurial Competence
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Al-enhanced entrepreneurial competence in this study refers to a technology-augmented
capability construct grounded in two core dimensions: Al-knowledge and Al-skills. It is
conceptualized as the entrepreneur’s cognitive understanding of artificial intelligence
principles, tools, and strategic applications (Al-knowledge), combined with the practical ability
to deploy Al systems in venture operations (Al-skills) to improve organizational outcomes. Al-
enhanced entrepreneurial competence is defined as the entrepreneur’s capacity to sense, seize,
and reconfigure opportunities using Al-driven analytics and intelligent automation, where Al-
knowledge supports opportunity recognition and Al-skills facilitate execution (Chotia et al.,
2025). It represents a digital entrepreneurial capability integrating awareness of Al
technologies such as machine learning and predictive analytics with the technical proficiency
to apply these tools in decision-making and value creation processes (Yamani et al., 2025). It
can be viewed as an extension of traditional entrepreneurial competence, where Al-knowledge
strengthens strategic insight while Al-skills operationalize data-driven innovation and process
optimization (Park & Kim, 2025). Finally, within this study, Al-enhanced entrepreneurial
competence is defined as the synergistic combination of Al-knowledge (conceptual, analytical,
and strategic understanding of Al) and Al-skills (practical, technical, and application-oriented

capabilities) that collectively enable entrepreneurs to leverage intelligent technologies.
Al-Enhanced Entrepreneurial Knowledge and SMEs Performance

Recent empirical evidence consistently demonstrates that Al-enhanced entrepreneurial
knowledge and knowledge management capabilities significantly improve organizational
performance across diverse contexts. Shaban et al. (2025), using a quantitative design grounded
in the Resource-Based View, found that Al capability and knowledge management systems
exert direct positive effects on organizational performance within SMEs. Similarly, Cui (2025),
drawing on the Resource-Based Theory and Knowledge-Based View, reported that Al-driven
knowledge sharing, organizational learning, and knowledge management dynamic capabilities
each significantly enhanced performance outcomes in Chinese technology firms. In the Iranian
public sector, Zahedi (2025), revealed that AI applications strengthened knowledge
management processes, particularly knowledge creation, transfer, retention, and application,
and that the integration of artificial intelligence with knowledge management positively
influenced human resource performance. Expanding the scope, Dash et al. (2025), concluded
that integrating Al technologies with knowledge management structures significantly improves
business process efficiency and strengthens competitive advantage across organizations.

Furthermore, Bruhin et al. (2025), found that generative Al tools enhanced knowledge transfer,
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team collaboration, and productivity within software development teams. Collectively, these
studies converge in affirming that Al-enabled knowledge capabilities function as strategic
assets that enhance organizational effectiveness and overall performance across sectors and

institutional contexts.

HOI1: Al-Enhanced Entrepreneurial knowledge does not significantly predict SMEs

performance in Nigeria
Al-Enhanced Entrepreneurial Skills and SMEs Performance

Empirical studies consistently affirm that Al-enhanced entrepreneurial skills significantly
improve performance outcomes across educational and SME contexts. Gong, Wang, and Dong
(2025) demonstrated that Al integration within entrepreneurship education strengthens
students’ dynamic capabilities specifically their abilities to sense, seize, and reconfigure
opportunities which subsequently enhances Al-enabled performance. Their findings highlight
that technology-driven, organizational, environmental, and human factors collectively develop
practical Al-oriented skills that translate into superior entrepreneurial outcomes. Similarly,
Mohd Noor and Zainuddin (2025) found that AI marketing adoption among women
entrepreneurs significantly improves digital competencies and overall business performance,
indicating that the ability to apply Al tools in marketing analytics, customer targeting, and
digital engagement enhances enterprise sustainability. In the SME sector, Soomro et al. (2025)
reported that Al capabilities foster creativity and green innovation, which in turn drive long-
term performance, emphasizing that practical Al infrastructure integration and proactive
entrepreneurial orientation are critical performance enablers. Furthermore, Njeri, Wekesa, and
Hassan (2025) established that Al-driven marketing, operations automation, customer
engagement systems, and Al-based decision support positively influence SME performance,
with digital skills strengthening this relationship. Collectively, these studies converge on the
conclusion that Al-enhanced entrepreneurial skills reflected in the practical application of Al
technologies for innovation, marketing, operations, and strategic decision-making serve as a
significant driver of improved organizational and SME performance outcomes across diverse

economic contexts.

HO02: Al-Enhanced Entrepreneurial Skills does not significantly predict SMEs performance in
Nigeria

Dynamic Capabilities Theory

Dynamic Capabilities Theory (DCT) provides a robust theoretical foundation for explaining

how firms achieve sustained performance in volatile and technology-driven environments. The
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theory was advanced by Teece, Pisano, and Shuen (1997). Teece et al. (1997) argued that
competitive advantage does not stem merely from resource possession, as suggested by the
Resource-Based View, but from a firm’s ability to integrate, build, and reconfigure internal
and external competences in response to rapidly changing environments. Central to DCT are
the microfoundations of sensing, seizing, and reconfiguring (Kowalski et al., 2025). Sensing
refers to identifying technological and market opportunities; seizing involves mobilizing
resources to capture value from those opportunities; and reconfiguring denotes transforming
organizational structures and capabilities to maintain alignment with environmental shifts
(Engelmann, 2024). The theory emphasizes managerial cognition, learning processes, and
strategic orchestration as drivers of adaptive capacity. In digital economies characterized by
technological discontinuities such as artificial intelligence (Al), dynamic capabilities become

critical for firms seeking resilience and performance sustainability.

This study is underpinned by Dynamic Capabilities Theory because Al-enhanced
entrepreneurial competence reflects the entrepreneur’s capacity to sense digital opportunities
through Al-knowledge and to seize and reconfigure resources through Al-skills. Al-knowledge
enables SME owners to recognize emerging data-driven market patterns, technological trends,
and innovation possibilities, aligning with the sensing dimension. Al-skills operationalize the
seizing and reconfiguring processes by facilitating intelligent decision-making, automation,
and resource optimization that improve overall SME performance. In the Nigerian SME
context, where environmental uncertainty, infrastructural instability, and competitive pressures
are prevalent, dynamic capabilities explain why mere access to Al tools is insufficient without
the competence to strategically deploy and continuously adapt them. Thus, Al-enhanced
entrepreneurial competence represents a dynamic capability that enables SMEs to transform
technological inputs into sustained general performance outcomes, consistent with the

propositions of Teece et al. (1997)
METHODOLOGY

This study adopted a quantitative research approach employing survey and cross-sectional
research designs to examine the influence of Al-enhanced entrepreneurial competence on
SMESs’ performance in Nigeria. The target population comprised 17,321 registered small and
medium-sized enterprises (SMEs) operating within Abuja, Federal Capital Territory (FCT).
Using the Taro Yamane formula, a sample size of 390 was determined and subsequently
increased to 430 to accommodate potential non-response bias. Data were collected from SME

owner-managers through structured questionnaires administered both physically and online
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across the six Area Councils of the FCT. A total of 366 valid responses were retrieved and used
for analysis. Prior to hypothesis testing, several preliminary diagnostic procedures were
conducted to ensure data integrity and robustness. These included outlier assessment, normality
testing, multicollinearity diagnostics, non-response bias evaluation, and common method bias
testing. The results of these tests confirmed the suitability of the dataset for empirical analysis.
The study’s methodological design enabled systematic examination of the proposed

relationships within a real-world SME context.
Measures

Validated scales from previous studies where adapted and used in the study on Spoint Likert
scale of 1 Strongly Disagree to 5 Strongly Agree. SMEs performance was measured using 8-
item firm performance scale of Spillan and Parnell (2006). Sample of item is “Profit goals have
been achieved” with reported Cronbach’s alpha of 0.764. Al-Enhanced entreprenecurial
knowledge was measured using 4-item Xia et al. (2025) Ai-knowledge scale. Sample of the
adapted item is “I understand how Al technologies can support opportunity recognition” with
reported Cronbach’s alpha of 0.899 Al-entrepreneurial skill was measured using 9-item
entrepreneurial skills of Amaewhule and Ogor (2020) with reported Cronbach’s alpha of 0.723.
Sample of adapted item is “I have the skill to apply Al-based accounting software to calculate

and analyse accounting records”.
DATA ANALYSIS

Partial Least Squares Structural Equation Modeling (PLS-SEM), implemented through Smart-
PLS, was utilized for data analysis. The assessment covered indicator outer loadings, internal
consistency reliability, and both convergent and discriminant validity within the measurement
model. In addition, the structural model was evaluated by examining path relationships, effect
sizes (f?), predictive relevance (Q?), coefficient of determination (R?), and overall model fit to
determine the strength and explanatory power of the hypothesized relationships.

Assessment of Measurement Model

The measurement model assessment commenced with the evaluation of indicator outer
loadings. According to Hair et al. (2022), standardized loadings of 0.70 and above are
considered ideal for indicator retention. Nevertheless, in social science research where lower
loadings may occur, indicators with loadings between 0.40 and 0.70 may be retained, provided
their inclusion does not adversely affect composite reliability or the average variance extracted
(AVE). In contrast, Hulland (1999), suggested a minimum acceptable loading of 0.50. Guided

by this more conservative threshold, the present study eliminated indicators with loadings
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below 0.50. Consequently, only item AI-EES1, AI-EES4 and AI-EES7 was removed due to a
loading less than 0.50 (see Figure 1 and Table 1).

Subsequently, internal consistency reliability was examined using Composite Reliability (CR)
and Cronbach’s alpha coefficients. . Hair et al. (2017), recommended a benchmark value of
0.70 or higher to establish adequate construct reliability and instrument consistency. As
presented in Table 1, all CR and Cronbach’s alpha values exceeded the 0.70 threshold,
confirming the reliability of the constructs.

Furthermore, convergent validity was assessed through the Average Variance Extracted
(AVE). Fornell and Larcker (1981), asserted that an AVE value of at least 0.50 is required to
demonstrate sufficient convergent validity. The AVE values reported in Table 1 all surpassed

0.50, thereby confirming that convergent validity was satisfactorily established.

Al-EEK1 Al-EEK2 AI-EEK3 Al-EEK4

N

0976 0841 0.859 (g5

Al-Enhanced Entreprenurial Knowledge

SMEP1

/

/ SMEP2
0.419

b/
SMEP3
0.745
/ -
AIEES2 0.870

SMEP4
\ ":.::1.32?*
—

_ 0822
ALEESS 9454 / N
A wm 9
e

ALEES5 e SMEs Performanc S\

L 384 smEPs
0.238

&0.844
Al-EES6 - | | \ o
Al-Enhanced Entrepreneurial Skills
ALEESS T -
AI-EES9

Figure 1: Measurement Model
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Table 1: Outer loadings, Reliability and Convergent Validity

Indi  Outer
cato Loading Cronbac Composite Average variance

Constructs r s h's alpha reliability extracted (AVE)

Al-Enhanced Al-
Entrepreneurial EEK
Knowledge 1 0.876 0.880 0917 0.735

Al-
EEK
2 0.841

3 0.859

4 0.854

Al-
Al-Enhanced EES
Entrepreneurial Skills 2 0.854 0.933 0.947 0.749

Al-
EES
3 0.890

Al-
EES
5 0.892

Al-
EES
6 0.844

ISBN No: 978-81-993732-2-8248 248



2" International Conference — NOBCON 2026 on Interdisciplinary Horizons — Innovation,

- - Sustainability, Al and Transformation (IC-IHITSA) <
@ unNgE.s-lg Noble University Campus, Junagadh @
Junagadh, India, March 6 — 7, 2026 nobCon
Al-
EES
8 0.824
Al-
EES
9 0.887
SME
SMEs Performance P1 0.835 0.933 0.945 0.682
SME
P2 0.745
SME
P3 0.870
SME
P4 0.827
SME
P5 0.822
SME
P6 0.819
SME
P7 0.844
SME
P8 0.838

Source: Authors’ systemization of Smart-PLS output, 2026
Discriminant validity was further assessed using the Heterotrait-Monotrait (HTMT) ratio of
correlations. Given that the constructs in this study are conceptually distinct, the more stringent
HTMT threshold of 0.85, as suggested by Kline (2011), was adopted rather than the 0.90
criterion proposed by Henseler et al. (2015), for conceptually similar constructs. The results
presented in Table 2 indicate that all HTMT values fall below the 0.85 cutoff point. This
outcome provides sufficient evidence that discriminant validity has been satisfactorily

established among the constructs.
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Table 2: Discriminant validity using HTMT correlations

Al-Enhanced AI-Enhanced SMEs
Entrepreneurial Entrepreneurial Performan
Construct Skills Knowledge ce
Al-Enhanced
Entrepreneurial Skills
Al-Enhanced
Entrepreneurial
Knowledge 0.291
SMEs Performance 0.466 0.556

Source: Authors’ systemization of Smart-PLS output, 2026
The effect size (f°) was evaluated in accordance with the guidelines proposed by Cohen
(1988).Within the context of PLS-SEM, effect size represents the magnitude of the contribution
that an exogenous construct makes to the R? value of an endogenous construct in the structural
model (Hair et al., 2022). Thus, f? provides a quantitative estimate of the substantive impact of

each predictor variable on the corresponding outcome variable.

Table 3: Assessment of Effect Size (f°)

Constructs SMEs Performance  Degree
Al-Enhanced Entrepreneurial Skills 0.154 Medium
Al-Enhanced Entrepreneurial Knowledge 0.252 Medium

Source: Authors’ systemization of Smart-PLS output, 2026
Cohen (1988) proposed that f? values of 0.02, 0.15, and 0.35 represent small, medium, and

large effect sizes, respectively. As shown in Table 3, when SMEs Performance is specified as
the endogenous (target) construct, AI-Enhanced Entrepreneurial Skills f>=0.154 demonstrates
a medium effect size, as the value slightly exceeds the 0.15 threshold. This indicates that
entrepreneurial skills enhanced through AI adoption make a meaningful and practically
relevant contribution to explaining variations in SMEs performance. Additionally, Al-
Enhanced Entrepreneurial Knowledge f* = 0.252 also exhibits a medium effect size, but with a
stronger magnitude compared to entrepreneurial skills. This suggests that Al-enhanced

knowledge contributes more substantially to the explained variance in SMEs performance.
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Comparatively, AI-Enhanced Entrepreneurial Knowledge exerts a greater substantive impact
on SMEs performance than Al-Enhanced Entrepreneurial Skills. However, neither construct
reaches the 0.35 benchmark required to be classified as having a large effect. Overall, the
findings imply that both Al-driven skills and knowledge are important predictors of SMEs
performance, with Al-enhanced knowledge playing a relatively more influential role in

strengthening firm outcomes.

Table: 4 Model Fit

Saturated model Estimated model
SRMR 0.039 0.039
d ULS 0.261 0.261
d G 0.117 0.117
Chi-square 276.293 276.293
NFI 0.947 0.947

Source: Authors’ systemization of Smart-PLS output, 2026

Table 4 presents the model fit indices for both the saturated and estimated models obtained
from Smart-PLS. The values are identical across both models, indicating consistency between
the measurement and structural specifications. The Standardized Root Mean Square Residual
(SRMR) value is 0.039 for both models. Since SRMR values below 0.08 are generally
considered indicative of good model fit as recommended by Hu and Bentler (1999), this result
suggests that the model demonstrates an excellent fit to the data. The discrepancy measures,
d ULS (0.261) and d_G (0.117), are relatively low. In PLS-SEM, smaller values of these
indices indicate better model fit when compared against bootstrap-based confidence intervals.
The reported values therefore suggest acceptable model adequacy. The Chi-square value is
276.293 for both models. Although Chi-square is sensitive to sample size and is not the primary
fit criterion in PLS-SEM, it is reported for completeness. Finally, the Normed Fit Index (NFI)
is 0.947, which exceeds the commonly recommended threshold of 0.90 (Hair et al. 2022). This
indicates a high level of model fit. Ultimately, the SRMR and NFI values, together with the
low discrepancy indices, provide sufficient evidence that the model exhibits a good overall fit

and is appropriate for interpreting the structural relationships.

Assessment of Structural Model
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The structural Model was used to test the hypothesized relationship between ai-enhanced

entrepreneurial knowledge and skills and SMEs performance. Bootstrapping 5000 was used.
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Figure 2: Structural Model

Table S: Hypothesized Relationship

T P
Hypot Bet STD statisti value Decis
heses Relationships a EV cs s ion
Hoi Al-Enhanced Entrepreneurial Knowledge 0.4 0.04 Rejec
-> SMEs Performance 19 1 10.263 0.000 ted
Ho2 Al-Enhanced Entrepreneurial Skills -~ 0.3 0.04 Rejec
SMEs Performance 27 2 7.757  0.000 ted
R?*=0.355 0°=0.237

Source: Authors’ systemization of Smart-PLS output, 2026
The results presented in Table 5 show that Al-Enhanced Entrepreneurial Knowledge has a

positive and statistically significant direct effect on SMEs Performance (f = 0.419, t=10.263,
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p=10.000). Since the p-value is below the 0.05 significance level and the t-statistic substantially
exceeds the critical value of 1.96, HOI is thereby rejected as it is stated that AI-Enhanced
Entrepreneurial knowledge does not significantly predict SMEs performance in Nigeria. The
magnitude of the beta coefficient indicates a moderately strong positive relationship,
suggesting that SMEs that effectively leverage Al-driven entrepreneurial knowledge are more
likely to experience improved performance outcomes. Similarly, AI-Enhanced Entrepreneurial
Skills demonstrate a positive and statistically significant influence on SMEs Performance (f =
0.327,t="7.757, p = 0.000). Given that the p-value is less than 0.05 and the t-statistic exceeds
1.96, H2 is also rejected based on the assertion that Al-Enhanced Entrepreneurial Skills does
not significantly predict SMEs performance in Nigeria. This finding implies that SMEs that
integrate Al-enhanced practical skills into their operations tend to achieve better productivity
and competitive performance. Comparatively, AI-Enhanced Entrepreneurial Knowledge (f =
0.419) exerts a stronger direct effect on SMEs Performance than Al-Enhanced Entrepreneurial

Skills (B = 0.327).

The R? value of 0.355 indicates that the model explains 35.5% of the variance in SMEs
Performance, representing a moderate level of explanatory power based Based on Hair, Hult,
Ringle and Sarstedt (2014), classification of R? values of 0.75, 0.50, and 0.25 as substantial,
moderate and weak respectively in PLS-SEM). Furthermore, the Stone-Geisser’s Q? value of
0.237 is greater than zero, confirming predictive relevance. According to Cohen (1988) Q-
values classification of 0.02, 0.15, and 0.35 representing small, medium, and large predictive
relevance, respectively., This 07 value 01 0.237 reflects a medium level of predictive relevance,

indicating that the model possesses adequate forecasting capability.

Discussions

The finding indicated that Al-enhanced entrepreneurial knowledge has a positive and
significant influence on SMEs performance in Nigeria. This suggests that entrepreneurs who
possess strong conceptual and strategic understanding of artificial intelligence such as
knowledge of machine learning applications, predictive analytics, data governance, and
intelligent automation are better positioned to interpret market signals and make evidence-
based decisions. Al-knowledge strengthens opportunity recognition, improves forecasting
accuracy, and reduces environmental uncertainty (Abdulmuhsin et al., 2025), thereby
enhancing overall firm effectiveness. In the Nigerian SME environment, where market
volatility, infrastructural instability, and intense competition are prevalent, data-informed

cognition becomes a strategic asset. Entrepreneurs with higher Al-knowledge demonstrate
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superior capacity to align technology investments with business strategy, optimize pricing
models, anticipate customer demand, and identify emerging niches. The positive coefficient
obtained in the study confirms that Al-knowledge enhances managerial quality and strategic
responsiveness, which collectively translate into improved general SME performance. This
aligns with the dynamic capabilities logic that sensing technological opportunities is
foundational to sustained competitive advantage.

Similarly, the result showed that Al-enhanced entrepreneurial skills exert a positive and
statistically significant effect on SMEs performance in Nigeria. While Al-knowledge reflects
cognitive awareness, Al-skills represent the practical ability to deploy Al tools for operational
and strategic execution (Bobitan et al., 2024). Entrepreneurs who can implement Al-driven
inventory systems, automate financial tracking, utilize customer analytics dashboards, and
integrate intelligent decision-support systems demonstrate improved efficiency and resource
utilization (Dachepalli, 2025). In a context where many SMEs struggle with cost control and
process inefficiencies, Al-skills enable automation of repetitive tasks, reduction of human
error, and acceleration of response time to market changes. The empirical evidence suggests
that beyond awareness, the technical and application-oriented proficiency to use Al tools
directly enhances overall organizational outcomes. This reinforces the dynamic capabilities
perspective that seizing and reconfiguring capabilities are essential for converting
technological knowledge into tangible performance gains. Therefore, both Al-enhanced
entrepreneurial knowledge and Al-enhanced entrepreneurial skills function as complementary
drivers of improved general SMEs performance in Nigeria.

Implications

The findings generate important practical implications for SME owners, managers,
policymakers, and enterprise development institutions in Nigeria. Practically, the positive
influence of Al-enhanced entrepreneurial knowledge and Al-enhanced entrepreneurial skills
on general SMEs performance suggests that digital transformation strategies must go beyond
mere technology acquisition to capability development. SME operators should invest in
structured Al literacy programs, executive digital training, and hands-on technical workshops
to strengthen both conceptual understanding and application proficiency. Business
development service providers and government agencies such as SMEDAN should integrate
Al-focused modules into entrepreneurship support schemes, incubation programs, and
capacity-building initiatives. Financial institutions and development partners may also consider

linking digital capability development to funding access, ensuring that SMEs are
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technologically prepared to utilize advanced tools efficiently. At the organizational level,
SMEs should adopt incremental Al implementation models beginning with affordable cloud-
based analytics and automation tools to reduce operational inefficiencies and enhance overall
firm effectiveness. The evidence indicates that Al competence is not a luxury but a strategic
necessity for improving productivity, adaptability, and competitiveness in Nigeria’s volatile
business environment.

Theoretically, this study contributes to the advancement of Dynamic Capabilities Theory by
empirically operationalizing Al-enhanced entrepreneurial competence as a firm-level dynamic
capability within an emerging economy context. By decomposing the construct into Al-
knowledge (sensing capability) and Al-skills (seizing and reconfiguring capability), the study
extends the microfoundational understanding of how digital competencies translate into
improved overall SMEs performance. It moves beyond traditional entrepreneurial competence
models by integrating artificial intelligence as a core strategic resource, thereby enriching
digital entrepreneurship literature. Furthermore, the study provides empirical validation from
Nigeria, addressing the geographical imbalance in prior research predominantly concentrated
in developed economies. By measuring SMEs performance as a unified aggregate construct
rather than fragmented dimensions, the research also offers a parsimonious analytical
framework that enhances comparability and theoretical clarity. Consequently, the study bridges
digital capability scholarship and SME performance research, reinforcing the relevance of
technology-embedded entrepreneurial competence in contemporary strategic management

discourse.
CONCLUSION AND RECOMMENDATIONS

The study concludes that Al-enhanced entrepreneurial competence significantly improves
general SMEs performance in Nigeria. Specifically, both Al-enhanced entrepreneurial
knowledge and Al-enhanced entrepreneurial skills were found to exert positive and statistically
significant effects on overall firm effectiveness. This implies that SMEs that possess strong
cognitive understanding of artificial intelligence concepts and the practical ability to deploy Al
tools demonstrate superior organizational outcomes compared to those that rely solely on
traditional managerial approaches. The findings reinforce the proposition of Dynamic
Capabilities Theory that firms operating in volatile and technology-driven environments must
develop the capacity to sense opportunities, seize them strategically, and reconfigure resources
continuously. In the Nigerian context characterized by infrastructural instability, competitive

pressure, and market uncertainty Al-enhanced competence functions as a strategic capability
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that strengthens adaptability, decision quality, and operational efficiency. Therefore, Al is not
merely a technological add-on but a performance-enabling mechanism when embedded within
entrepreneurial competence structures. The study thus provides empirical evidence that
integrating Al-knowledge and Al-skills into entrepreneurial practice is essential for improving

the overall performance trajectory of SMEs in Nigeria’s evolving digital economy.
Based on the findings, the following recommendations are proposed:

1. SME owners and managers should prioritize continuous capacity development in
Al-knowledge and Al-skills through structured digital training, certification
programs, and strategic partnerships with technology providers to enhance overall
business performance.

ii. Government agencies and enterprise development institutions should design and
implement targeted Al adoption support schemes, including subsidized training,
digital infrastructure enhancement, and accessible Al toolkits, to accelerate

competence-driven performance improvement among Nigerian SMEs.

Limitations and Suggestions for Further Study

This study is subject to several limitations that should be acknowledged. First, the use of a
survey and cross-sectional research design restricts the ability to establish causal inferences
among the study variables. While the design was appropriate for examining relationships at a
single point in time, it does not capture longitudinal dynamics or changes in Al-enhanced
entrepreneurial competence and SMEs’ performance over time. Future studies may adopt
longitudinal or experimental designs to provide stronger causal explanations and track
capability development across different growth stages of SMEs. Second, the geographical
scope of the study was limited to registered SMEs operating within Abuja, Federal Capital
Territory. This limits the generalizability of the findings to other regions of Nigeria with
different infrastructural, economic, and institutional conditions. Additionally, the study
focused exclusively on formally registered SMEs, thereby excluding informal sector
enterprises, which constitute a substantial proportion of Nigeria’s SME landscape. Including
informal businesses in future research could provide a more comprehensive understanding of

Al competence adoption across the broader entrepreneurial ecosystem.

Furthermore, the study examined only the direct relationship between Al-enhanced
entrepreneurial competence and SMEs’ performance, without incorporating potential

mediating or moderating variables. Factors such as innovation capabilities, institutional
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support, organizational resilience, digital infrastructure, and environmental dynamism may
significantly influence or condition the strength of this relationship. The exclusion of these
intervening mechanisms limits deeper theoretical explanation of how and under what
conditions Al-enhanced competence translates into superior performance outcomes. Future
research should extend the current model by integrating relevant mediators and moderators to
provide a more nuanced and comprehensive analytical framework. Such extensions would
enhance theoretical refinement and offer richer managerial insights into capability-driven

performance improvement among SMEs.
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Abstract

This research paper examines the impact of United States tariff announcements on the Indian
stock market, focusing on market-wide indices, sector-specific movements, and volatility
responses. Using a hybrid approach that combines an event-study methodology with volatility
analysis, the paper investigates short-run abnormal returns and conditional volatility changes
following major US tariff events. The study evaluates indices such as the Nifty 50, Sensex, and
trade-sensitive sectors including Metals, IT, Auto, and Pharma. Event windows surrounding
tariff announcements are analyzed to compute Abnormal Returns (AR), Cumulative Abnormal
Returns (CAR), and volatility shifts using GARCH-type models. Findings indicate that tariff
shocks trigger meaningful short-term reactions in Indian stocks, driven by global supply chain
expectations, export sensitivity, exchange-rate adjustments, and investor risk sentiment.
Sectors with direct export exposure exhibit stronger negative responses compared to
domestically oriented industries. The results provide insights into cross-border policy
transmission, emerging-market vulnerabilities, and implications for investors, portfolio

managers, and policymakers.

Keywords: US tariffs, Indian stock market, event study, volatility, GARCH, Nifty 50, global
trade policy

1. Introduction

The interconnected nature of global financial markets implies that policy measures in one major
economy often influence economic and market conditions in others. Among such measures,
trade policy actions—especially tariff impositions by the United States—have historically
been associated with international financial volatility. India, being a heavily trade-linked
emerging market economy, is sensitive to fluctuations in global conditions, including changes

in tariff structures by the US government.

The 21st century has seen multiple waves of tariff interventions by the US, especially during
periods of geopolitical tension, trade rebalancing, and protectionist policy phases. These tariff
actions not only affect bilateral trade flows but also trigger broader market expectations around

global demand, supply chains, cost structures, and competitiveness. For India, whose economic
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sectors such as Information Technology, Pharmaceuticals, Automotive Components, and
Metals maintain significant exposure to US markets, tariff shocks can translate into stock

market fluctuations.

This study aims to evaluate how US tariff announcements affect the Indian stock market in the
short run. Focusing on event windows surrounding tariff events, the research uses
market-model-adjusted abnormal returns to assess immediate reactions and volatility models
to capture conditional impacts. The results offer updated insights into globally transmitted

policy shocks and their implications for emerging-market equities.
2. Literature Review

Previous empirical work establishes that international trade policy has a measurable effect on
global financial markets. Studies on event-driven impacts of tariff announcements highlight
that markets tend to react instantly to such shocks, especially when the affected industries are
globally integrated. Emerging markets, due to their dependence on export channels and foreign

capital flows, experience amplified volatility following US policy actions.

Research focusing on India indicates that sectors with substantial US exposure—such as IT
services and pharmaceuticals—demonstrate sensitivity to US tariffs through stock price
adjustments and changes in trading volumes. Metals and Auto sectors, which depend on
imported components or global commodity cycles, experience indirect influences through cost

structures and demand expectations.

GARCH-based volatility studies further show that tariff announcements elevate risk premiums
in global equity markets. Increased uncertainty results in volatility spikes, capital flow
adjustments, and heightened sensitivity to global news cycles. Against this backdrop, this paper
extends existing research by combining event-study analysis with volatility modeling to

quantify India-specific effects.
3. Research Objectives

This paper is structured around the following core objectives:

1. To examine whether US tariff announcements produce abnormal returns in the
Indian stock market.

2. To evaluate sector-wise sensitivity to tariff events, focusing on export-oriented and
globally linked industries.

3. To assess volatility changes before and after tariff announcements using
GARCH-class models.
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4. To interpret the economic and financial transmission mechanisms linking US
tariff actions to Indian equity markets.

5. To draw implications for investors, policymakers, and market analysts.

4. Data and Methodology
4.1 Data Sources

The study uses secondary data from publicly available financial resources, including:

o Daily closing prices of Nifty 50, Sensex, and relevant sectoral indices (Metals, IT,
Pharma, Auto).

o Daily data for INR/USD exchange rate and India VIX for volatility tracking.

o Event dates obtained from official US government notices and major news outlets
reporting tariff decisions.

4.2 Event Selection
Four major tariff announcement events involving US trade policy decisions were selected,

focusing on episodes that had global impact. Each event includes:

e The announcement date (Day 0)
e An estimation window (—120 to —21 days)
o Event windows: 0, 1, £3, £5, 10 days
4.3 Methodology Framework
4.3.1 Event Study Method
The event-study model calculates:
o Expected Return (ER) using market model regression
e Abnormal Return (AR) = Actual Return — Expected Return
e Average Abnormal Return (AAR) for index-level aggregation
e Cumulative Abnormal Return (CAR) across multi-day windows
e Cumulative Average Abnormal Return (CAAR) for market-wide effects

This allows measurement of immediate market reaction to tariff shocks.
4.3.2 Volatility Modeling

To assess shifts in volatility, the study employs:

e  GARCH(1,1) for baseline volatility dynamics

o EGARCH to capture asymmetric effects
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These models help quantify risk premium changes and market uncertainty following tariff

events.
5. Analysis and Findings
5.1 Market-Wide Response

Across the selected events, the Indian stock market displayed statistically significant abnormal
returns within the (0, +3) and (0, +5) event windows. Negative CAR values were most
noticeable in periods when tariffs targeted global supply chains, particularly during heightened

trade tensions.

Nifty 50 and Sensex experienced mild negative shocks on Day 0, followed by stabilization
within days. This pattern is consistent with global risk-off sentiment triggered by policy

uncertainty.
5.2 Sector-Wise Impact
Metals Sector

The Metals sector exhibited the highest sensitivity, with CARs showing significant negative
deviations across (0, +5) and (0, +10) windows. Since metals are directly linked to global

commodity flows, tariffs indirectly influenced demand expectations and commodity prices.
IT Sector

The IT sector showed moderate negative reactions, primarily due to concerns around
outsourcing, US client budgets, and global demand uncertainty. However, the impact was less

severe compared to Metals.
Pharma Sector

Pharmaceutical stocks displayed resilience, with mixed results. Many Indian pharma firms

have diversified markets and strong domestic demand, thereby reducing sensitivity.
Auto Sector

Auto stocks reacted negatively, largely due to concerns over input costs (imported components)

and global supply chain disruptions.
5.3 Volatility Shifts (GARCH Analysis)

GARCH estimates showed:

o Increased volatility immediately after tariff announcements
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o Persistence of conditional variance, indicating prolonged uncertainty

o Stronger asymmetric effects (captured via EGARCH), suggesting negative shocks
magnified volatility

5.4 Exchange Rate Influence
The INR depreciated slightly following tariff announcements, influencing stock returns

through:

e Changes in export competitiveness
e Cost implications for import-dependent sectors

5.5 Summary of Results

e Market reactions were short-lived but significant.

o Export-linked sectors experienced sharper negative effects.
e Volatility remained elevated for days after the events.

e Results confirm globally transmitted spillover effects.

6. Discussion

The findings highlight how US tariffs influence Indian equity markets through global linkages
rather than direct bilateral trade volumes. Tariffs introduce uncertainty about global demand,
corporate earnings, and cost structures. Export-oriented industries face heightened risks,

prompting stronger reactions.

The volatility effects underscore the role of global macroeconomic shocks in shaping
emerging-market risk perceptions. For investors, tariff news serves as a trigger for portfolio
adjustments and hedging strategies. For policymakers, the results emphasize the need to

strengthen economic resilience through diversified trade relationships.
7. Conclusion

This study demonstrates that US tariff announcements have measurable impacts on the Indian
stock market through abnormal returns and volatility adjustments. The hybrid methodology
combining event study and GARCH modeling offers comprehensive insight into short-run and
dynamic market effects. The results reaffirm the importance of monitoring international policy

developments for market forecasting and investment decision-making.

Future studies may use firm-level data for deeper insights, incorporate machine-learning

methods for prediction, or extend analysis to other emerging markets.
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Abstract

The shift to sustainable energy has become a global priority, with many countries treating it
almost like a race. However, the journey to adopting residential solar power looks very
different in developed and emerging economies. This study aims to take a closer look at how
consumers in India and Germany decide whether to install solar panels, highlighting insights
that matter not just locally but also for the broader push toward global sustainability. In
Germany, a mature market characterized by "grid parity", adoption is increasingly driven by
emotional factors such as pride and happiness, as well as spillover effects from other green
technologies, such as electric vehicles and heat pumps. Now, in the case of India, the market
is in a growth stage. Here, the main drivers of a person adopting solar products are perceived
government subsidies, awareness of functional benefits, and social influence. The findings
highlight that, while policy incentives are crucial in both contexts, their effectiveness depends
on the level of cultural and economic maturity. This paper provides some recommendations for
policymakers to tailor communication strategies - focusing on emotional fulfilment in
developed markets and on financial viability and energy security in emerging markets - to

support meaningful progress toward sustainability goals.

Keywords: Comparative Analysis, Consumer Buying Behavior, Green Marketing, Solar

Energy Adoption, Sustainability.
1. Introduction
1.1 Background

Since the Industrial Revolution, the world has been on a constant path of development towards
greater advancement. Moreover, the primary fuels we use to achieve all of this are our fossil
fuels. Using non-renewable energy would not be so bad, but the rate of our consumption is

escalating. This creates two significant problems: first, the way we consume our fuels is
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hazardous to future generations. Moreover, the second is all the carbon that gets released into

the atmosphere from those fuels. This carbon is the main reason for global warming.

Decarbonizing the global energy system has become a central objective in climate mitigation
strategies, as the energy sector accounts for the largest share of anthropogenic greenhouse gas
emissions. Deep decarbonization pathways require a rapid transition from fossil-fuel-based
electricity generation toward renewable energy systems, alongside structural transformation in

consumption patterns and governance frameworks (Luderer et al., 2018).

Within this broader transition, residential solar photovoltaics (PV) represent a key
decentralized potential technology with significant mitigation potential. Understanding this
transition requires an integrated perspective that extends in both ecological reasoning and
sociological importance along with its technological advancement and its implication on policy
shift described as “Climate dialectic”’; a dynamic and reciprocal process in which the climate
and society influence the policy development (Goodman, 2016). Germany and India are in two
distinct phases of this transition. Where Germany has reached at a stage of mature market where
solar has reached grid parity, meaning it competes with conventional electricity in terms of
localized cost of production without heavy subsidies by government institution (Karakaya et
al., 2015). India, however, is navigating the challenges of a nascent market where potential is

high, but adoption is hindered by structural and financial barriers (Kumar & Nayak, 2024).
1.2 Research Problem

Despite falling technology costs, the intention-behavior gap remains a significant hurdle. In
India, consumers express interest but hesitate due to perceived risks and complexity (Roy &
Mohapatra, 2022). In Germany, the challenge has shifted from encouraging initial adoption to
managing usage patterns and grid stability (Wittenberg & Matthies, 2016). There is a critical
need to understand how policy maturity has strengthened the development of the regulatory

environment which shifted the psychological drivers of the consumer in adoption of Solar PVs.

1.3 Research Objectives
1. To identify and compare the core behavioral drivers of residential solar adoption in

India and Germany.

2. To analyze how market maturity influences the shift from economic to psychological

motivators.

3. To explore the role of "spillover effects" and personality traits in mature solar markets.
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4. To provide policy recommendations tailored to the specific maturity level of each

market.

1.4 Significance of the Study

This research is significant for both scholars and practitioners. It challenges the "one-size-fits-
all" marketing approach by demonstrating that as a market matures, the consumer profile
evolves from a risk sensitive, performance-oriented consumer to an environmentally conscious
consumer. Understanding this evolution and evaluating driving factors is key to designing

effective subsidies and communication strategies.
2. Theoretical Framework

This study utilizes a multi-theoretical approach to capture the complexity of consumer behavior

across different cultures.
2.1 Diffusion of Innovation (DOI) Theory

According to Rogers’ DOI theory, the adoption of solar technology depends on perceived
attributes: relative advantage, compatibility, complexity, observability, and trialability.
Research in India suggests that relative advantage and observability are primary drivers
(Kumar & Kaushik, 2022). In Germany, as the technology becomes standard, these attributes
shift toward how solar fits into a wider ecosystem of green living (Wittenberg & Matthies,

2016).
2.2 Extended Theory of Planned Behavior (TPB)

While TPB - focusing on attitude, subjective norms, and perceived behavioral control—is a
cornerstone for understanding the Indian market, it must be extended with "Perceived
Government Subsidy Policy" (PGSP) as a critical moderator (Kumar & Nayak, 2024). In the
German context, the framework is often extended by the "Big Five" personality traits, where
risk propensity and environmental concern directly influence the decision-making process

(Poier, 2021).
3. Market Context and Policy Landscapes
3.1 Germany: The Mature Market

Germany's Energiewende has led to a mature market with over 1.5 million residential
installations. The focus has shifted from mere adoption to "self-consumption" and load shifting

(Wittenberg & Matthies, 2016). German consumers often exhibit "spillover effects," where the
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adoption of a heat pump or an electric vehicle (EV) increases the likelihood of installing solar

PV (Loder, 2025).
3.2 India: The Nascent Market

India’s journey is driven by ambitious national targets but faces "nascent stage" challenges.
For Indian households, primary barriers include high initial investment and a lack of reliable
information (Roy & Mohapatra, 2022). Perceived government support is a psychological
necessity that validates the technology's reliability (Kumar & Nayak, 2024).

4. Research Methodology

This study is based entirely on secondary data, utilizing information and statistics previously
published by credible sources. No primary data collection, surveys, or fieldwork were

conducted.

The approach involved a comprehensive review and synthesis of selected sources to extract

key information. Consistency across multiple sources was taken as an indicator of reliability.

A key limitation of this methodology is its reliance on secondary data, which constrains the
ability to independently verify findings or conduct new empirical research. Despite this, care

was taken to select sources that are authoritative and widely recognized for their credibility.
5. Analysis and Discussion
5.1 Behavioral Drivers: Economic vs. Emotional

In the nascent Indian market, the driver is primarily functional consideration. Households
prioritize experience and habit significantly shape decision making, which are heavily
influenced by social influence communicated by the opinions of their community and peers
(Sahu et al., 2021). There are also a perceived technological risk remains a material barrier.
Concerns regarding system underperformance, maintenance uncertainty or backup failure

contribute to trust deficits. (Roy & Mohapatra, 2022).

In contrast, the German market is entering a post-subsidy psychological phase. Adoption is
driven by emotional factors among serial adopters" defined as households that are already
invested in sustainable technologies such as Electric Vehicles (EVs), Heat Pumps etc. (Loder,
2025). Furthermore, personality traits like "Extraversion" have been found to play a direct role
in adoption for couple-led households, suggesting that social interaction and social interaction
and identity signaling remains a driver even in mature markets, though for different reasons

than in India (Poier, 2021).
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5.2 The Role of Policy Maturity

Policy maturity determines the "perceived complexity" of the technology. In India, relatively
low policy maturity has been associated with higher perceived complexity among consumers.
Here consumers struggle with the administrative and procedural hurdles of subsidies, approvals
and grid connection which delays the installations and commissioning of adoption (Sahu et al.,
2021). In such context these barriers can increase the perceived risks in the households and

consumers, seeding more hesitation even when the economic incentive is favorable.

In Germany, high policy maturity has normalized residential solar adoption. The
institutionalization of economic incentives, along with streamlined administrative processes
and approval mechanisms, has embedded PV into the mainstream energy system. However,
advanced policy maturity also introduces second-order behavioral dynamics, notably rebound
effects, whereby households increase electricity consumption due to the perception that the

environmental cost of self-generated energy is negligible (Wittenberg & Matthies, 2016).
6. Findings and Practical Implications

6.1 Findings
1. Maturity Shift: In India, adoption decisions remain strongly anchored in financial
viability, subsidy accessibility, and risk reduction, reflecting a performance-oriented
consumer profile. In contrast, Germany exhibits a transition toward psychologically
driven adoption, where environmental identity, emotional satisfaction, and lifestyle

alignment increasingly complement economic considerations.

2. Moderating Factors: Subsidies operate differently depending on regulatory maturity
and institutional trust. In India, perceived government incentives act as a decisive
moderator bridging intention and actual installation, making policy visibility crucial. In
Germany, however, subsidies have become institutionalized and function as a

background stabilizer rather than a primary behavioral trigger.

3. Spillover Effect: In mature markets such as Germany, residential solar adoption
increasingly occurs within a broader ecosystem of low-carbon technologies, including
electric vehicles and heat pumps. This bundling dynamic reflects positive behavioral
spillover, where prior sustainable investments reinforce subsequent decisions. In India,
by contrast, solar remains an independent high-involvement purchase with limited

ecosystem reinforcement.
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6.2 Practical Implications
e For India: Policymakers should prioritize reducing procedural complexity and
strengthening subsidy accessibility to minimize perceived risk and administrative
friction. Communication strategies should emphasize financial savings, energy
security, and community validation to align with functionally driven consumers.
Improving transparency and simplifying regulatory processes will be central to

accelerating adoption in the emerging market context.

e For Germany: In mature markets, policy efforts should shift from financial activation
toward behavioral optimization and identity reinforcement. Messaging that appeals to
environmental pride and technological leadership can leverage intrinsic motivation,
particularly among serial adopters. Simultaneously, integrating solar with broader
home decarbonization packages and addressing rebound risks through smart

consumption policies will sustain long-term system efficiency.

7. Barriers and Challenges
7.1 Technical and Structural Obstacles

In India, the primary barriers are structural: high upfront costs, lack of awareness, and
perceived complexity (Sahu et al., 2021). Interpretive structural modelling (ISM) reveals that

these factors are deeply interconnected, with "awareness" acting as a foundational variable.
7.2 Usage Patterns and Rebound Effects

In Germany, a unique challenge is the "rebound effect." While solar households are
environmentally conscious, their actual electricity consumption is often not lower than non-
solar households because they feel "licensed" to use more energy since it is self-generated

(Wittenberg & Matthies, 2016).
8. Discussion and Policy Recommendations

The "climate dialectic" reveals that energy policy must evolve with market maturity.
e For India: Policies should focus on reducing the "perceived complexity" and

strengthening the visibility of subsidies to build trust (Kumar & Nayak, 2024).

e For Germany: Strategies should leverage emotional drivers and spillover effects.
Marketing solar as a "bundle" with EVs or heat pumps can tap into the "serial adopter"

psychology (Loder, 2025).
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9. Limitations and Future Research Directions

A limitation of this study is the cultural variance within the countries; India’s regional diversity
(e.g., Rajasthan vs. Kerala) may produce different behavioral results. Future research should
utilize longitudinal data to track how Indian consumers’ motivations change as they gain more

"experience and habit" with the technology.

Also, using secondary data means this research relies on data collected by others, and those

data may be outdated.
10. Conclusion

This brief comparative study of residential solar PV adoption in India and Germany illustrates
two distinct phases in the lifecycle of a sustainable energy transition. India is currently building
the foundational trust and institutional stability required for mass adoption, whereas Germany

is refining the integration of solar into a broader, holistic green lifestyle.

The findings confirm that policy maturity not only accelerates diffusion but also reshapes
consumer psychology and post-adoption behavior. Emerging markets require complexity
reduction and financial assurance, while mature markets must focus on behavioral optimization
and managing rebound effects. For global sustainability, the concept of the “climate dialectic”
suggests that policy frameworks must remain as dynamic and adaptive as the consumers they

aim to influence.
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Abstract

Higher education institutions (HEIs) are increasingly recognized as knowledge-intensive
organizations in which the quality and commitment of human resources critically determine
academic outcomes, stakeholder satisfaction, and long-term institutional sustainability. In
India, reforms such as the National Education Policy (NEP) 2020 have foregrounded faculty
development, continuous professional learning, and supportive work environments as key
levers for improving institutional performance and global competitiveness (Ministry of Skill
Development and Entrepreneurship, 2024; National Education Policy, 2020). Within this
context, training and motivation are central determinants of employee satisfaction, particularly
among faculty and administrative staff who experience growing demands related to teaching,
research, accreditation, and student support. This paper presents a structured review of
theoretical and empirical literature on the role of training and motivation in shaping employee
satisfaction in HEIs, with a specific contextual focus on institutions in the Saurashtra region of
Gujarat. The review synthesizes major motivational and job satisfaction theories and examines
contemporary evidence on how training and development initiatives influence satisfaction,
loyalty, and retention among academic staff (Mampuru & Bakae, 2024). Special attention is
given to studies from Indian higher education and related service sectors to build a contextually
grounded understanding. The paper identifies gaps relating to limited region-specific studies,
insufficient integration of intrinsic and extrinsic motivational factors, and the scarcity of
comprehensive models linking training, motivation, and satisfaction in semi-urban HEIs.
Based on the synthesis, the paper outlines implications for institutional leaders and
policymakers and suggests directions for future empirical work in the Saurashtra higher

education context.
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1. Introduction

1.1 Background

Higher education institutions operate in a dynamic environment characterized by massification
of enrolments, technological disruption, global competition, and increasing accountability to
regulators, students, and society. In India, quality assurance frameworks, accreditation
requirements, and NEP 2020 reforms have intensified expectations regarding teaching
effectiveness, research productivity, innovation, and community engagement (Ministry of Skill
Development and Entrepreneurship, 2024; National Education Policy, 2020). These
developments place human resources—particularly faculty and key administrative staff—at the
centre of institutional performance, making their satisfaction and engagement critical strategic

concerns for HEI management.

Employee satisfaction in HEIs has been linked to improved instructional quality, research
output, student satisfaction, and institutional reputation, as well as reduced turnover and
absenteeism (Gautam et al., 2020; Mampuru & Bakae, 2024). Studies on faculty satisfaction in
Indian universities show that intrinsic factors such as meaningful work, sense of responsibility,
and recognition, alongside extrinsic conditions such as job security, salary, and social status,
significantly influence overall job satisfaction levels (Gautam et al., 2020). As HEIs in semi-
urban and regional locations attempt to attract and retain qualified staff, the design of effective
training and development systems and the cultivation of motivating work environments

become increasingly important.

1.2 Research Problem

Despite a growing body of literature on job satisfaction and human resource management in
higher education, training and motivation are often examined in isolation rather than as
interconnected drivers of employee satisfaction. Empirical studies confirm positive
associations between participation in training and development programmes and employee
satisfaction, loyalty, and retention among university academics (Mampuru & Bakae, 2024;
Owusu & Agyapong, 2024). Similarly, motivation—both intrinsic and extrinsic—has been
shown to significantly influence job satisfaction and performance in educational and service

settings (Shi et al., 2023; Sudiarditha & Mayasari, 2022; Supardi, 2023). However, relatively
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little research systematically integrates these constructs within a unified framework,
particularly in the Indian HEI context and even less in specific regions such as Saurashtra. HEIs
in Saurashtra, comprising a mix of public universities, self-financing colleges, and private
universities, face distinct contextual challenges related to resource constraints, talent attraction,
and career advancement opportunities, which may shape how training and motivation affect

employee satisfaction.

1.3 Research Objectives

In view of the above, this review paper pursues the following objectives:

1. To examine major theoretical perspectives that link training, motivation, and employee

satisfaction in organisational contexts, with emphasis on higher education.

2. To review empirical studies on the impact of training and development on motivation

and job satisfaction among employees, particularly academic staff in HEIs.

3. To identify gaps in existing literature, with specific attention to Indian and regional

(Saurashtra-like) higher education settings.

4. To derive theoretical and practical implications for HEIs in the Saurashtra region
regarding the design of training systems and motivational strategies aimed at enhancing

employee satisfaction.

1.4 Significance of the Study

Theoretically, the paper contributes by integrating classic and contemporary motivational
theories (Herzberg, 1966; Maslow, 1954) with evidence on training and job satisfaction, and
by highlighting the mediating and reciprocal relationships among these constructs in academic
organizations (Shi et al., 2023; Sudiarditha & Mayasari, 2022). Practically, it offers HEI leaders
in the Saurashtra region insights into how structured training and development, when aligned
with employees' intrinsic and extrinsic needs, can enhance satisfaction, commitment, and
retention (Mampuru & Bakae, 2024; Sattar et al., 2023). The review also aids policymakers
and regulators in understanding the importance of context-sensitive faculty development and

HRD policies for regional institutions.

2. Literature Review

2.1 Theoretical Framework
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Job satisfaction has been defined as a positive emotional state resulting from the appraisal of
one's job and job experiences, whereas motivation refers to the psychological processes that
energize, direct, and sustain behaviour toward work-related goals (Herzberg, 1966; Maslow,
1954). Herzberg's two-factor theory distinguishes between hygiene factors (such as pay,
working conditions, and policies) whose absence causes dissatisfaction, and motivators (such
as achievement, recognition, and growth) that lead to positive satisfaction when present
(Herzberg, 1966; Yuguero et al., 2020). Studies on faculty satisfaction in Indian universities
often use Herzberg's framework to distinguish between intrinsic motivators (e.g., work itself,
sense of responsibility, recognition) and extrinsic hygiene factors (e.g., salary, job security,
social status) (Gautam et al., 2020). In this perspective, training and development opportunities
function primarily as motivators by fostering growth, competence, and advancement prospects,

while supportive HR policies form part of the hygiene context.

Maslow's hierarchy of needs suggests that individuals are motivated to satisfy a progression of
needs from physiological and safety through belongingness and esteem to self-actualization
(Maslow, 1954). In HEISs, basic needs are reflected in secure employment, equitable pay, and
safe working conditions, while higher-level needs involve collegial relationships, professional
respect, academic freedom, and opportunities for self-development through research and
innovation. Training programmes, particularly faculty development initiatives, directly address
esteem and self-actualization needs by enhancing professional competence and academic

identity.

Social exchange theory and psychological contract perspectives further illuminate how
employees reciprocate perceived organizational investments, such as training and supportive
supervision, with increased commitment and satisfaction (Shi et al., 2023; Sudiarditha &
Mayasari, 2022). When HEIs signal long-term investment in staff through continuous
professional development, mentoring, and career pathing, employees are more likely to
develop positive attitudes and a sense of obligation toward the institution. Conversely, failure
to honour implicit expectations regarding development and recognition may erode satisfaction

and trust.

Recent work on work-related basic needs satisfaction and self-determination theory
emphasizes that autonomy, competence, and relatedness are fundamental psychological needs
whose satisfaction leads to higher motivation, engagement, and job satisfaction (Shi et al.,

2023; Sudiarditha & Mayasari, 2022). Training and development programmes that build
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competence, encourage collaborative learning, and provide some autonomy in choosing
learning pathways can therefore foster intrinsic motivation and satisfaction. Motivation itself
has been identified as a mediator between organizational support (including training) and job

satisfaction in various professional groups (Shi et al., 2023; Supardi, 2023).

Taken together, these frameworks suggest that training can influence employee satisfaction
both directly—through enhancement of skills, career prospects, and self-efficacy—and
indirectly, through its impact on intrinsic and extrinsic motivation, perceived organizational
support, and fulfilment of psychological needs (Herzberg, 1966; Maslow, 1954; Shi et al.,
2023; Sudiarditha & Mayasari, 2022).

2.2 Previous Studies on Training, Motivation, and Satisfaction

A substantial body of empirical research supports the positive relationship between training
and development programmes and job satisfaction among employees in different sectors.
Recent studies report that training and development are significant predictors of job
satisfaction, loyalty, and retention among academic staff at universities, using quantitative
designs and structured questionnaires (Mampuru & Bakae, 2024). Regression analyses in these
studies indicate that when employees perceive training to be relevant, well-designed, and
adequately resourced, they exhibit higher satisfaction and stronger intentions to remain with

the institution (Mampuru & Bakae, 2024; Sattar et al., 2023).

Review-based and empirical papers focused on general employee populations also highlight
strong positive correlations between participation in training programmes and self-reported job
satisfaction (Owusu & Agyapong, 2024; Sattar et al., 2023). One study found a very high
correlation coefficient between engagement in training and job satisfaction, interpreting the
result through human capital theory, which posits that investments in employees' skills generate
returns in performance and satisfaction (Owusu & Agyapong, 2024). Another body of work
emphasizes that training environments that promote continuous learning, feedback, and career
development contribute to positive attitudes, organizational commitment, and reduced turnover

intentions (Sattar et al., 2023; Supardi, 2023).

Motivation is consistently shown to be positively related to job satisfaction across occupational
groups (Shi et al., 2023; Sudiarditha & Mayasari, 2022). Several studies indicate that both
intrinsic motivators (such as achievement, interest in work, and professional growth) and

extrinsic factors (such as job security, salary, and promotion) significantly explain variance in
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satisfaction levels (Gautam et al., 2020; Yuguero et al., 2020). Research examining motivation
as a mediator demonstrates that high motivation can increase job satisfaction by encouraging
greater engagement, higher achievement, and a stronger sense of fulfillment, creating a
reinforcing cycle where satisfaction further sustains motivation (Shi et al., 2023; Sudiarditha

& Mayasari, 2022; Supardi, 2023).

In higher education contexts, studies on faculty job satisfaction in Indian and international
universities reveal nuanced patterns regarding intrinsic and extrinsic factors. Research on
Indian agricultural and traditional universities, grounded in Herzberg's theory, shows that
faculty tend to be more satisfied with intrinsic factors such as sense of responsibility, work
itself, ability utilisation, and recognition than with extrinsic conditions like salary and job
security, although both sets of factors matter (Gautam et al., 2020). These findings suggest that
academic staff often derive satisfaction from their professional roles and responsibilities, but
may experience dissatisfaction when extrinsic conditions are perceived as inadequate or

inequitable.

2.3 Training and Development in Higher Education

Within HEIs, training and development encompass a diverse array of activities, including
induction and orientation programmes, faculty development programmes (FDPs), workshops
on innovative pedagogy and educational technology, leadership and administrative training,
and research capacity-building initiatives (Mampuru & Bakae, 2024). Studies focusing on
universities report that structured training interventions tailored to academic roles can enhance
teaching effectiveness, assessment practices, and curriculum design, thereby indirectly

contributing to student outcomes and institutional quality (Mampuru & Bakae, 2024).

Evidence suggests that when academic staff perceive training programmes as aligned with their
professional needs and institutional priorities, they report higher satisfaction with both the
training and their broader work environment (Mampuru & Bakae, 2024; Sattar et al., 2023).
Conversely, ad hoc or mandatory programmes perceived as irrelevant or perfunctory may not
produce meaningful improvements in motivation or satisfaction. Factors such as management
support for training, availability of resources, and recognition of training participation in
promotion or appraisal systems shape the overall impact of training on employee attitudes (Shi

et al., 2023; Supardi, 2023).
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Research on the mediating role of motivation indicates that management support and training
opportunities can enhance employees' intrinsic and extrinsic motivation, which in turn
influences job satisfaction and engagement (Shi et al., 2023; Sudiarditha & Mayasari, 2022;
Supardi, 2023). Studies with health and education professionals show that when employees
experience strong management support and opportunities for development, they report higher
levels of work-related basic needs satisfaction, motivation, and job satisfaction (Shi et al., 2023;
Sudiarditha & Mayasari, 2022). These findings are relevant for HEIs, where managerial

support and participative leadership are crucial for leveraging training as a motivational tool.

2.4 Research Gap

Despite the growing literature on training, motivation, and job satisfaction, several gaps
remain. First, many studies focus either on training and satisfaction or on motivation and
satisfaction, but relatively few integrate all three constructs into a coherent model, particularly
in higher education settings (Mampuru & Bakae, 2024; Shi et al., 2023; Sudiarditha &
Mayasari, 2022). Second, much of the empirical work is situated in corporate or health sectors,
with fewer rigorous studies on HEIs, especially in non-metropolitan and regional contexts
(Owusu & Agyapong, 2024; Shi et al., 2023). Third, within Indian higher education, existing
studies on faculty satisfaction often emphasise broad intrinsic and extrinsic factors without
systematically examining the specific role of structured training and development initiatives as

determinants of satisfaction (Gautam et al., 2020).

Specific to the Saurashtra region, there is a near absence of published empirical research that
focuses on the interaction of training, motivation, and employee satisfaction across universities
and colleges. Available national-level studies tend to aggregate institutions from different
states and contexts, making it difficult to derive region-specific insights for Saurashtra's mix
of public and private HEIs. This gap underscores the need for contextually grounded research
that explores how training systems, motivational climates, and satisfaction levels interact in
Saurashtra's higher education ecosystem, taking into account local labour markets, institutional

governance structures, and resource constraints.

3. Methodology

This paper adopts a narrative review approach, drawing on peer-reviewed journal articles,
conference papers, and relevant reports related to training, motivation, and job satisfaction in
higher education and allied service sectors. Electronic databases and academic portals were

searched using combinations of keywords such as "training and development", "employee
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noon:

motivation", "job satisfaction", "higher education institutions", and "India", with preference
given to studies published in the last decade. Specific attention was paid to research focusing
on HEISs, faculty or academic staff, and Indian or comparable contexts in terms of development
and institutional structures (Gautam et al., 2020; Mampuru & Bakae, 2024; Owusu &
Agyapong, 2024; Sattar et al., 2023; Shi et al., 2023).

Both conceptual and empirical studies were included to capture theoretical perspectives and
evidence-based findings. Quantitative survey-based research, qualitative case studies, and
mixed-methods designs were considered to ensure a broad yet focused synthesis. While
systematic review protocols were not fully implemented, efforts were made to ensure
transparency in selection by prioritizing peer-reviewed sources that clearly articulated
methodology and reported empirical findings of relevance to training, motivation, and
satisfaction. Given the scarcity of region-specific research for Saurashtra, the review
extrapolates from national and international literature to infer implications for HEIs in the

region, thereby highlighting the need for future primary studies.

4. Results of the Review

4.1 Training and Job Satisfaction

Across reviewed studies, a consistent positive association emerges between training and
development programmes and employee job satisfaction. Research in higher education
demonstrates that training not only enhances academic staff members' skills and knowledge
but also signals institutional support and investment in their careers, which contributes to
higher satisfaction and loyalty (Mampuru & Bakae, 2024; Owusu & Agyapong, 2024; Sattar
et al., 2023). For example, a study of university academics reported that training and
development initiatives significantly predicted job satisfaction, loyalty, and retention, with
regression models showing training as a strong positive predictor even after controlling for
demographic variables (Mampuru & Bakae, 2024). Similar findings are reported in general
employee populations, where training participation correlates strongly with satisfaction
indicators, reinforcing the idea that staff who engage more actively in training are more

satisfied with their jobs (Owusu & Agyapong, 2024; Sattar et al., 2023; Supardi, 2023).

4.2 Motivation—Satisfaction Relationship
Evidence also confirms that motivation is a robust predictor of job satisfaction (Shi et al., 2023;

Sudiarditha & Mayasari, 2022). Studies that differentiate intrinsic and extrinsic motivation
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typically find that intrinsic motivators, such as meaningful work, sense of achievement,
autonomy, and opportunities for growth, are strongly associated with satisfaction, particularly
in professional and academic roles (Gautam et al., 2020; Yuguero et al., 2020). At the same
time, extrinsic motivators like salary, job security, and promotion opportunities remain
important, especially in contexts where baseline needs and job stability are not fully met
(Gautam et al., 2020; Yuguero et al., 2020). Research indicates that higher levels of work
motivation not only increase job satisfaction but also enhance engagement and performance,
creating a mutually reinforcing cycle where satisfied employees exhibit higher motivation and

vice versa (Shi et al., 2023; Sudiarditha & Mayasari, 2022; Supardi, 2023).

4.3 Training as a Driver of Motivation

Several studies provide evidence that training influences motivation, which in turn affects job
satisfaction. When employees perceive training as relevant, well-structured, and supportive of
their career aspirations, they report enhanced intrinsic motivation and a stronger sense of
competence (Owusu & Agyapong, 2024; Sattar et al., 2023; Supardi, 2023). Studies on the
mediating role of motivation show that organizational support, including training, can enhance
work-related basic needs satisfaction, which then leads to higher motivation and job
satisfaction (Shi et al., 2023; Sudiarditha & Mayasari, 2022). In this view, training not only
builds human capital but also operates as a motivational resource that fulfils psychological
needs for competence and growth. Conversely, poorly designed or poorly supported training

may have limited or even negative effects if employees view it as tokenistic or burdensome.

4.4 Insights from Indian Higher Education

Indian studies on faculty satisfaction reinforce the importance of intrinsic and extrinsic factors
but tend to pay limited attention to explicit training systems (Gautam et al., 2020). Research
on faculty in agricultural and traditional universities found that respondents were generally
more satisfied with intrinsic factors such as sense of responsibility, work itself, ability
utilisation, and recognition compared to extrinsic conditions like salary and job security
(Gautam et al., 2020). These findings suggest that academic roles are inherently meaningful,
but dissatisfaction may arise from perceived inadequacies in extrinsic rewards and institutional
support. While some studies refer to faculty development programmes and professional
learning opportunities, systematic analysis of how these initiatives affect motivation and

satisfaction remains relatively sparse.

ISBN No: 978-81-993732-2-8287 287



2" International Conference — NOBCON 2026 on Interdisciplinary Horizons — Innovation,

- - Sustainability, Al and Transformation (IC-IHITSA) <
@ UnNRE.S-IE Noble University Campus, Junagadh @
Junagadh, India, March 6 — 7, 2026 nobCon

For HEIs in regions like Saurashtra, these patterns imply that staff may be intrinsically
committed to teaching and academic work but may also face constraints related to
remuneration, infrastructure, workload, and career progression. In such settings, strategically
designed training and development initiatives that are explicitly linked to recognition,
promotion criteria, and supportive leadership may serve as important levers for enhancing both

motivation and satisfaction.

5. Discussion

5.1 Interpretation of Findings

The reviewed literature collectively indicates that training, motivation, and job satisfaction are
interlinked constructs that significantly shape employee attitudes and behaviour in higher
education institutions. Training and development programmes emerge as key organizational
practices that can directly improve job satisfaction by enhancing skills, clarifying roles, and
signalling institutional investment in staff (Mampuru & Bakae, 2024; Owusu & Agyapong,
2024; Sattar et al., 2023). Motivation, comprising both intrinsic and extrinsic factors, is shown
to be a strong determinant of satisfaction, with intrinsic motivators often playing a particularly
prominent role in academic contexts (Gautam et al., 2020; Shi et al., 2023; Sudiarditha &
Mayasari, 2022). Furthermore, evidence points to the mediating role of motivation in the
relationship between organizational support (including training) and job satisfaction,
suggesting that training influences satisfaction partly by enhancing motivational states (Shi et

al., 2023; Sudiarditha & Mayasari, 2022; Supardi, 2023).

5.2 Comparison with Previous Studies

The findings of this review are consistent with earlier work grounded in Herzberg's two-factor
theory, which posits that growth-oriented factors such as advancement, recognition, and
personal development serve as motivators that enhance satisfaction, whereas hygiene factors
must be managed to prevent dissatisfaction (Herzberg, 1966; Yuguero et al., 2020; Gautam et
al., 2020). Training in HEIs can be understood as both a motivator (by providing development
and recognition) and, when institutionalized, as part of the broader hygiene environment that
signals professional standards and support. The reviewed evidence also aligns with social
exchange perspectives, which argue that perceived organizational investment in employees
leads to reciprocation in the form of commitment and satisfaction (Shi et al., 2023; Sudiarditha

& Mayasari, 2022).
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At the same time, the review highlights limitations in the existing literature, particularly the
limited number of studies that explicitly model the full pathway from training through
motivation to job satisfaction in HEIs. While some studies in health and service sectors have
examined motivation as a mediator between management support and satisfaction or
engagement, there remains scope for similar integrative models in higher education contexts

(Shi et al., 2023; Sudiarditha & Mayasari, 2022; Supardi, 2023).

5.3 Theoretical Implications

Theoretically, the review suggests that future models of employee satisfaction in HEIs should
incorporate training and development not merely as contextual variables but as central
components of motivational processes. Integrating Herzberg's two-factor theory with self-
determination and social exchange perspectives offers a more comprehensive understanding of
how training interventions can fulfil psychological needs, build perceived organizational
support, and enhance both intrinsic and extrinsic motivation (Herzberg, 1966; Maslow, 1954;
Shi et al., 2023; Sudiarditha & Mayasari, 2022; Yuguero et al., 2020). Such integrative
frameworks are particularly relevant for academic settings, where autonomy, competence, and

relatedness are vital but must be balanced with institutional requirements and resource realities.

5.4 Practical Implications for HEIs in Saurashtra

For HEIs in the Saurashtra region, several practical implications emerge:

» Institutions should design structured training and development portfolios that address
the diverse needs of teaching and non-teaching staff, including pedagogy, digital tools,
research methods, and leadership skills, and should clearly communicate the relevance

of these programmes to staff careers (Mampuru & Bakae, 2024; Sattar et al., 2023).

» Management should link participation in accredited training and development
programmes with performance appraisal, recognition, and promotion pathways to

strengthen both extrinsic and intrinsic motivation (Supardi, 2023).

» Training initiatives need to be supported by a positive learning climate, adequate
resources, and supportive leadership, ensuring that employees perceive training as a
genuine investment rather than a compliance requirement (Shi et al., 2023; Supardi,

2023).

» Given the likely resource constraints of some institutions in Saurashtra, collaboration

among HEIs, participation in government-sponsored faculty development schemes, and
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the use of blended and online training modalities may help expand access while
controlling costs (Ministry of Skill Development and Entrepreneurship, 2024; National
Education Policy, 2020).

By adopting these strategies, HEIs in Saurashtra can enhance the motivational and satisfaction
levels of their employees, which in turn can contribute to student outcomes, institutional

reputation, and regional development.

6. Limitations

This review has several limitations that should be acknowledged. First, it is based on a narrative
rather than systematic review protocol, which may introduce selection bias, even though efforts
were made to prioritize peer-reviewed and methodologically sound studies. Second, the review
relies heavily on studies conducted outside the Saurashtra region and, in some cases, outside
India, which may limit direct generalizability due to contextual differences in institutional
structures, labour markets, and cultural expectations (Mampuru & Bakae, 2024; Owusu &
Agyapong, 2024; Shi et al., 2023; Sudiarditha & Mayasari, 2022). Third, the review draws
primarily on quantitative survey-based research, with relatively less representation of
qualitative or mixed-methods studies that could provide deeper insights into employees' lived
experiences of training and motivation in HEIs. Finally, given the evolving nature of higher
education and policy reforms, some findings may need periodic updating to reflect new

initiatives and changing organizational practices.

7. Conclusion

7.1 Summary of Findings

This paper reviewed theoretical and empirical literature on the role of training and motivation
in employee satisfaction, with reference to higher education institutions and implications for
the Saurashtra region. The review indicates that training and development programmes are
positively associated with job satisfaction, loyalty, and retention among academic staff
(Mampuru & Bakae, 2024), while motivation—both intrinsic and extrinsic—emerges as a key
predictor of satisfaction (Gautam et al., 2020; Shi et al., 2023; Sudiarditha & Mayasari, 2022).
Evidence suggests that motivation can mediate the relationship between organizational
support, including training, and job satisfaction, underscoring the importance of viewing these
constructs as interconnected rather than isolated (Shi et al., 2023; Sudiarditha & Mayasari,

2022; Supardi, 2023).
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7.2 Contributions

Theoretically, the review integrates Herzberg's two-factor theory, Maslow's hierarchy of needs,
social exchange perspectives, and self-determination principles to provide a more holistic
understanding of how training and motivation jointly shape employee satisfaction in HEIs
(Herzberg, 1966; Maslow, 1954; Shi et al., 2023; Sudiarditha & Mayasari, 2022; Yuguero et
al., 2020). Practically, it highlights specific strategies that HEIs in the Saurashtra region can
adopt to design training systems and motivational policies that address both intrinsic and
extrinsic needs of employees. By emphasizing the significance of contextual factors and the
scarcity of region-specific research, the paper also foregrounds the importance of localized

HRD strategies for semi-urban higher education systems.

7.3 Future Research Directions

Future empirical studies in the Saurashtra region could employ cross-sectional and longitudinal
survey designs to quantify the relationships among training participation, motivational scales,
and job satisfaction for faculty and administrative staff across different types of institutions.
Mixed-methods research combining quantitative measures with qualitative interviews or focus
groups would provide richer insights into how employees perceive training relevance,
motivational drivers, and institutional support. Comparative studies between Saurashtra and
other regions or between public and private HEIs could further clarify how governance
structures and resource levels moderate these relationships. Developing and testing integrative
models in which training influences satisfaction through motivational and organizational
support mechanisms would advance both theory and practice in higher education human

resource management.
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Abstract

This paper explores how fashion influencers affect apparel buying behaviour of youngsters in
the Saurashtra region of Gujarat, India. Primary data were collected from 113 respondents aged
16-30 years through an online questionnaire. The study focuses on influencer characteristics
(attractiveness, expertise, trustworthiness, content quality) and consumer responses (attitude
toward the influencer and purchase intention). Overall, 68.1% of respondents reported being
influenced by fashion influencers, either by purchasing or seriously considering a purchase.
Instagram (73.5%) and YouTube (53.1%) emerged as the main platforms for following fashion
influencers. Strong correlations were observed between influencer expertise and attitude (r =
0.881), and between attitude and purchase intention (r = 0.879). Female respondents showed
higher purchase rates than males, and higher monthly fashion spending was associated with
more influencer-driven purchases. The findings highlight the importance of influencer
credibility and content quality for fashion brands targeting young consumers in regional Indian

markets.

Keywords: Consumer behaviour, Fashion apparel, Influencer marketing, Purchase intention,

Saurashtra region

Introduction

The digital revolution has fundamentally transformed the landscape of marketing
communication, with social media platforms emerging as powerful channels for brand
promotion and consumer engagement. Influencer marketing, defined as the practice of
leveraging individuals with significant social media followings to endorse products and

services, has become a dominant force in the fashion industry. Recent industry reports estimate
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the global influencer marketing industry at about USD 32.55 billion in 2025, with the fashion
segment expected to grow sharply over the next decade (Spherical Insights, 2025; Grand View
Research, 2024).

Unlike traditional celebrity endorsements, influencer marketing operates on principles of
perceived authenticity, relatability, and niche expertise. Fashion influencers leverage platforms
such as Instagram, YouTube, and TikTok to showcase styling ideas, product reviews, and
lifestyle content, thereby shaping consumer preferences and purchase decisions. Survey
evidence suggests that a large majority of consumers make at least one influencer-inspired

fashion purchase each year (Best Colorful Socks, 2025)

The Saurashtra region of Gujarat, India, represents an interesting context for studying
influencer marketing dynamics. Characterized by a young, digitally-savvy population with
increasing disposable income and fashion consciousness, the region has witnessed rapid
adoption of social media platforms. However, limited empirical research has examined how
influencer marketing specifically impacts fashion apparel purchasing behaviour among
youngsters in this regional context. Understanding these dynamics is crucial for fashion brands

seeking to penetrate tier-2 and tier-3 Indian markets through digital marketing strategies.

Theoretical Framework

This study is grounded in the Source Credibility Model, which proposes that message
effectiveness depends largely on the communicator’s expertise and trustworthiness (Hovland
& Weiss, 1951). According to this model, the effectiveness of persuasive communication
depends significantly on the credibility of the source, which comprises two primary
dimensions: trustworthiness (the perceived honesty and integrity of the source) and expertise
(the perceived knowledge and competence of the source). In the context of influencer
marketing, source credibility extends to include attractiveness (physical appeal and lifestyle

aspirations) and content quality (creativity, informativeness, and production value).

The theoretical model posits that influencer characteristics influence consumer attitudes toward
both the influencer and the endorsed brands, which subsequently affect purchase intentions and
actual purchase behaviour. Recent research also shows that credibility, relatability and message
consistency drive consumer trust and engagement in influencer settings (World Journal of

Advanced Research and Reviews, 2024; Journal of Management and Social Research, 2025)

Research Objectives
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This study aims to:

1. Examine the demographic profile and social media usage patterns of young fashion

consumers in the Saurashtra region
2. Assess the influence of fashion influencers on consumer purchase behaviour

3. Analyze the relationships between influencer characteristics (attractiveness, expertise,

trustworthiness, content quality) and consumer responses (attitude, purchase intention)

4. Identify platform preferences and influencer-following patterns among target

consumers

5. Provide actionable insights for fashion brands implementing influencer marketing

strategies in regional Indian markets
Literature Review

Influencer Marketing in the Fashion Industry

Several studies describe fashion as one of the most active categories in influencer marketing,
with brands shifting budgets from traditional media towards creator partnerships

(Influencer.com, 2024; Statista, 2024).

Work on parasocial interaction indicates that one-sided emotional bonds with influencers can

strengthen persuasion and purchase likelihood (Jin & Ryu, 2020; Sokolova & Kefi, 2020)

Studies on young female consumers show that they often regard Instagram influencers as
credible sources in fashion decisions (Djafarova & Rushworth, 2017). Younger age groups also

tend to place more trust in social media creators than older consumers (Lou & Yuan, 2019)

Research by Jin and Ryu (2020) demonstrated that influencer credibility significantly impacts
consumer attitude toward endorsed fashion products, with trustworthiness and expertise

serving as key credibility dimensions.
Regional Context: Influencer Marketing in India

Industry overviews suggest that the Indian influencer market is expanding quickly, driven by
rising internet access and e-commerce (Exchange4Media, 2024; Statista, 2024). Yet most
academic work still focuses on metro cities, leaving smaller regional markets under-studied

(World Journal of Advanced Research and Reviews, 2024)
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Research Methodology

Research Design

This study employs a quantitative research design using a structured questionnaire to collect

primary data from young fashion consumers in the Saurashtra region.
Sample and Data Collection

This is a quantitative, descriptive—correlational study based on a structured questionnaire. Data
were collected online using Google Forms in February 2026 from youngsters aged 16-30 years
residing in the Saurashtra region and active on social media. Convenience sampling yielded

113 usable responses.

The sample included respondents from Junagadh (54.0%), Rajkot (19.5%), and other towns in
Saurashtra (26.5%). The age distribution comprised 16-18 years (37.2%), 19-22 years (46.9%),
23-26 years (11.5%), and 27-30 years (4.4%). Gender distribution was nearly balanced with
50.4% female and 49.6% male respondents. The majority were undergraduate students

(63.7%), followed by postgraduate students (18.6%) and working professionals (5.3%).
Results

Demographic Profile and Social Media Usage

Table 1 presents the demographic characteristics of respondents. The sample predominantly
comprised young adults aged 19-22 years (46.9%), followed by those aged 16-18 years
(37.2%). Gender distribution was balanced with 57 females (50.4%) and 56 males (49.6%).
Junagadh was the primary location (54.0%), reflecting its status as a major educational and
commercial hub in Saurashtra. Most respondents were undergraduate students (63.7%),

indicating the sample captures early-stage fashion consumers forming brand preferences.

Table 1: Demographic Characteristics of Respondents (N = 113)

Demographic Variable | Frequency | Percentage

Age Group
16-18 years 42 37.2%
19-22 years 53 46.9%
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23-26 years 13 11.5%
27-30 years 5 4.4%
Gender
Female 57 50.4%
Male 56 49.6%
City
Junagadh 61 54.0%
Rajkot 22 19.5%
Other 30 26.5%
Education/Occupation
Undergraduate Student | 72 63.7%
Postgraduate Student | 21 18.6%
Working Professional | 6 5.3%
Other 14 12.4%

Social media engagement was exceptionally high, with 96.5% reporting active usage of at least
one hour daily. This confirms the digital-native nature of the sample. Regarding exposure to
fashion influencer content, 50.4% reported seeing promotions "Sometimes," 26.5% "Often,"
12.4% "Very often," and 10.6% "Rarely." This distribution indicates widespread but variable

exposure to influencer marketing content.

Platform preferences revealed Instagram as the dominant channel (73.5%), followed by
YouTube (53.1%), with many respondents using multiple platforms. Facebook (15.0%),
Snapchat (12.4%), and other platforms showed lower usage for fashion influencer content.

Purchase Behaviour Patterns

37.2% of respondents reported having purchased fashion apparel due to influencer promotion,

while an additional 31.0% had seriously considered such purchases. Combined, 68.1% of the
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sample was influenced by fashion influencers to some degree, demonstrating substantial

marketing impact.

Table 2: Purchase Behaviour Influenced by Fashion Influencers (N = 113)

Purchase Behaviour Category Frequency | Percentage
Yes, I have bought 42 37.2%
I have not bought, but I considered | 35 31.0%
No 36 31.9%
Total Influenced 77 68.1%

Analysis of influencer-following patterns revealed that 57.5% of respondents followed 0-2
fashion influencers, 23.9% followed 3-5 influencers, 11.5% followed 6-10 influencers, and
4.4% followed more than 10 influencers. This distribution suggests that while most consumers
have limited direct followings, they still encounter influencer content through algorithmic

recommendations and viral sharing.

Monthly fashion spending patterns showed that 42.5% spent less than 21,000, 33.6% spent
%1,000-32,999, 12.4% spent 33,000-34,999, and 8.0% spent X5,000 or above. Cross-tabulation
with purchase behaviour revealed a strong positive relationship: among high spenders
(%5,000+), 66.7% had made influencer-driven purchases, compared to only 18.8% among low
spenders (<X1,000).

Influencer Characteristics: Descriptive Analysis

Table 3 presents descriptive statistics for influencer characteristic constructs. All mean scores
ranged between 2.61 and 3.17 on the 5-point scale, indicating moderate levels of perceived
influencer characteristics. Expertise received the highest mean score (M = 3.04, SD = 1.38),
suggesting respondents view fashion influencers as possessing reasonable knowledge and
competence. Attractiveness (M =2.94, SD = 1.31) and Content Quality (M =2.94, SD = 1.35)
showed similar moderate ratings. Trustworthiness received the lowest mean score (M = 2.82,
SD = 1.31), potentially reflecting consumer doubt about commercial motivations behind

influencer endorsements.

Table 3: Descriptive Statistics for Influencer Characteristics (N = 113)

ISBN No: 978-81-993732-2-8298 298



2" International Conference — NOBCON 2026 on Interdisciplinary Horizons — Innovation,

- - Sustainability, Al and Transformation (IC-IHITSA) <
@ unNgE.s-lg Noble University Campus, Junagadh @
Junagadh, India, March 6 — 7, 2026 nobCon
Construct Mean | SD | Min | Max

Attractiveness 294 |1.31]1.00|5.00

Expertise 3.04 | 1.38|1.00]5.00

Trustworthiness | 2.82 1.31 | 1.00 | 5.00

Content Quality | 2.94 | 1.35 | 1.00 | 5.00

Consumer Response Variables

Consumer response constructs showed similar moderate levels (Table 4). Attitude toward
Influencer averaged 2.76 (SD = 1.24), indicating somewhat favorable but not strongly positive
perceptions. Purchase Intention showed the lowest mean score (M = 2.61, SD = 1.22),
consistent with the funnel effect where positive attitudes do not always translate fully into
purchase intentions. Perceived Value averaged 2.78 (SD = 1.23), while Perceived Risk
averaged 2.68 (SD = 1.32), suggesting balanced cost-benefit evaluations.

Table 4: Descriptive Statistics for Consumer Response Variables (N = 113)

Construct Mean | SD | Min | Max

Attitude toward Influencer | 2.76 | 1.24 | 1.00 | 5.00

Purchase Intention 2.61 1.22 1 1.00 | 5.00
Perceived Value 278 |11.2311.00 | 5.00
Perceived Risk 2.68 [1.321.00]5.00

The relatively moderate scores across all constructs suggest considerable heterogeneity in
consumer perceptions and responses to influencer marketing. This variability underscores the
importance of examining relationships between constructs rather than relying solely on

absolute levels.

Correlation Analysis

Table 5 presents the correlation matrix for key constructs. All correlations were positive and
statistically significant (p < 0.001), supporting the theoretical model's predicted relationships.

Several notably strong correlations emerged:

Table 5: Correlation Matrix for Key Constructs (N = 113)
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Construct 1 2 3 4 5 6
1. Attractiveness 1.000
2. Expertise 0.872** | 1.000
3. Trustworthiness 0.817** | 0.898** | 1.000
4. Content Quality 0.811%* | 0.842%* | 0.791** | 1.000
5. Attitude 0.839** | 0.881** | 0.862** | 0.874** | 1.000
6. Purchase Intention | 0.803** | 0.816** | 0.792%* | 0.823** | 0.879** | 1.000

All four influencer characteristics showed strong correlations with both attitude (ranging from
0.811 to 0.881) and purchase intention (ranging from 0.792 to 0.823), indicating that each
characteristic independently contributes to marketing effectiveness.

Group Comparisons by Purchase Behaviour

Table 6: Mean Construct Scores by Purchase Behaviour Groups

Purchase Behaviour Attr | Exp | Trust | Cont | Att | PI

Yes, | have bought 3.4513.63 331 |3.49 |3.28|3.14
Considered but not bought | 3.46 | 3.52 | 3.20 | 3.30 | 3.02 | 2.78
No 1.8511.881.88 | 1.95 |1.88|1.83

Note. Attr = Attractiveness, Exp = Expertise, Trust = Trustworthiness, Cont = Content Quality,
Att = Attitude, PI = Purchase Intention

Respondents who made purchases scored consistently higher across all constructs compared to
those who only considered purchases, who in turn scored substantially higher than non-
influenced consumers. The "No" group showed remarkably uniform low scores (1.83-1.95),
indicating wholesale rejection or non-exposure to influencer content. The "Yes" group's

elevated scores (3.14-3.63) demonstrate strong positive perceptions across all dimensions.

Demographic Differences in Purchase Behaviour

Gender differences emerged in purchase behaviour patterns. Among female respondents,
42.1% had made influencer-driven purchases, compared to 32.1% of males. Conversely, 41.1%

of males reported no influencer impact versus 22.8% of females.
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Age patterns revealed developmental trends in influencer responsiveness. The youngest group
(16-18 years) showed the lowest purchase rate (14.3%), possibly reflecting limited financial
autonomy despite high social media engagement. Purchase rates increased substantially for the
19-22 age group (49.1%) and peaked among 23-26-year-olds (61.5%), who possess both

fashion consciousness and purchasing power.

Among respondents spending 35,000+ monthly on fashion, 66.7% had made influencer-driven
purchases and only 11.1% reported no influence. This contrasts sharply with the <X1,000
spending group, where only 18.8% had purchased and 47.9% reported no influence.

Discussion

Interpretation of Findings

The finding that 68.1% of respondents were influenced by fashion influencers—either through
actual purchases (37.2%) or serious consideration (31.0%)—demonstrates substantial
marketing effectiveness in this regional context. This influence rate aligns with broader
industry statistics showing 86% of consumers make influencer-inspired purchases annually[3],

while accounting for regional variations in market maturity.

The strong correlations between influencer characteristics and consumer responses validate the
Source Credibility Model in the digital influencer context. The extremely high correlation
between trustworthiness and expertise (r = 0.898) suggests these dimensions are highly
integrated in consumer perceptions, with perceived knowledge enhancing trustworthiness and

vice versa.

The finding that expertise most strongly predicts positive attitudes (r = 0.881) underscores the

importance of demonstrable fashion knowledge and styling competence.

The strong attitude-purchase intention relationship (r = 0.879) confirms that while multiple

factors influence purchases, positive attitudes toward influencers serve as critical mediators.
Social Media Platform Aspects and its Strategic Implications

The dominance of Instagram (73.5%) and YouTube (53.1%) as primary platforms for
following fashion influencers has important strategic implications. Instagram's visual-first
format, shopping integrations, and influencer-friendly features (Stories, Reels, Shopping tags)

make it ideally suited for fashion content. YouTube's strength lies in longer-form content,
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enabling detailed product reviews, styling tutorials, and haul videos that build deeper expertise

perceptions.

Fashion brands should adopt platform-specific content strategies. Instagram content should
emphasise high-quality visuals, aspirational lifestyle imagery, and quick styling tips optimised
for short attention spans. YouTube content should leverage longer formats for in-depth product
demonstrations, comparison reviews, and styling tutorials that establish influencer expertise.
The relatively lower adoption of TikTok in this sample (1.8%) compared to Western markets
suggests a future growth opportunity as the platform expands its fashion influencer ecosystem

in India.

The finding that 57.5% of respondents follow only 0-2 fashion influencers directly, yet 68.1%
are influenced, indicates that indirect exposure through algorithmic recommendations, viral
content, and peer sharing plays a substantial role. Brands should therefore focus not only on
direct follower counts but also on content virality potential and shareability. Collaborating with
influencers who create highly engaging, shareable content may yield greater reach than those

with large but less engaged audiences.

Demographic Targeting Recommendations

The pronounced gender difference in purchase behaviour (42.1% female vs. 32.1% male
purchase rates) suggests gender-targeted influencer strategies may enhance effectiveness.
Fashion brands targeting female consumers should prioritise influencer partnerships, as this
segment demonstrates higher receptivity. However, the substantial male influence (32.1%
purchase rate) indicates untapped potential. Brands should develop male-focused influencer
content emphasising different value propositions—perhaps functionality, versatility, and value

rather than an aspirational lifestyle alone.

The age-purchase behaviour relationship suggests optimal targeting of the 19-26 age bracket,
which combines high fashion interest with purchasing power. However, the low conversion
among 16-18-year-olds (14.3% purchase rate despite 52.4% considering) represents a future
market opportunity. Brands could engage this segment through affordable entry-level products,
student discounts promoted through influencers, or aspirational content that builds brand

preference for later purchase stages.

The strong spending-behaviour correlation indicates influencer marketing is most immediately

effective among mid-to-high fashion spenders. However, this creates a strategic choice: brands
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can either focus on high-spending consumers for immediate ROI, or invest in building
influence among lower spenders who represent future growth potential as incomes increase. A
balanced approach might involve premium influencers targeting established spenders while

micro-influencers engage aspirational consumers.

Limitations and Future Research Directions

Several limitations should be acknowledged. First, the convenience sampling method and
relatively modest sample size (N = 113) limit generalizability beyond the Saurashtra region.
Future research should employ probability sampling across broader geographic areas to

enhance external validity.

Conclusion

With 68.1% of respondents influenced by fashion influencers to purchase or seriously consider
purchases, the data confirms influencer marketing as a powerful force in regional fashion

markets.

The research validates the Source Credibility Model in the digital influencer context,
demonstrating that expertise, trustworthiness, attractiveness, and content quality collectively
shape consumer attitudes, which in turn drive purchase intentions. The extremely strong
correlations between these constructs (r > 0.80 in multiple cases) indicate integrated, mutually-

reinforcing effects rather than independent influences.

Platform analysis reveals Instagram and YouTube as dominant channels, suggesting fashion
brands should prioritise these platforms for influencer collaborations. Gender, age, and
spending patterns significantly moderate influencer effectiveness, providing actionable
segmentation criteria. Female consumers, those aged 19-26, and higher fashion spenders
demonstrate the greatest responsiveness, representing priority segments for influencer

campaigns.
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Abstract

This paper reviews the determinants of financial planning for retirement among salaried
employees in higher education institutions in urban Saurashtra, Gujarat. It synthesises existing
literature on retirement planning, behavioural finance, and financial literacy to address the
unique challenges faced by this cohort. The review examines the impact of behavioural biases,
the importance of early savings initiatives, and the role of financial literacy in shaping
investment decisions. A theoretical model is proposed, integrating these determinants to
provide a framework for understanding and improving retirement outcomes. The model
highlights the interplay between demographic factors, financial literacy, and behavioural
influences. The implications for higher education employees in urban Saurashtra are discussed,
focusing on institutional interventions, behavioural finance tools, and tailored financial
strategies. The paper concludes by emphasising the need for financial literacy programs and
policy changes to promote resilient retirement plans. Future research should focus on empirical
validation of the proposed framework and the development of innovative tools to address
sector-specific challenges. This review contributes to the broader discussion on financial well-
being and economic stability among academic professionals.

Key words: Financial Literacy, Retirement Planning, Salaried employees

1. Introduction:

Retirement planning has emerged as a central issue for individuals approaching later life stages.
In the context of urban Saurashtra, Gujarat, this topic is of particular importance for salaried
employees working in higher education institutions. Although higher education employees
often enjoy stable incomes, they face unique challenges in preparing financially for
retirement—ranging from behavioral biases to the impact of insufficient financial literacy. This
paper examines the determinants of financial planning for retirement among this specific

cohort, synthesizing insights from existing literature that has studied broader populations in
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Gujarat. In doing so, the research draws upon multiple sources, including the work on
connecting financial theory with human behavior in retirement planning [2], studies on the
saving behaviors of young employees [6], and research assessing the role of financial literacy
among working women in Gujarat [10].

The discussion presented herein is crucial because even though employees in higher education
are not traditionally characterized by the same financial vulnerabilities as other sectors, the
transition from active employment to retirement involves several common determinants. These
include a pronounced fear of return uncertainty, behavioral biases leading to suboptimal
portfolio choices, and the interplay between financial literacy and investment decisions. It is
imperative, therefore, to understand the drivers that dictate retirement planning. This paper not
only reviews the literature but also outlines a theoretical model tailored for higher education
employees in urban Saurashtra. Emphasis is placed on practical implications that can guide
policy modifications, financial advisory practices, and the formulation of corporate retirement
plans that are sensitive to both behavioral and financial determinants.

3. Literature Review

3.1. Overview of Retirement Financial Planning

Retirement financial planning is a multidimensional process that involves assessment of risk,
expected return management, and strategic savings initiatives. The literature broadly defines
retirement planning as the systematic process of accumulating, managing, and decumulating
assets to ensure financial stability over the post-retirement period. As highlighted in the work
on “Secure Retirement: Connecting Financial Theory and Human Behaviour,” investors are
often caught between the theoretical promise of higher returns and the practical anxieties
associated with market volatility and longevity risk [2]. The document emphasises that even
when the expected risk-return trade-off seems favourable on paper, the actual outcomes may
deviate significantly due to unpredictable market conditions and behavioural responses
exhibited by the average investor [2].

The complexity inherent in retirement planning is further compounded by several factors—
ranging from macroeconomic influences such as changing interest rate environments to
individual-specific issues like savings behavior and risk tolerance levels. Especially in regions
such as urban Saurashtra, where social and cultural factors may affect financial decisions,
understanding these determinants becomes crucial. Previous studies have underlined the
necessity of blending financial theory with behavioral insights to design adaptive retirement

strategies that can respond to both short-term market dynamics and long-term economic shifts

[2].
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3.2. Behavioral and Risk Management Approaches in Retirement

One of the primary challenges discussed in the literature is the management of behavioral
biases that impede optimal financial decisions. The “Secure Retirement” study discusses how
fear of unforeseen market downturns and a tendency to react emotionally to short-term market
movements often result in suboptimal asset allocation decisions [2]. For instance, investors
may inadvertently reduce their equity exposure during bear markets and increase it after market
recoveries, thereby compounding the negative impact on cumulative wealth. Such behaviour,
identified as a significant contributor to underperformance relative to static benchmark
portfolios, underscores the importance of understanding behavioural finance mechanisms in
retirement planning.

Behavioural theories indicate that investors are predisposed to what is known as the
“disposition effect,” where the tendency to hold onto losing investments while prematurely
selling winning assets leads to inefficiencies in portfolio management. In this context, the
literature suggests that a well-designed retirement plan must incorporate strategies for risk
management throughout the accumulation and decumulation phases [2]. Moreover, the
integration of annuity products, despite prevailing low-interest environments, can contribute to
a portfolio structure that better sustains income during retirement. Such findings point toward
a need for retirement planning models that are not merely static but dynamically adjust to both
market conditions and the investor’s behavioural responses.

A key insight from the “Secure Retirement” study is that returns are not the sole determinant
of wealth accumulation; rather, the sequence of returns and the timing of contributions and
withdrawals also feature prominently in the final financial outcome [2]. The dynamic nature of
risk—differing significantly between the accumulation phase (characterised by regular savings
contributions) and the decumulation phase (where the focus shifts to withdrawal strategies)—
necessitates models that actively manage transitional risk, especially in the later stages of the
career. These behavioural insights have a direct bearing on formulating retirement strategies
that are resilient to market fluctuations and cognitive biases.

3.3. Early Savings Initiatives and Age-Related Factors

The importance of age and early savings is well documented in the study “Does Young Indians
Save for Retirement?” by Patel and Acharya [4]. This research emphasises that retirement
planning is not a short-term process but rather requires a long-term strategic approach that
ideally begins as soon as an individual starts earning a livelihood [4]. According to Patel and
Acharya, early awareness is critical as it influences the accumulation of a retirement corpus

over an extended period, thereby mitigating the adverse effects of compounding volatility4.
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However, while young employees (often those belonging to the millennial or Generation Z
cohorts) are increasingly aware of the need for early savings, there exists a notable gap when
it comes to translating this awareness into concrete savings behaviour.

The study highlights that although young baby boomers exhibit an understanding of the need
to start saving early, proactive saving initiatives among younger employees remain relatively
negligible [4]. The reasons attributed to this include a lack of tailored financial advice and a
perceived disconnect between the benefits of early savings and immediate financial needs. In
higher education institutions, where employees might enjoy a steady income yet face unique
career trajectory constraints, early and continuous financial planning becomes essential. This
issue is particularly pertinent in the urban Saurashtra region where rapid socio-economic
changes necessitate agile planning strategies.

The influence of age on retirement planning is not solely limited to the timing of savings but
also extends to risk tolerance and investment choices. Younger employees are generally
predisposed to adopt portfolios with a higher allocation towards riskier assets, whereas older
employees often lean towards low-risk instruments. This age-related variance in risk
preferences implies that retirement planning models need to incorporate age as a key variable—
a consideration that is vital in mapping out a long-term financial strategy for higher education
employees in urban Saurashtra. Furthermore, early interventions that promote financial literacy
can alter risk perceptions and encourage more informed, balanced decision-making processes
over time.

3.4. Financial Literacy and Investment Decisions

Financial literacy has emerged as one of the most significant determinants of retirement
planning success. The research article “Assessing the Financial Well-Being of Working
Women in Gujarat” provides compelling evidence that higher levels of financial literacy
correlate with improved investment decisions and increased savings for retirement [6].
Although this study primarily focuses on working women, its findings have broader
implications across different demographic groups, including salaried employees in higher
education.

According to the study, financial literacy is directly associated with how individuals approach
investment decisions, manage portfolio risks, and allocate their resources across different asset
classes [6]. The empirical analysis demonstrated that higher financial literacy not only
enhances the quality of investment decisions but also fosters the adoption of diversified saving
strategies that are crucial during both the accumulation and decumulation phases of retirement

planning6. In particular, the study notes that women with advanced financial knowledge tend
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to adopt more proactive saving behaviours and diversify their investments across fixed
deposits, insurance products, mutual funds, and other financial instruments [6].

A detailed ANOVA analysis within the study further confirms that variations in financial
literacy levels result in statistically significant differences in financial well-being. This finding
is critical for retirement planning because a well-informed investor is more likely to maintain
a balanced portfolio that can withstand market volatility. Additionally, regression analysis
within the study highlighted that even modest improvements in financial literacy can lead to
appreciable enhancements in overall financial well-being. These results underscore the
necessity of targeted financial education programs—especially those that are tailored to the
specific circumstances of employees in higher education institutions.

Given the diverse challenges that higher education employees face—ranging from institutional
budget limitations to the pressures of academic tenure—the role of financial literacy becomes
a cornerstone in preparing for a secure retirement. Customised workshops, peer mentoring
programs, and institutional financial counselling can serve as critical interventions that boost
financial literacy and, consequently, improve retirement outcomes. This area warrants further
research with a specific focus on the higher education sector in urban Saurashtra, where
existing studies provide a solid foundation for understanding the broader dynamics but do not
yet fully address sector-specific peculiarities.

Visualization: Comparative Table of Determinants Influencing Retirement Planning
Below is a table summarizing key determinants of retirement financial planning as derived
from the literature, including their source and impact on overall planning outcomes.

Table 1: Comparative Overview of Key Determinants Affecting Retirement Financial Planning

Impact
Determinant Source Reference Notes
Level
Behavioural Biases & | Secure ~ Retirement Hioh Leads to inefficient portfolio
. . 1g .
Risk Aversion Study [2] adjustments
_ Does Young Indian _ Awareness  exists,  but
Early Savings . Medium to . ‘
L Save for Retirement ) proactive savings are often
Initiation High ‘
[4] lacking
Assessing the Positively correlates with
Financial Literacy Financial Well-Being | High diversified investments and
Study [6] savings

ISBN No: 978-81-993732-2-8310 310



2" International Conference — NOBCON 2026 on Interdisciplinary Horizons — Innovation,

- - Sustainability, Al and Transformation (IC-IHITSA) <
@ UnNRE.S—Ig Noble University Campus, Junagadh W
Junagadh, India, March 6 — 7, 2026 nobCon
' Does Young Indian Younger VS. older
Age and Risk . . .
Save for Retirement | Medium preferences necessitate
Tolerance ) .
[4] tailored strategies
Investment Secure  Retirement Hioh Strategic asset allocation
12 .. e
Diversification Study mitigates market volatility
Assessing the Tailored financial programs

Cultural and Gender | ' . .
_ Financial Well-Being | Medium are necessary to overcome
Expectations

Study [6] limitations

This table clearly illustrates how each determinant contributes to building a resilient retirement
plan. For higher education employees, integrating these insights into institutional planning can
provide a robust framework that accommodates individual behavioral tendencies and financial
capabilities.

4. Theoretical Framework and Model Proposition

The theoretical framework for retirement financial planning among salaried employees in
higher education institutions of urban Saurashtra integrates multiple determinants derived from
previous studies. Building on the behavioral and financial literacy insights, the proposed model
identifies three interrelated components:

1. Behavioral Influences and Risk Management:

As noted in the “Secure Retirement” study, behavioural responses—such as the disposition
effect, risk aversion during market downturns, and emotional decision-making—play a
critical role in determining retirement outcomes. These behavioural influences are
compounded by the risk environment, where unexpected market volatility can lead to
significant deviations from planned savings routes [2]. In higher education, the pressures
of research, teaching, and administrative responsibilities may exacerbate these behaviours,
making it imperative that institutional retirement plans incorporate risk management

features that are responsive to behavioural biases.
2. Financial Literacy and Investment Decision Capability:

Empirical evidence from the study on working women in Gujarat demonstrates that
financial literacy is a significant predictor of effective investment decision-making [6]. In
our model, enhanced financial literacy acts as a moderator between income levels and
financial outcomes. Specifically, improved literacy leads to greater diversification across

asset classes, which in turn reduces the volatility of cumulative wealth. Given the structured
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income but variable investment acumen of higher education employees, tailored financial
literacy programs could substantially alter investment behaviours and improve retirement

readiness.
3. Demographic and Socioeconomic Variables:

Age, gender, and socio-cultural factors further refine the model. Younger employees, for
instance, might exhibit higher risk tolerance and a propensity for aggressive investment
strategies, while older employees may prioritise preservation of capital. Studies have shown
that even when awareness about early saving is present, the actual commitment to early and
consistent saving practices can be lacking [4]. For higher education employees in urban
Saurashtra, additional factors such as career stage, marital status, and family financial

obligations must be integrated into the planning process.

The proposed model can be visually represented in a flowchart that outlines the interplay
among these three components:

Flowchart: Theoretical Model of Retirement Financial Planning Determinants

Figure 1: Flowchart Representing the Theoretical Model Integrating Demographics,

Financial Literacy, and Behavioural Influences in Retirement Planning
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Employee

Demographics
(Age, Income,
Family Obligations)

Financial Literacy Behavioral Influences
Level (Risk Aversion, Biases)

Investment Decision-
Making
& Asset Diversification

Portfolio Management
Strategy

Accumulation Phase
Outcomes

Accumulation Phase
Outcomes

—
| I

Decumulation
Strategies
and Retirement
Income

Overall Retirement

Financial Well-
Being

This diagram highlights the sequential relationships among demographic factors, financial
literacy, and behavioural influences leading to effective portfolio management. The model
suggests that interventions designed to improve financial literacy not only directly affect
investment decisions but also mediate the effects of behavioral biases, ultimately contributing
to better retirement outcomes.

The developed framework is applicable for higher education employees in urban Saurashtra,
where institutional policies can be aligned with these determinants. For example, targeted

financial workshops and advisory programs may mitigate behavioral biases and enhance
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literacy, thereby enabling employees to optimize their retirement portfolios. This integrative
model forms the basis for subsequent empirical validation and intervention design.

5. Implications for Higher Education Employees in Urban Saurashtra

Higher education employees in urban Saurashtra present a unique case in retirement planning.
Although they typically enjoy a stable salary and often have access to government-backed
pension schemes, the challenges of behavioral biases, inadequate financial literacy, and the
complex interplay of socioeconomic factors affect their long-term financial stability. The
implications of the reviewed literature and the proposed theoretical framework for this group
are multifaceted.

5.1. Institutional Interventions for Enhanced Financial Literacy

One of the major findings from the literature is the pivotal role of financial literacy in shaping
investment decisions and safeguarding financial well-being [6]. Higher education institutions
can serve as platforms for delivering targeted financial education programs. Workshops,
seminars, and peer mentoring initiatives can demystify the complex notions of risk
management and asset allocation. By incorporating modules that explain both theoretical
aspects of financial planning and practical investment strategies, such programs can help
employees make informed decisions that align with their career stages and personal
circumstances.

For instance, institutions might collaborate with financial experts to develop a curriculum that
covers topics such as understanding market volatility, recognizing behavioral biases, and
effectively using retirement savings instruments. The success of such initiatives would not only
improve individual retirement outcomes but could also enhance the overall financial culture
within the academic community. In settings where employees are expected to balance academic
responsibilities with long-term financial planning, these interventions could be particularly
beneficial.

5.2. Behavioral Finance Tools and Risk Management Strategies

The literature clearly indicates that behavioral factors—such as excessive risk aversion during
downturns and undue optimism during market booms—contribute significantly to retirement
planning challenges2. For higher education employees, who may be less familiar with the
intricacies of market dynamics, reliance on behavioral finance tools could help bridge the gap
between knowledge and action. Institutions should consider offering personalized financial
counseling that involves behavioral assessments. Such counseling can assist employees in

recognizing their predispositions and adjusting their portfolio strategies accordingly.
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Additionally, the integration of risk management techniques that account for both the
accumulation and decumulation phases is essential. Financial advisors and institutional
planners should adopt dynamic planning models that adjust asset allocation based on the
investor’s age, career stage, and evolving market conditions. The insights from the “Secure
Retirement” research underscore the importance of maintaining a balanced portfolio that adapts
to fluctuations in market conditions while compensating for the investor’s tendency toward
suboptimal decision-making.

5.3. Demographic Considerations and Tailored Financial Strategies

The role of demographic factors in shaping retirement planning outcomes cannot be overstated.
As evidenced by the study on retirement savings among Indian employees, age not only
influences the timing of savings but also affects risk tolerance and investment preferences4. In
higher education institutions, employee demographics can vary widely—from young faculty
members at the beginning of their careers to senior professors nearing retirement. This diversity
necessitates a segmented approach to financial planning.

For younger employees, interventions might emphasise the benefits of early investment and
the power of compound interest. For mid-career professionals, strategies may focus more on
optimising the balance between growth and preservation. For those closer to retirement,
planning should target decumulation strategies that ensure sustained income and minimal
drawdown risks. The heterogeneous nature of the workforce in higher education thus calls for
customisation of financial planning tools and advisory services. This tailored approach will
ensure that each demographic group can effectively navigate its unique challenges while
capitalising on available investment opportunities.

5.4. Policy Implications and Recommendations

The findings and theoretical model discussed in this paper have several policy implications for
higher education institutions in urban Saurashtra. First, institutions should integrate financial
wellness programs into their employee benefit schemes, ensuring that retirement planning is
not an afterthought but a core component of employee welfare. Second, policymakers need to
promote collaboration between universities, financial institutions, and government agencies to
create an ecosystem that supports long-term financial planning. Government-backed
initiatives, such as those seen in broader studies in Gujarat, can be adapted to the higher
education sector to provide additional layers of financial security.

Furthermore, the incorporation of technology—such as online financial planning tools and
simulation platforms—can offer personalized insights and real-time adjustments to retirement

strategies. Such tools have the potential to complement traditional advisory services, thereby
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making financial planning more accessible and engaging for academic employees. Lastly,
continuous monitoring and evaluation of these initiatives will be crucial in understanding their
impact and iteratively improving the strategies to suit evolving market and demographic
conditions.
6. Conclusion
Retirement financial planning is an inherently complex endeavor that demands the integration
of multi-dimensional factors such as behavioral influences, financial literacy, and demographic
variables. For salaried employees in higher education institutions in urban Saurashtra, Gujarat,
the challenges and opportunities associated with retirement planning are nuanced by stable
income streams, institutional benefits, and the unique socio-cultural milieu of the region.
Key insights from the reviewed literature include:

o Behavioral biases, such as risk aversion and suboptimal asset allocation, significantly

impact investment outcomes?2.

o Early savings initiatives are critical, yet despite awareness, there remains a gap in

proactive saving behavior among young employees4.

o Financial literacy plays a central role in enhancing investment decision-making and
overall financial well-being, with empirical studies showing that even small

improvements in literacy yield significant financial benefits6.

e A robust theoretical framework that integrates demographic, behavioral, and financial
literacy components is essential for developing targeted and effective retirement

planning strategies.

Based on these findings, higher education institutions should prioritize financial literacy
programs, integrate behavioral finance tools into retirement planning, and tailor strategies to
meet the diverse needs of their workforce. Such interventions not only promise to improve
individual retirement outcomes but also contribute to broader economic stability and employee
satisfaction.

In summary, a concerted effort to blend financial theory with practical, behaviorally informed
interventions can pave the way for more resilient retirement plans for higher education
employees in urban Saurashtra. Future research should focus on empirical validation of the
proposed framework and the development of innovative tools that address the sector-specific
challenges of retirement planning.
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Abstract

Halophilic microorganisms, mainly halophilic archaea, flourish in hypersaline environments
where very few other types of life forms can survive. Halophilic archaea are like a treasure
trove for biotechnology. They are adapted to conditions in which other microbes cannot
survive. They have adaptations such as special membrane lipids, salt-tolerant enzymes, and
compatible solutes. Some key uses include biocatalysis. Here, halophilic enzymes such as
ectoine synthases and haloarchaeal proteases perform well in high-salt processes. This reduces
the risk of contamination in food processing and detergents. In biofuels, these archaea turn
biomass into biohydrogen and exopolysaccharides. This offers sustainable alternatives amid
water scarcity. Bioremediation is another area in which these halophilic microorganisms offer
a significant contribution. Their halozymes (halophilic enzymes) also contribute in
pharmaceutical and cosmetic industry. They can stay stable under extreme conditions.

Recent studies state that halophilic microorganisms have a significant potential for
bioremediation, producing industrially important enzymes and making bioplastics. Many
halophiles are still not well understood. We need to isolate, identify, and study them at a
molecular level. Halophilic archaea are leading to an era of innovation driven by extremophiles.
They are turning environmental challenges into biotechnological successes.

Keywords: Archaea, Halophilic archaea, Biotechnological applications, halozymes, Bioplastic
synthesis

1. Introduction

1.1 Background and Significance of Halophilic Archaea

The Archaea is a domain of the three groups of microorganisms (Bacteria, Archaea and
Eukarya) and is different from the domains Bacteria and Eukarya. The Archaea domain has
its history, molecular characteristics, and ways of adapting to its environment (Woese et al.,
1990). Halophilic archaea are a type of Archaea that can thrive in high salt concentrations.
They can be found in places like salt lakes, salt mines, and deep-sea brine pools, where the salt
concentration is very high (Oren, 2008). They can even live in food products and industrial

brine systems (Ventosa et al., 2012).
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The study of halophilic archaea (halophiles) has changed the way we think about life and what
it can do (Miiller et al., 2011). These microorganisms have developed ways to survive in
environments that would be deadly to other living things (Rothschild & Mancinelli, 2001).
They have molecules that help them keep their cells intact, their proteins stable and their
metabolism working. Some well-studied halophilic archaea include Halobacterium, Haloferax,
Halorubrum, Haloarcula, Natronomonas and Salinibacter. Halobacterium salinarum and
Haloferax species are often used as examples to study the biotechnological aspects of these
microorganisms (DasSarma & DasSarma, 2017). By studying the genome of these archaea
scientists have found unique genetic features, such as special DNA replication machinery and
novel DNA repair mechanisms (Baliga et al., 2004; Gonzélez et al., 2008).

The Archaea domain and the halophilic archaea are very interesting to scientists because they
can teach us a lot about life and how it can adapt to environments. The halophilic archaea are
a type of Archaea that can live in salty environments and they have special molecules and
adaptations that help them survive. The Archaea domain is a group of living things that can
help us learn more about life and its many possibilities.

1.2 Physiological and Molecular Adaptations

Halophilic archaea can survive in salty environments because of special changes in their bodies
and molecules. These organisms maintain high intracellular potassium concentrations while
actively excluding sodium ions, creating an osmotic balance with their external environment
(Oren, 1999). This balance is made possible by pumps, helpers, and systems that move ions,
which could be useful for biotechnology. The proteins of archaea are special and work well in
high-salt environments (Bauer & Driieke, 2011). This acidic surface keeps the protein working
even in very salty conditions that would normally break it. This property makes their enzymes
called extremozymes valuable for industrial uses that need extreme conditions (Eichler, 2001).
The membrane lipids of archaea are another special adaptation. Unlike bacterial membranes,
archaeal membranes have special ether-linked chains that make them stable in extreme
temperatures, pH, and organic solvents (Koga & Morii, 2007).

1.3 Significance in Modern Biotechnology

The biotechnology industry needs enzymes and processes that work in conditions that
halophilic archaea can provide. The development of technologies has increased interest in
halophilic archaea as environmentally friendly biocatalysts. The learning of halophilic archaea
also helps with development by allowing the usage of salty waste streams, making
biodegradable products, and cleaning up contaminated sites (Margesin & Schinner, 2001). As

industries move towards bio-based processes, halophilic archaea will be important for the
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bioeconomy. As industries worldwide seek to reduce their environmental footprint and
transition toward bio-based processes, the unique capabilities of halophilic archaea position
them as important contributors to the bioeconomy of the future. (Leén et al., 2018)

1.4 Scope and Objectives

This review aims to look at what we currently know about using halophilic archaea in
biotechnology. The main goals are to summarize findings on the potential uses of halophilic
archaea in different areas, to carefully assess the current problems and challenges in using these
organisms for industrial purposes, and to find potential research areas that could help turn
halophilic archaea research into commercial uses.

This review article cover areas of application, including: Industrial enzymes, biofuel
production, bioremediation, pharmaceutical development, biosurfactant and biopolymer
synthesis, food and agricultural applications, and environmental technologies. Each section
looks at the state of research, key achievements, remaining challenges, and prospects. This
review aims to be a valuable source for new researchers as well as established scientists looking
to expand their work and industry professionals evaluating the applications of halophilic
archaea. Halophilic archaea have potential uses, and understanding their applications can help
advance research and commercialization.

2. Halozymes: Industrial Enzymes from the Salt-Loving World

2.1 Introduction to Halophilic Enzymes

The term extremozymes refers to enzymes that come from organisms and these extremozymes
can still work in environmental conditions that are not suitable for regular enzymes. This
includes high or low temperatures, high salt levels, and high pressure (Gerday & Glansdorff,
2007). Halozymes are a kind of these enzymes. They work well in various environments and
are also very stable. The special thing about enzymes is how they are structured. They have
several amino acid residues on their surface, which makes the surface of the protein hydrated,
which prevents the proteins from sticking and helps them stay dissolved in high salt
concentration solutions (Fukuchi et al., 2003). Halophilic enzymes can work in conditions that
are too tough for regular enzymes (Eichler, 2001).

2.2 Amylases and Carbohydrate-Active Enzymes

Halophilic amylases are very good at breaking down starch. These enzymes are also useful in
the starch processing industry. The amylase from Halobacterium species and Haloferax
mediterranei works well in salty conditions and high temperatures (Pérez-Pomares et al., 2003;

Egas et al., 2000). This makes it possible to liquefy starch in conditions that would stop
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amylases from working (Sanchez-Mora et al., 2016). Halophilic amylases are also useful in the
food industry. In the baking industry these enzymes can help make dough.

2.3 Proteases and Lipases

Protease are used in breaking down proteins. The proteases from Halobacterium, Haloferax
and Halorubrum species work well in high salt concentration and high pH levels. Halophilic
lipases are also very useful as they help break down fats, hence can be used in laundry and
detergents (Gupta & Khare, 2007; Kumar et al., 2005).

2.4 DNA Polymerases and applications in molecular biology

The DNA polymerase from Halobacterium species is valuable for molecular biology
applications. It can help amplify and manipulate DNA. This makes it very useful, for research
and diagnostic applications (Ishino et al., 1994; Ruan et al., 2017).

3. Bioremediation of Saline and Hypersaline Contaminated Sites

3.1 The Challenge of Saline Waste Treatment

The remediation of saline and hypersaline contaminated environments represents one of the
most challenging problems in biotechnology. Conventional bioremediation approaches are
based on microorganisms that are sensitive to high salt concentrations, limiting their
effectiveness in the treatment of saline wastewater and hypersaline industrial effluents (Leon
et al., 2018). The discharge of saline wastewater from biotechnological industries including
salt production, seafood processing, leather tanning, and petroleum poses significant
environmental risks, while the treatment of salt-contaminated agricultural lands affected by
seawater invasion requires specialized approaches.

Halophilic microorganisms offer advantages for the bioremediation of saline environments.
These organisms can function at salt concentrations that eliminate most common
bioremediation agents, enabling in-situ treatment of hypersaline waste streams without the
need to dilute them or salt removal (Ravindran et al., 2016). The metabolic diversity of
halophilic archaea and bacteria encompasses the degradation of hydrocarbons, heavy metals,
pesticides, and other contaminants, providing a toolkit for addressing various pollution
scenarios.

3.2 Hydrocarbon Degradation in Saline Environments

The capacity of halophilic archaea to break down hydrocarbon compounds is very interesting
for the bioremediation of petroleum-contaminated salty environments. For instance, marine oil
spills and the discharge of petroleum-containing wastewaters create contamination scenarios

where traditional hydrocarbon-degrading bacteria may be inhibited by salinity. This creates
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opportunities for halotolerant specialists, such as halophilic archaea, to play a vital role in
bioremediation (Al-Mailem et al., 2010).

Species of Halobacterium, Haloferax and Halorubrum have demonstrated capabilities for
hydrocarbon degradation under laboratory conditions. Some strains of these microorganisms
are capable of utilizing aromatic hydrocarbons as the sole carbon sources. The hydrocarbon-
degrading activity of these microorganisms is often enhanced under conditions of nitrogen or
phosphorus limitation. This suggests potential for nutrient-amended bioremediation strategies,
where the addition of nutrients such as nitrogen or phosphorus can enhance the bioremediation
process (Al-Mailem et al., 2014). Field studies have explored the application of consortia for
the treatment of salty petroleum wastewaters and contaminated soils (Al-Mailem et al., 2017).
3.3 Heavy Metal Bioremediation

The removal and recovery of metals from salty waste streams is another area where halophilic
archaea show considerable promise. The high intracellular ion concentrations and specialized
metal-binding proteins of these microorganisms provide mechanisms for metal tolerance
(DasSarma et al., 2010). These mechanisms can be exploited for bioremediation purposes, such
as the removal of metals from salty waste streams. Some halophilic archaea accumulate metals,
including cadmium, lead, mercury, and arsenic. Others transform metal species to toxic or more
readily removable forms. For example, the presence of surface layer proteins and acidic
polysaccharides enhances the adsorption of cationic metal species. The high negative surface
charge conferred by proteins also enhances the adsorption of cationic metal species. The
stability of biomass in harsh conditions facilitates its use in continuous adsorption systems,
which can be used to remove heavy metals from salty waste streams (Oren, 2010).

4. Pharmaceutical and Biomedical Applications

4.1 Antimicrobial Compounds

The exploration for antimicrobial agents has led to considerable research on various secondary
metabolites produced by halophilic archaea. These organisms produce different bioactive
compounds that can fight against pathogenic bacteria, fungi and viruses. This makes them a
good starting point for developing pharmaceuticals (Besse et al., 2019). Halophilic archaea live
in unique environments that have helped them develop new biosynthetic pathways. These
pathways produce potentially bioactive metabolites.

The antimicrobial peptides produced by archaea are very interesting. They have ways of
working and are stable in extreme conditions. The halocins produced by Halobacterium and
Haloferax species are a type of peptide. They can fight against halophilic species (Price &
Shand, 2000).
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4.2 Anticancer and Therapeutic Agents

Researchers are looking into archaeal metabolites to check if they can help fight cancer. So far
the outcomes are promising. Extracts from archaea have been shown to kill cancer cells. Some
of these extracts can even tell the difference between cancer cells and normal cells (Besse et
al., 2019).

4.3 Antiviral Applications

Halophilic archaeal compounds might also be capable of fighting against viruses. Some of
these compounds are like the ones that viruses use to attach to cells (Ghosh et al., 2014). This
means they might be capable of blocking the virus from entering the cell. Halophilic archaea
also produce proteins that can fight against viruses. These proteins might work by killing the
virus stopping it from attaching to cells or helping the immune system fight back (Ghosh et al.,
2014). The fact that halophilic proteins are stable in conditions is a big advantage. It could help
us make medicines that last longer and work better.

4.4 Drug Delivery and Biomedical Materials

The special properties of halophilic archaeal lipids and proteins make them useful for
delivering drugs and making materials (Sprott et al., 1997). The lipids from archaea can form
liposomes that can carry drugs. These liposomes are more stable than the ones we use now.

This means they could stay in the body longer and release the drug constantly at a slower rate.

5. Biosurfactants and Biopolymers

5.1 Biosurfactant Production

Biosurfactants are represented as surface-active compounds produced by microorganisms.
They have some benefits compared to synthetic surfactants. For example, in terms of
biodegradability, reduced toxicity, and effectiveness under extreme conditions. The
biosurfactants made by halophilic archaea have caught a lot of attention lately. People are
interested in using them for their applications in bioremediation, enhanced oil recovery, and
food and cosmetic formulations (Das et al., 2016). These special biosurfactants have some
properties. They can work well in high salt concentration and temperature. Biosurfactants are
an alternative to regular surfactants.

5.2 Applications in Enhanced Oil Recovery

The application of biosurfactants in enhanced oil recovery (EOR) represents a promising
application area that influences the unique properties of halophilic archaeal products.
Biosurfactant solutions can be injected into oil reservoirs - This can reduce the tension between

oil and water, it can also help move the trapped oil and enhance oil displacement efficiency
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(Das et al., 2016). Halophilic biosurfactants are stable under reservoir conditions. These
conditions include salinity, high temperature and high pressure. They have advantages over
biosurfactants. Halophilic biosurfactants work well with reservoir water. This is an advantage
in areas where water is limited. Using microorganisms to produce biosurfactants in-situ is a
worthy approach. It can reduce costs and make oil recovery operations simpler (Das et al.,
2016). Injecting nutrients can help stimulate microorganisms. These microorganisms can
produce biosurfactants directly in the reservoir. This eliminates the need for surface production
of biosurfactants and also eliminates the need to inject external biosurfactant solutions.

5.3 Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHAs) represent a class of biodegradable polyesters produced by
microorganisms as carbon and energy storage compounds. The PHA production capacities of
halophiles have been extensively characterized, with Haloferax mediterranei emerging as a
particularly promising production organism (Lillo & Rodriguez-Valera, 1990; Quillaguaman
et al., 2010). The PHAs produced by this particular organism, primarily polyhydroxybutyrate
(PHB) and polyhydroxyvalerate (PHV) copolymers, exhibit properties suitable for
biodegradable plastic production.

The advantages of Haloferax mediterranei for PHA production include rapid growth rates, high
PHA accumulation capabilities, and the ability to utilize diverse carbon substrates, including
glucose, starch, and agricultural waste streams (Lillo & Rodriguez-Valera, 1990;
Quillaguaman et al., 2010). The non-sterile cultivation of this organism is facilitated by its
requirement for high salt concentrations that inhibit most bacterial and fungal contaminants.
The PHA accumulation occurs during the stationary phase under nitrogen or phosphorus
limitation, with accumulation levels reaching 60-70 % of cell dry weight.

The properties of halophilic archaeal PHAs have been characterized for various applications.
The PHB produced by Haloferax mediterranei exhibits mechanical and thermal properties
comparable to conventional PHAs from bacterial sources, with glass transition and melting
temperatures in ranges suitable for processing (Huang et al., 2016).

6. Food and Agricultural Applications

6.1 Food Additives and Flavor Compounds

The application of halophilic archaea in food production includes the generation of flavor
compounds, food additives, and specialty ingredients (Roh et al., 2010). The halophilic
archaeal production of volatile compounds, including alcohols, esters, and sulfur-containing

compounds, has been characterized for flavoring applications.
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Halophiles also make special enzymes that can be used in food production. These enzymes can
be used to make cheese and meat taste better (Gupta & Khare, 2007). They work well even
when in low temperature and high salt concentration. The special enzymes made by halophilic
archaea can also be used in baking and making beer.

6.2 Food Preservation and Safety

Halophiles make compounds that can help keep food safe. These compounds have the potential
to be used in food preservation. The antimicrobial compounds from halophiles like halocins
and other peptides can be used as preservatives. This means they can help extend the shelf life
of food products and reduce the amount of microbes. The fact that these compounds are stable
when food is being processed makes them more useful for applications.

Halophiles are also being studied for their use, in making fermented foods. When foods are
fermented with salt it creates an environment where halophiles can grow easily. This can help
make the food taste better and increases its shelf life (Roh et al., 2010).

6.3 Agricultural Applications

Halophiles are really useful for farming because they can help plants grow and can be used as
biocontrol agents. Some halophiles can even break down phosphate and make hormones that
plants need to grow. This means they could be used as fertilizers (Ventosa et al., 2012).
Halophiles are good at dealing with salt, which is a big problem in some areas where the soil
is too salty. This makes them very useful for farming in these areas. People have been looking
into using archaea to fight off plant diseases. These microorganisms can make compounds that
kill bacteria and fungi that hurt crops (Besse et al., 2019). Using archaea to protect crops in
salty areas is a new and exciting idea. Halophiles can also be used in animal food. Their
enzymes can help animals digest their food better and get nutrients out of it. These enzymes
are special because they can work well in the animal’s stomach and intestines even when the
pH levels are over the place. This could make animal food more efficient (Gupta & Khare,
2007). So using archaea in animal feed is a new area that could be really helpful for the animal
farming industry. Halophiles are very useful, for farming and animal feed because they can
help plants grow and animals digest their food.

7. Cosmetics and Personal Care Products

7.1 Bioactive Compounds for Cosmetic Applications

The cosmetic and personal care industry is really interested in halophilic archaea because they
can provide unique compounds that are good for skincare, haircare, and anti-aging. The
compounds made by archaea have properties of antioxidants, moisturize and reduce

inflammation, which is why they are being studied for use in cosmetics (Besse et al., 2019).
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The pigments made by halophilic archaea like bacterioruberin are very good at anti-oxidation
which can help protect skin from damage caused by the sun and pollution (Roh et al., 2010).
Due to its stability, halophilic archaeal pigments can be used in cosmetic products. Halophilic
archaea also make exopolysaccharides that can help moisturize and protect skin. These
exopolysaccharides can form a layer on the skin that keeps the skin hydrated.

7.2 Enzyme Applications in Cosmetics

The enzymes from archaea are really useful for making cosmetic products and personal care
items. These enzymes can help get rid of dead skin cells without being too harsh. They do this
without using scrubbing or strong chemicals that can damage the skin. This is because the
enzymes from archaea are gentle and work well at the skins natural pH level.

The enzymes that fix DNA and the photolyases from archaea are being studied to see if they
can help protect and fix the DNA in skin cells. When skin is exposed to the sun rays it can get
damaged and this can cause the skin to age too quickly or even get skin cancer. If we add the
enzymes from archaea to sunscreens and products used after being in the sun they might help
protect and fix the DNA in the skin (Nicolaus et al., 2010).

Halophilic enzymes that break down fats are also useful for skincare products that help control
oil and prevent acne. These enzymes are stable and can be used in different types of skincare
products.

8. Agricultural and Environmental Applications

8.1 Soil Remediation and Plant Growth Promotion

Halophilic archaea are useful for agricultural soil remediation and plant growth promotion. The
ability of these organisms to thrive in saline soils and their interactions with plants suggest
potential applications for agriculture in salt affected regions (Ventosa et al., 2012). Halophilic
archaea can make the soil better by producing extracellular polymeric substances that enhance
soil structure and water retention (Ventosa et al., 2012). Halophilic archaeal strains are also
studied to be capable of siderophore production (Dave et al., 2006)

8.2 Aquaculture Applications

Halophilic archaea are really useful in aquaculture systems. Researchers are interested in using
them to keep the water clean and prevent disease (Rathoure et al., 2019). Halophilic archaea
can be used in biofilter systems to remove contaminants like ammonia from the water.

8.3 Salt-Tolerant Crops and Halophyte Applications

The study of archaea helps us make crops that can grow in salty water and use plants that like
salt for farming in salty areas. By learning how archaea deal with salt we can use this

information to make crops better (DasSarma & DasSarma, 2017). With the help of genetic
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engineering, we can take genes from archaea and insert them into regular crops to help them
deal with high salt concentration.

9. Future Perspectives

The future of archaeal biotechnology relies on ongoing research in improving strains,
optimizing processes and turning them into commercial products. To move forward we need
genetic engineering tools for halophilic archaea. This will help us create strains that are perfect
for specific biotechnological as well as industrial applications (DasSarma & DasSarma, 2017).
Using systems biology with fermentation methods can speed up progress toward making
halophilic archaeal products a reality. Establishing rules for products made from halophilic
archaea is crucial for their commercial success.

Industry, schools and regulatory bodies must work together to set guidelines for safety checks
and approvals. When investors know what to expect they are more likely to invest in archaeal

biotechnology.

9.1 Sustainability Contributions

Halophilic archaea are really good for the environment because they help in ways. They make
things that can replace products made from petroleum, they make use of water that would
otherwise be wasted and they help reduce the amount of fresh water needed in biological
processes. The plastics made by archaea are biodegradable which means they do not harm the
environment like regular plastics do because they break down easily (Huang et al., 2016). Using
seawater or fresh water in the processes that involve halophiles also helps with the problem of
water scarcity.

Halophiles are also useful in bioenergy production. They can be used to make biohydrogen,
biogas, and biofuels, which are all energy sources (Kumar et al., 2016). These organisms can
use different types of carbon sources, including waste, to make energy products. Halophilic
archaea are really important for sustainability because they help in many ways, including the
production of biodegradable alternatives and the reduction of freshwater requirements.

9.2 Conclusion

Halophilic archaea are an interesting group of microorganisms that can survive in extreme
conditions. They have a lot of uses in industries because of the way they are able to adapt to
their environment. For example, they have proteins that work well in high salt concentrations
and their cell membranes are very stable. They also have ways of making energy, which is

useful for developing new technologies.
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The special enzymes that halophilic archaea produce can work in high salt concentration, high
temperature, or acidic conditions, which is not possible for regular enzymes. This makes them
very useful for processes that need to happen in tough environments (Eichler, 2001). They can
help reduce the amount of energy needed. They do not require sterile conditions to work.
Halophilic archaea are also very good at bioremediation. They can help treat wastewater that
has high salt concentration, clean up oil spills in the ocean, and even remove heavy metals from
industrial waste. If we can develop ways to use halophilic archaea to clean up the environment,
it will be very beneficial for protecting the planet and conserving resources (Ledn et al., 2018).
In conclusion halophilic archaea are a treasure trove waiting to be utilized in biotechnology
and sustainable development. These tiny organisms have features that can solve industrial
problems in ways that usual methods cannot. By keeping an eye on halophilic archaea and
working on related technologies, we can spark innovation in many areas (DasSarma et al.,
2010). At the time we can shift toward more eco-friendly industrial and environmental
practices.
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Abstract

The success of long-duration space exploration and future planetary colonization is intrinsically
linked to our understanding of the microbial stowaways that accompany human missions. In
the confined, resource-limited environments of Low-Earth Orbit (LEO), microorganisms are
subjected to unique selective pressures, including microgravity, cosmic ionizing radiation, and
altered fluid dynamics. This review synthesizes recent findings from International Space
Station (ISS) experiments—such as the 2026 reports on the T7 phage-host evolutionary arms
race—to evaluate how these stressors reshape microbial physiology and pathogenicity.
Highlight that microgravity induces a transition from planktonic to sessile lifestyles, leading to
the formation of "architectural" biofilms with enhanced resistance to traditional disinfectants
and antibiotics. At the molecular level, the lack of buoyancy-driven convection alters the
extracellular microenvironment, triggering stress-response pathways that promote genomic
plasticity and accelerated horizontal gene transfer. These adaptations often manifest as
increased virulence in opportunistic pathogens like Staphylococcus aureus and Pseudomonas
aeruginosa, posing significant risks to immunocompromised crews. Furthermore, we examine
the "Dual-Use" nature of space-adapted microbes, exploring their potential in bio-regenerative
life support systems and in-situ resource utilization (ISRU) against the backdrop of stringent
planetary protection protocols. This article concludes that current Earth-based sterilization
standards may be insufficient for the "Space-Evolved" resistome. We propose that integrating
real-time "Omics" surveillance with the development of biofilm-resistant nanomaterials is
essential to safeguard both astronaut health and spacecraft structural integrity. By
understanding the mechanisms that allow microbes to act as "architects" of their own survival
in the void, we can better engineer the microbial ecosystems necessary for humanity's

expansion into the solar system.

Keywords: Microgravity-induced Virulence, Extraterrestrial Biofilms, Genomic Plasticity,

Astrobiology, Planetary Protection
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1. Introduction

The rapid expansion of human space exploration has intensified interest in understanding how
microorganisms adapt, survive, and evolve under extraterrestrial conditions. In confined
spacecraft and orbital habitats such as the International Space Station, microbial communities
are exposed to a unique combination of stressors including microgravity, elevated radiation,
limited nutrient flux, and closed-loop life support systems. These factors collectively impose
selective pressures that can alter microbial physiology, stress tolerance, virulence, and
resistance profiles, raising important concerns for astronaut health, spacecraft integrity, and
long-term planetary colonization (Beheshti ez al., 2018; Checinska Sielaff ef al., 2019). Unlike
terrestrial environments where gravity-driven convection and sedimentation influence
microbial dispersion and nutrient availability, microgravity fundamentally changes fluid
dynamics and cell-surface interactions, often promoting enhanced biofilm formation and

altered gene expression patterns (Huang et al., 2018; Taylor, 2019).

Studies conducted by space agencies such as NASA and international collaborators have
revealed that spaceflight conditions can induce significant physiological and genomic changes
in microorganisms. For example, opportunistic pathogens including Staphylococcus aureus
and Pseudomonas aeruginosa demonstrate increased biofilm formation, altered antibiotic

susceptibility, and enhanced stress resistance following exposure to microgravity and space
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radiation (Kim et al., 2017; Zea et al., 2018). These adaptations are often mediated through
global regulatory networks, stress-response genes, and horizontal gene transfer mechanisms
that facilitate rapid microbial evolution in confined habitats (Mastroleo et al., 2019;
Schwendner et al.,, 2020). Such findings suggest that microorganisms not only survive but
actively remodel their genetic and phenotypic architecture in response to extraterrestrial

environmental pressures.

Microgravity-induced changes in microbial behavior are particularly significant for long-
duration missions, where persistent exposure may accelerate evolutionary trajectories and
promote the emergence of highly resilient strains. The absence of normal sedimentation forces
leads to reduced shear stress and enhanced cell aggregation, fostering the development of
structurally complex biofilms with increased resistance to disinfectants and antimicrobial
agents (Khalil et al., 2020; Mora et al., 2019). These “architectural biofilms” represent a critical
challenge for spacecraft hygiene management, as they can colonize air filtration systems, water
recycling units, and structural surfaces, potentially compromising both equipment functionality

and crew safety (Checinska Sielaff ez al., 2019; Urbaniak et al., 2020).

Beyond their risks, space-adapted microorganisms also present opportunities for
biotechnological innovation and bio-regenerative life support systems. Engineered microbial
consortia could be harnessed for waste recycling, oxygen regeneration, in situ resource
utilization, and food production during deep-space missions (Berliner et al., 2021; Verseux et
al., 2021). However, the dual-use nature of these microbes necessitates careful monitoring to
prevent unintended pathogenic evolution and contamination of extraterrestrial environments,
aligning with stringent planetary protection guidelines (Rummel & Conley, 2018; Yamaguchi
etal., 2019).

Despite growing research, critical gaps remain in understanding the integrated mechanisms that
govern microbial survival and pathogenic evolution in low-Earth orbit and beyond.
Specifically, the interplay between microgravity-induced physiological stress, genomic
plasticity, and ecological competition within closed habitats is not yet fully elucidated.
Addressing these gaps is essential to predict microbial risks, design robust sterilization
strategies, and develop resilient life support ecosystems for future missions to the Moon, Mars,
and deep-space habitats. Therefore, this review aims to synthesize recent advances (2016—
2026) in space microbiology, focusing on microbial survival mechanisms, adaptive genomic

responses, biofilm architecture, and pathogenic evolution under microgravity and radiation
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stress. By integrating findings from spaceflight experiments and ground-based analog studies,
this work provides a comprehensive framework for understanding how microorganisms act as
“architects of their own survival” in the extreme environment of space and how these
adaptations impact both astronaut health and the sustainability of long-duration space

exploration.
1.1 Microbial Adaptation and Survival Dynamics in Spaceflight Environments

Human space exploration has transitioned from short-duration missions to prolonged habitation
in orbital platforms and prospective deep-space environments, intensifying the need to
understand microbial behavior under extraterrestrial conditions. Spacecraft and orbital stations
represent closed ecological systems where microorganisms are continuously introduced
through crew activities, life-support systems, and transported materials. In microgravity, the
absence of buoyancy-driven convection and sedimentation alters nutrient diffusion, fluid
dynamics, and cell-to-surface interactions, thereby significantly modifying microbial growth
kinetics, stress tolerance, and community structure (Huang et al., 2018; Taylor, 2019). These
environmental shifts promote unique adaptive responses, including enhanced biofilm
formation, metabolic reprogramming, and increased resistance to environmental stressors such

as radiation and oxidative damage (Mastroleo ef al., 2019; Khalil ef al., 2020).

Observations from long-term missions aboard the International Space Station have
demonstrated that microbial populations are not only persistent but also dynamically evolving
under spaceflight conditions. Studies report alterations in gene expression, mutation rates, and
horizontal gene transfer events that collectively enhance microbial adaptability and survival
(Beheshti et al., 2018; Schwendner et al, 2020). Opportunistic pathogens, including
Staphylococcus aureus and Pseudomonas aeruginosa, have exhibited increased virulence traits
and robust biofilm architectures in simulated and real microgravity environments, posing

potential risks to immunocompromised crew members (Kim et al., 2017; Mora et al., 2019).

Furthermore, the integration of microbial systems into bio-regenerative life support
technologies has expanded their functional importance in space missions. Engineered microbes
are being explored for waste recycling, oxygen regeneration, and in situ resource utilization to
support sustainable extraterrestrial habitats (Berliner et al, 2021; Verseux et al., 2021).
However, the dual role of microorganisms—as both beneficial biotechnological tools and

potential pathogenic threats—necessitates comprehensive investigation into their survival
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strategies and evolutionary trajectories in low-Earth orbit and beyond. Thus, the broader
context of this research lies at the intersection of space microbiology, astrobiology, planetary
protection, and astronaut health management, emphasizing the need for systematic evaluation

of microbial adaptive mechanisms under extreme extraterrestrial conditions.

1.2 Challenges of Predicting Microbial Evolution and Pathogenic Risks under

Microgravity Conditions

Despite significant advances in space microbiology, a critical challenge persists in predicting
how microorganisms adapt and evolve under prolonged exposure to microgravity, ionizing
radiation, and confined ecological systems. Current sterilization and microbial control
protocols used in spacecraft are largely derived from terrestrial standards, which may be
insufficient to address the emergence of “space-evolved” microbial phenotypes exhibiting
increased biofilm formation, antimicrobial resistance, and altered virulence (Checinska Sielaff
et al., 2019; Urbaniak et al., 2020). These adaptive changes could compromise crew health,
contaminate life-support systems, and threaten mission sustainability during long-duration

spaceflight and future planetary colonization.

Moreover, the complex interplay between microgravity-induced physiological stress, genomic
plasticity, and ecological competition within closed habitats remains poorly understood. There
is limited integrative knowledge on how these factors collectively drive pathogenic evolution
and functional shifts in microbial communities over time. This gap hinders the development of
predictive risk models and targeted mitigation strategies for microbial proliferation in
extraterrestrial environments. Therefore, the central research problem addressed in this review
is to critically assess the mechanisms underlying microbial survival, adaptation, and pathogenic
evolution in low-Earth orbit and spaceflight analog conditions, and to evaluate their

implications for astronaut health, spacecraft integrity, and future deep-space exploration.

Top of Form

Bottom of Form

1.3 Significance of the Study

This study holds significant theoretical and practical importance in advancing the emerging
field of space microbiology and astrobiology. Theoretically, it contributes to a deeper

understanding of how extreme extraterrestrial stressors—such as microgravity, ionizing
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radiation, and confined ecological systems—reshape microbial physiology, genomic plasticity,
and evolutionary trajectories. By synthesizing recent findings, this review expands current
conceptual frameworks on microbial adaptation, particularly regarding stress-response
regulation, horizontal gene transfer, and biofilm architecture under non-terrestrial conditions
(Beheshti et al., 2018; Mastroleo et al., 2019). Such insights are crucial for refining models of
microbial evolution in closed habitats and for predicting long-term ecological dynamics during

extended space missions.

Microbial Adaptation and Pathogenic Evolution in Spaceflight Environments
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Figure 1. Mechanistic Schematic of Microbial Adaptation and Pathogenic Evolution

under Spaceflight Conditions

From a practical perspective, the study provides essential knowledge for safeguarding astronaut
health and maintaining spacecraft environmental integrity. Space-adapted microbes with
enhanced virulence, antimicrobial resistance, and biofilm-forming capacity may pose serious
risks to life-support systems and crew immunity during long-duration missions aboard
platforms like the International Space Station (Checinska Sielaff et al., 2019; Urbaniak et al.,

2020). Understanding these adaptive mechanisms supports the development of improved
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sterilization protocols, real-time microbial monitoring strategies, and biofilm-resistant

materials tailored specifically for microgravity environments.

Additionally, this review highlights the dual-use potential of microorganisms in space
biotechnology, including their roles in waste recycling, oxygen regeneration, and in situ
resource utilization for sustainable extraterrestrial habitats (Berliner et al., 2021; Verseux et al.,
2021). These applications align with ongoing initiatives by agencies such as NASA to integrate
microbial systems into bio-regenerative life support frameworks. Therefore, the study not only
advances theoretical knowledge of microbial survival in extreme environments but also
provides actionable insights for mission planning, planetary protection policies, and the safe

development of microbial-based technologies for future lunar and Martian exploration.

Table 1. Key Studies on Microbial Adaptation and Pathogenic Evolution under
Spaceflight Conditions (2016-2026)

Microorganism / Experimental Major Findings Reference

System Context

Pseudomonas Spaceflight Enhanced biofilm formation and Kim et al.,

aeruginosa experiment altered gene regulation under 2017
microgravity

Mixed microbial Spaceflight Global transcriptional and Beheshti et al.,

systems multi-omics metabolic reprogramming in 2018

response to microgravity stress

Various bacterial Simulated Increased virulence potential and Huang et al.,
species microgravity stress-response activation 2018

ISS surface Orbital  habitat Persistent microbial Checinska
microbiome monitoring communities with opportunistic Sielaff et al.,

pathogens and resistance traits 2019

on the International Space

Station
Biofilm-forming Microgravity Reduced shear forces promote Mastroleo et
bacteria biofilm assays structurally complex and al., 2019

resistant biofilms
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Confined habitat Spacecraft Dynamic microbial adaptation Mora et al.,
microbiome microbial and ecological interactions in 2019
ecology closed systems
Pathogenic Simulated Physiological changes leading to Khalil et al.,
bacteria microgravity increased virulence and stress 2020
tolerance
ISS environmental Metagenomic Detection of  antimicrobial Urbaniak etal.,
isolates resistance resistance genes in orbital 2020
profiling habitats
Mixed microbial Long-duration Genomic plasticity and Schwendner et
communities mission analysis  evolutionary risk in confined al., 2020
space ecosystems
Cyanobacteria- Life-support Potential use of microbes for Verseux et al.,
based systems biotechnology oxygen regeneration and 2021
resource recycling in space
habitats

2. Integrated Theoretical Perspectives, Empirical Evidence, and Emerging Research

Gaps in Space Microbial Adaptation and Pathogenic Evolution

Microorganisms have accompanied human space missions since the earliest launches, forming
dynamic microbial ecosystems within confined spacecraft habitats. Over the past decade,
extensive research has focused on understanding how microgravity, radiation, and closed-loop
environmental systems influence microbial survival, physiology, and pathogenic potential.
Collectively, these studies demonstrate that spaceflight conditions act as strong selective forces
that reshape microbial community composition, enhance stress tolerance, and alter virulence-
associated traits (Huang et al., 2018; Taylor, 2019). Investigations conducted in orbital
platforms such as the International Space Station have revealed persistent and evolving
microbial populations capable of forming resilient biofilms and exhibiting genomic plasticity,
emphasizing the need for comprehensive theoretical and empirical analyses (Checinska Sielaff

etal., 2019; Mora et al., 2019).
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The theoretical foundation of this research is rooted in the interdisciplinary domains of space
microbiology, microbial stress adaptation theory, and evolutionary ecology. Stress adaptation
theory proposes that exposure to extreme environmental stressors—such as microgravity and
ionizing radiation—activates global regulatory networks in microorganisms, leading to altered
gene expression, enhanced DNA repair mechanisms, and increased mutation rates that facilitate
rapid adaptation (Beheshti et al, 2018; Khalil et al,, 2020). These adaptive responses are
further explained by the concept of genomic plasticity, wherein horizontal gene transfer,
mobile genetic elements, and stress-induced mutagenesis collectively accelerate evolutionary

processes in closed habitats (Schwendner et al., 2020).

Additionally, biofilm theory provides a critical framework for understanding microbial
persistence in microgravity. Reduced shear forces and altered fluid dynamics promote surface
attachment and extracellular polymeric substance (EPS) production, leading to structurally
complex biofilms that exhibit increased tolerance to antimicrobials and environmental stress
(Mastroleo et al., 2019). From an ecological perspective, the confined and resource-limited
conditions of spacecraft resemble closed ecosystems, where microbial interactions,
competition, and cooperation drive community evolution and functional adaptation. Integrating
these theoretical perspectives enables a comprehensive understanding of how microorganisms

act as self-organizing systems that optimize survival under extraterrestrial stress conditions.

Recent empirical studies have significantly advanced knowledge of microbial responses to
spaceflight environments. Experiments involving Pseudomonas aeruginosa demonstrated
enhanced biofilm formation and altered gene regulation under microgravity, suggesting that
space conditions promote sessile lifestyles and increased resistance to disinfectants (Kim et al.,
2017). Similarly, investigations on Staphylococcus aureus and other opportunistic pathogens
reported elevated virulence factor expression and changes in antibiotic susceptibility profiles
after exposure to simulated microgravity (Taylor, 2019; Khalil et al., 2020). These findings
highlight the potential for spaceflight to modulate pathogenic behavior, thereby increasing

infection risks during long-duration missions.

Metagenomic and culture-based surveys of spacecraft surfaces have provided further insights
into microbial diversity and persistence. Checinska Sielaff et al. (2019) characterized viable
bacterial and fungal communities on space station surfaces, revealing the presence of
opportunistic pathogens and antimicrobial resistance genes. Urbaniak et al. (2020) further

confirmed the distribution of resistance determinants within orbital habitats, emphasizing the
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evolutionary consequences of prolonged exposure to confined environments. Complementary
studies have shown that microgravity alters nutrient diffusion and cellular signaling, thereby
influencing metabolic pathways and stress-response systems that contribute to enhanced

survival and adaptability (Huang et al., 2018; Mora et al., 2019).

Beyond pathogenicity, previous research has also explored the beneficial applications of
microorganisms in space biotechnology. Engineered microbial consortia have been proposed
for waste recycling, oxygen regeneration, and production of essential biomolecules, supporting
sustainable life-support systems for deep-space missions (Berliner et al., 2021; Verseux et al.,
2021). While these studies demonstrate the utility of microbes for extraterrestrial sustainability,
they also underline the necessity of balancing beneficial applications with biosafety and

planetary protection considerations.

Despite extensive investigations, several critical gaps remain in the current body of knowledge.
First, most studies focus on single-species experiments under short-term microgravity
exposure, limiting our understanding of long-term evolutionary dynamics and interspecies
interactions within complex microbial communities. Second, the combined effects of multiple
spaceflight stressors—microgravity, radiation, and confinement—are often studied
independently, resulting in fragmented insights into their synergistic impact on microbial

physiology and virulence evolution (Schwendner et al., 2020).

Furthermore, there is insufficient integration of omics-based surveillance, ecological modeling,
and functional assays to predict the emergence of highly resilient or pathogenic “space-
evolved” microbial strains. Existing sterilization and microbial control strategies are largely
adapted from terrestrial standards, which may not adequately address biofilm-associated
resistance and genomic adaptability observed in spaceflight conditions (Checinska Sielaff et
al., 2019; Urbaniak et al, 2020). Consequently, a comprehensive synthesis of recent
multidisciplinary findings is required to bridge these gaps and develop predictive frameworks

for microbial risk assessment in long-duration missions and future planetary habitats.

3. Conclusion

The present review synthesizes recent advances in space microbiology to evaluate how
microorganisms adapt, survive, and evolve under the extreme conditions of low-Earth orbit

and beyond. Evidence from orbital missions and ground-based simulations demonstrates that
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microgravity, radiation exposure, and confined ecological systems collectively drive
significant physiological and genomic alterations in microbial populations. These changes
include enhanced biofilm formation, increased stress tolerance, accelerated mutation rates, and
the emergence of altered virulence and antimicrobial resistance profiles. Such adaptive traits
highlight the dual nature of microorganisms in space habitats—as both potential threats to
astronaut health and indispensable components of bio-regenerative life support systems. By
integrating findings across molecular, ecological, and applied domains, this review emphasizes
that microorganisms function as dynamic “architects of survival,” continuously reshaping their
biological strategies in response to extraterrestrial environmental pressures. Consequently,
comprehensive microbial monitoring and targeted mitigation strategies are essential for

ensuring the safety, sustainability, and success of long-duration human space exploration.
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Abstract

Understanding microbial diversity, enzyme production, and their ecological significance in soil
ecosystems depends on the biochemical characterization of soil flora and their amylase activity
from mountainous locations. To extract and identify microbiological communities, such as
bacteria, fungus, and actinomycetes, soil samples were gathered from multiple locations within
a mountainous region. To ascertain the isolates' functional abilities, biochemical tests were
conducted, such as morphological characterization and enzyme production assays. The
microbial capacity for starch breakdown was demonstrated by quantitative tests and starch
hydrolysis, which were particularly used to measure amylase activity. To maximize and
comprehend the parameters that support amylase production, environmental elements like pH,
temperature, and soil characteristics were investigated. The findings showed that the microbial
population was diversified and had a high level of amylase activity. The synthesis of enzymes

varied depending on the environment.

In addition to providing insights into the function of soil flora in nutrient cycling and soil health,
these studies demonstrate the potential of microorganisms from hilly soils for biotechnological

uses, such as in food processing and bio-fuel production.

Keywords — Biochemical Characterization, Soil flora, Amylase activity, Starch hydrolysis,

Enzyme Production, Soil properties.
Introduction:

Soil is a dynamic and complex ecosystem which includes diverse microorganism including
bacteria, fungi, actinomycetes and archaea. All these microorganism plays an important role in

maintaining soil health and fertility by performing essential bio-geochemical processes
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(decomposition, Nutrient cycle). Some microorganism produce amylase, which hold
significant importance due to its role in the hydrolysis of starch into simpler sugar which can
be used by plants as a energy source. The activity of amylase production is influenced by

several factors, including soil pH, organic carbon content moisture and microbial diversity.

The mountainous region of Junagadh, located in the Saurashtra peninsula of Gujarat ,India is
characterized by its unique topography, climate conditions and rich biodiversity. This region
consist diversity microbes that contribute in soil fertility and ecosystem stability. In this
peninsula region limited research has been conducted to explore the biochemical characteristics
to explore the biochemical characteristics of its soil flora and their enzymatic potential,
particularly amylase activity. In recent some years, amylase producing microbes got attention
due to their biotechnological applications in industrial such as food, textiles, paper and bio-fuel
production. Additionally, the amylase plays a vital role in soil health by facilitating the
decomposition of organic matter and enhancing nutrient availability for plants. However
amylase activity remains under explored, particularly in the context of Junagadh unique
ecosystem. This study aims to bridge this knowledge gap by characterizing the biochemical
properties of soil flora and evaluation their amylase activity in the mountainous region of

Junagadh.

Diversity of Microbes in Soil Environments- Protozoa, Actinomycetes, Fungus, Bacteria, and
Archaea are all part of the microbial communities found in soil. The most prevalent are usually
bacteria, which aid in vital functions like phosphorus solubilization, organic matter breakdown,
and nitrogen fixation (Fierer & Jackson, 2006). A subgroup of Gram-positive bacteria known
as actinomycetes is well-known for its ability to break down resistant organic materials and
produce bio-active substances, such as antibiotics (Goodfellow & Williams, 1983). Both
saprophytic and mycorrhizal fungi are crucial for the cycling of nutrients and the stimulation

of plant growth.

Because of their elevation, temperature variations, and diverse vegetation, mountainous areas
like Junagadh are renowned for their distinctive soil characteristics. According to Singh et al.
(2010), these elements lead to unique microbial communities that might contain new species

and genetic characteristics.

As a living system, soil: Both macro and microflora (fungi, bacteria, algae, and actinomycetes)
and microfauna (protozoa, nematodes, earthworms, moles, etc.) are found in soil (FAO, 200).

There are billions of living organisms per gram of soil, which is a very high density. Generally
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speaking, the density of organisms is lower in cultivated soil than in uncultivated land, and the
population declines as soil acidity increases. Because it receives more oxygen and nutrients,
the top soil layer has a higher concentration of microorganisms. There are fewer creatures in

the lower layer, or subsoil, because it is devoid of oxygen and nutrients (FAO 2000).
Methodology:
Sampling:

Soil samples were collected from various mountainous regions of Bhavnath, Junagadh,
Guyjarat, India. It was collected using sterile and disposable gloves in sterile sampling plastic
bags. Samples were transferred into sterile flask and standard methods or tests were performed
for the isolation of bacteria. Significant ecological and geological value may be found in soil
samples taken from the Jatashankar region of Junagadh, which is situated in the Girnar Hills ,
Samples of soil from Junagadh's Lal Dhori region provide important information about the
region's distinct ecology and geomorphology. Lal Dhori, which is known for its crimson soil,

gets its name from the lateritic soil composition, which is rich in iron.
Requirements :

N-agar

Potato dextrose agar

Mannitol agar Starch agar

Screening for amylase producing microorganism :

Amylase are enzymes that hydrolyze starch into simpler sugars, playing a crucial role in various
industrial applications, including food processing, fermentation, textiles, and pharmaceuticals.
Screening for amylase-producing microorganisms is a fundamental step in enzyme
biotechnology. One of the most efficient and widely used screening methods is the starch agar
plate assay, which allows for the rapid identification of amylase producers based on starch

hydrolysis.

Starch agar serves as a selective medium, where microbial colonies capable of producing
amylase break down starch into maltose and dextrin. After incubation, the addition of Gram’s
iodine solution helps visualize the enzymatic activity—iodine forms a blue-black complex with
starch, while areas where starch is hydrolyzed remain clear, indicating amylase production. The

starch agar plate method is based on the principle of starch hydrolysis by amylase-producing
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microorganisms. Amylase enzymes break down starch, a polysaccharide, into simpler sugars

like maltose, glucose, and dextrin, which microorganisms can utilize.

When microbial cultures are grown on starch agar, only amylase-producing strains hydrolyze
the starch in the medium. After incubation, the plate is flooded with Gram’s iodine solution,
which binds to intact starch, forming a blue-black complex, while areas where starch has been
broken down remain clear. The presence of a clear zone around the colony indicates amylase

production, with the size of the zone correlating to enzymatic activity.
Identification of amylase producing bacterial strains:

The amylase producing bacterial strains can be identified by microscopic observation , colony

morphology characteristics, biochemical characterization.
Colony morphological characterization:

Colony morphology can provide characterization of bacterial isolates by their colour, size,

shape, pigmentation etc.
Microscopic observation:

Microscopic examination reveals the structure of bacterial cell. The most common method used
in microscopic examination is Gram’ s staining. Gram staining is a crucial laboratory technique
for differentiating bacterial species into two broad categories, Gram-positive and Gram-
negative, based on the composition and structure of their cell walls. Gram-positive bacteria
appear purple under the microscope due to the retained crystal violet, while Gramnegative
bacteria appear pink or red due to the safranin counter staining. This technique provides

valuable insight into bacterial identification and classification.
Biochemical characterization:
Methyl red [MR] Test:

MR test is used to determine the ability of an organism to produce and maintain stable acid end

products from glucose fermentation.
Voges Proskauer [VP] Test:

VP test is a biochemical test that detects the ability of bacteria to metabolize the pyruvate into

a neutral intermediate product called ‘acetylmethylcarbinol’ or ‘acetoin’.

Indole Test:
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It is a biochemical test used to determine whether a microorganism can produce indole from

the amino acid tryptophan.
Sugar Fermentation Test (Dextrose, Fructose and Lactose):

This test is used to determine whether a microbe can ferment specific carbohydrate and produce
acid or gas as an end product. The sugar fermentation test is based on the ability of
microorganisms to metabolize specific carbohydrates (dextrose, fructose, lactose) through
glycolysis and fermentation pathways. During fermentation, acid and/or gas are produced as
metabolic end products, which are detected using a pH indicator (phenol red) and a Durham

tube.
Results and Discussions:
1) Screening of amylase producing microorganisms:

Screening for amylase-producing microorganisms is a fundamental step in enzyme
biotechnology. One of the most efficient and widely used screening methods is the starch agar
plate assay, which allows for the rapid identification of amylase producers based on starch
hydrolysis. The starch agar plate method is based on the idea that amylase-producing
microorganisms hydrolyse starch, a polysaccharide, into simpler sugars that microorganisms
can use, such as maltose, glucose, and dextrin. Prepare starch agar plates and potato dextrose
agar plates and allow it to solidify. Using a sterile loop, make a scratch onto the starch agar and

potato dextrose surface.

Incubate the plates with isolated colonies at an appropriate temperature i.e.; 35 - 37°C for 24 —
48 hrs. After incubation, flood the plate with gram’s iodine solution and wait for 1-2 mins.
Observe the clear zone. A clear zone around the bacterial growth indicates amylase production,
as the starch has been hydrolysed by the enzyme. If iodine stains the starch blue — black, it

indicates positive test.
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Image 1 Image 2 Image 3

Image 1 - Iodine test of sample G5 on starch agar plate
Image 2 - Todine test of sample L7 on starch agar plate

Image 3 - lodine test of sample J3 on starch agar plate

Image 4 Image 5 Image 6

Image 4 - Iodine test of sample G8 on potato dextrose agar
Image 5 - Iodine test of sample L10 on potato dextrose agar
Image 6 - lIodine test of sample J5 on potato dextrose agar

2) Estimation of Amylase Activity (by DNSA Method):

The 3,5-dinitrosalicylic acid (DNSA) assay is a widely used method for estimating amylase
activity by measuring the amount of reducing sugars (e.g., maltose and glucose) released during
starch hydrolysis. The method is based on the reaction between DNSA reagent and reducing
sugars, which results in the formation of a red-brown complex that can be quantified

spectrophotometrically at 540 nm.
Proedure :

Take 1 ml of starch solution (0.5,1,2,3,4 and 5% concentration) in each of the 5-test tube except

control test tube.

Add 0.5 ml of enzyme extract (amylase sample). Incubate at the optimal temperature (37°C)

for 10 mins.

Add 2 N NaOH (0.5 ml) in each test tube.
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Add DNSA reagent (1ml) in each test tube. Incubate it at 100°C in hot water bath for 5 mins.
Add 9 ml of D/W in each test tube.

Measure absorbance at 540 nm using a spectrophotometer.
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Substrate concentration

Graph 5 - Amylase activity on L6 soil sample
Conclusion:

In conclusion, the tests conducted on the organism, including MR-VP, indole, sugar
fermentation (dextrose, fructose, lactose), antibiotic resistance (ampicillin, streptomycin,
penicillin), and amylase production screening, offered valuable insights into its biochemical
and antimicrobial properties. The MR-VP test provided information about the organism’s
fermentation patterns, with the MR test indicating mixed-acid fermentation and the VP test
showing potential acetoin production. The indole test confirmed the organism's ability to
degrade tryptophan, suggesting the presence of tryptophynase. The sugar fermentation tests
demonstrated its ability to ferment different sugars, which is important for understanding its
metabolic flexibility. The antibiotic resistance tests highlighted the organism’s resistance to
commonly used antibiotics, aiding in its potential therapeutic applications. Furthermore, the
screening for amylase production on starch agar confirmed the organism’s ability to hydrolyze
starch, and the estimation of amylase activity quantified its potential for industrial enzyme
production. Together, these findings offer a comprehensive profile of the organism’s
metabolic, antimicrobial, and industrial capabilities, suggesting potential applications in
various industries, including biotechnology and pharmaceuticals. Further investigations into
the organism’s genetic and enzymatic pathways could reveal new opportunities for harnessing

its properties.
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