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ABOUT THE JOURNAL

Tolani Maritime Institute’s Journal of Maritime Fundamentals and Applied Research (TMI-
JMFAR) is a multidisciplinary journal dedicated to advancing knowledge and fostering innovation
in fields related to Marine Engineering, Nautical Science, and allied disciplines. This esteemed
journal aims to publish high-quality research encompassing a diverse range of topics, including but
not limited to Mechanical Engineering, Electrical and Electronics Engineering, Computer Sciences,
Communication Sciences, and Management Sciences. The journal invites contributions that are
theoretical, experimental, and numerical in nature, addressing both fundamental and applied
aspects of these domains.

TMI-JMFAR emphasizes solving complex real-life problems, making it an ideal platform for
researchers, professionals, and academics who aim to make a tangible impact in their respective
fields. The scope extends to publishing case studies and literature reviews, alongside original
research, thereby providing a holistic approach to knowledge dissemination. This multidisciplinary
perspective ensures the journal remains relevant to a wide audience across various technical and
management fields.

One of the unique strengths of TMI-JMFAR lies in its rigorous peer review process, which adheres
to international standards of scientific publishing. This ensures the credibility, integrity, and
quality of every article published. The editorial board, comprising experts from diverse
backgrounds, is committed to maintaining the journal’s reputation as a hub for excellence in
scientific research.

The journal also serves as a platform for the exchange of ideas and information, encouraging
cross-disciplinary collaboration and dialogue. Researchers are encouraged to submit work that
offers innovative solutions, insights into complex systems, or advances in theoretical
understanding. By promoting research that bridges the gap between theory and practice, TMI-
JMFAR contributes to the advancement of science and engineering in industries critical to global
progress, such as maritime operations and beyond.

With a focus on addressing the challenges of the modern world, TMI-JMFAR invites submissions
that explore emerging technologies, sustainable practices, and methodologies that improve
operational efficiency and safety. By facilitating the dissemination of cutting-edge research, the

journal seeks to inspire and guide future advancements in the fields it represents.
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EDITOR’s - MESSAGE
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is a multidisciplinary journal that focuses on research related to Marine Engineering and Nautical
Science and other disciplines like Mechanical Engineering. Electrical and Electronics Engineering.
Computer Sciences, Communication Sciences, and Management Sciences, etc. The scope of the
journal covers theoretical. experimental, and numerical research related to basic and applied
problems, case studies, and literature reviews from various disciplines mentioned above. We
encourage contributions that will be helpful in solving real-life problems which are complex in
nature.

TMI-JMFAR also provides a platform for exchanging information on various topics mentioned
above. The journal's editorial board members strongly believe in the quality of the research articles,
and hence the process of selection of the articles includes a science-driven approach and double-blind
peer review process, which conforms to the strict international procedures and editorial standards
expected by the scientific community.

I encourage engineering students, research scholars, academicians, industrialists, scientists to
contribute their research through publication in TMI-JMFAR. All papers receiving a high degree of
enthusiasm in the peer-review process will find a home in TMI-JMFAR. Therefore, we are
committed to publishing all discoveries, methods, resources, and reviews that significantly advance
the Marine Engineering and Nautical Sciences field.

On behalf of the TMI-JMFAR team, I would like to mention my sincere thanks to the authors,
editors, reviewers, technical publication committee members, and bodies who have indirectly
supported to achieve the required quality of the research articles and hence the journal. It is with
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Institute's Journal of Maritime Fundamentals and Applied Research (TMI-JMFAR) with this
inaugural issue.

At last, I welcome you to contribute to TMI-JMFAR. I see a bright future for TMI-JMFAR with the
support of authors, reviewers, and editors. I ensure to serve science and the scientific community even
better in the future. Ultimately, we will improve more lives and, consequently, our communities

We would be delighted to hear about your suggestions for improving the quality of TMI-JMFAR on

Thank you. We hope you will find TMI-JMFAR informative and interesting.

Dr. Sanjeet Kanungo
Editor
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of knowledge on.
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Enjoy Reading and Writing!!
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IN JHARKHAND

Dr. CMA Abhijit Garai

Sr. Manager (Finance),

DamodarValley Corporation( DVC)

Email:abhijitgarai@yahoo.co.in / abhijit.garai@dvec.gov.in

Abstract: Energy is one of the key drivers of development and
access to clean, safe and affordable sources of energy are
considered as instrumental to stimulate economic, social and
physical development. Availability of energy/power facilitates
effective and efficient delivery of most basic services such as safe
drinking water, public lighting, health care, education, etc.
Besides, it also enables better standards of household living and
fueling economic and income generation activities. It has usually
been observed that a high correlation exists between
consumption of electricity (energy) and improvements in the
Human Development Index (HDI), especially at low levels of
HDI. Lack of access to clean and efficient energy sources has
thus been proved as one of the significant barriers to alleviation
of poverty. India, despite the unprecedented pace of addition in
the generation capacity over the Plan period, continues to have
very low levels of energy consumption. The per capita energy
consumption in India remains well below the world averages.
This low level of energy availability and consumption tends to
affect the poorest the most. While 16 % of the global population
are residing in India, its share of global energy consumption is a
paltry 4.2 %. Similarly, India’s per capita electricity consumption
of around 734 kWh is way below the global average of 2,782 kWh
and China’s 2,471 kWh. In India, rural per capita consumption
of electricity is only 8kWh per month compared to 24 kWh in
urban areas. Indian economy has traditionally been
characterized as an agrarian economy with majority of its
population living in the rural areas and are dependent on their
Sfarm land to earn their livelihood. These areas often do not have
access to energy resources for livelihood expansion like power
Sor irrigation, cold storage or processing and for normal day-to-
day activities and are instead dependent on traditional and
unclean sources of energy like woody biomass, dung cakes,
kerosene, etc. As a result, the opportunities for productivity
enhancements and value addition get limited by the lack of
modern and efficient energy services In this paper, the present
scenario of rural electrification in India is taken into account.
Basically, the electrification in this country is facing a lot of
problem and is a growing matter of concern for all. This paper
explores the potential of decentralized distributed generation
(DDG) to facilitate a clean energy transition and provide cost-
effective rural electrification in Jharkhand, India. With a focus
on addressing energy, poverty and enhancing access to reliable
electricity in remote and tribal areas, the study evaluates the
deployment of renewable energy solutions such as solar micro
grids and solar home systems. It discusses the benefits of DDG in
reducing dependency on unreliable grid connections while

ssue I | January 2026

promoting energy independence and resilience. The Jharkhand
State Solar Policy 2022 has set a cumulative target of 4,000 MW
Sfor green energy The development in production is not reaching
the one who need them. Department of Finance Also taking into
picture the present sources of energy it is difficult to make the
electricity available to the people belonging to rural areas who
don’t have much source of income. To overcome this drawback,
we can utilize renewable sources of energy which is easily
available and accessible. Also harvesting this will not cost much
except the initial cost of setting up the device to utilize this type of
energy. Many projects have been initiated by the government of
India to provide subsidy and equipment like solar lantern and
solar cooker etc. to the rural population but this didn’t turn out to
be effective as the follow could not be done by the people to
maintain the devices. This can be overcome by implementing off-
grid projects which can be initiated at small levels so that people
don’t have burden to maintain them and it even don’t have any
adverse effect to environment or society. The present study
analyses the emerging issues of electrification infrastructure in
rural India.

Keywords: Microchannel heat sink, Electronic cooling,
Thermal management, Heat transfer, Microscale fluidics

I. INTRODUCTION

Energy 1is the lifeline of modern infrastructure &
development, performing a fundamental role in all aspects
of life like households, agriculture, health, education, and
entertainment. Traditionally, electricity has been generated
in large, centralized thermal power plants located near coal
belt areas, using fossil fuels. These plants distribute
electricity  through massive transmission networks.
However, fossil fuel-based energy sets environmental risks
and fails to reach remote areas.

In India the village is said to be electrified if electricity is
used in inhabited locality within the revenue boundary of
the village for any reason what-so-ever. An interesting but
sad fact is that only 44% of rural household of India has
access to electricity. 7 out of 29 states have more than 70%
of rural household without access to electricity. The
expansion of electricity services and electrification are vital
to both the economic and social development of India.
However, the current state of electricity services in most of
the states of India indicate signs of crisis and are with severe
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shortcomings in many areas: a) Limited access to electricity
for poor (rural / urban) b) Generation capacity unable to
meet peak demand c) Supply reliability, in terms of
predictability of outages and quality of power. The
Electricity supply across India lacks quality and quantity
with an extensive shortage in supply, a poor record for
outages, high levels of transmission and distribution (T&D)
losses and an overall need for extended and improved
infrastructure. A considerable amount of electricity
generated is wasted due to transmission and distribution
inefficiencies and power theft. But such problems cannot be
a good reason to keep more than of India’s population from
getting access to electricity.

Indian Govt. has initiated a major programme of grid
extension and strengthening of the rural electricity
infrastructure under the Rajiv  Gandhi Grameen
Vidyutikaran Yojana (RGGVY) (Gol 2005). The Indian
Govt. recently outlined an ambitious plan of electrification
through solar energy to 400 million people who don’t have
access to it.

To address these challenges, the 'Power for All' scheme was
launched in 2014, aiming to ensure a 24-hour power supply
for everyone. Despite this, many remote areas in India still
lack access to electricity due to geographical obstacles and
inadequate transmission networks. DDG offers a promising
solution for India. DDG involves generating electricity from
small-scale power sources located close to where it is
needed, rather than relying on large, centralized power
plants. The primary goal is to produce power at or near the
point of consumption, reducing the need for long-distance
transmission and distribution.

Background of Studies: As of March 2019, approximately
36.7 million people were living in Jharkhand. The state
possesses more than 40% of India's natural resources.
Jharkhand was among the leading states to sign the India
government's MOU for the "24x7 Power for All' initiative
(Deen Dayal Upadhyaya Gram Jyoti Yojana, 2015-16),
which expected to ensure a continuous power supply
throughout the state, including rural areas. The initiative
aimed to provide continuous power supply across the state,
including rural areas. Despite these efforts, a 2020 study by
the Initiative for Sustainable Energy Policy (ISEP) indicated
that around 13% of rural homes in Jharkhand remained
without electrical energy [2]. The issue was particularly
acute in tribal areas that are geographically isolate and
economically disadvantaged. The rural population faced
challenges in affording electricity due to restricted income
and a lack of alternative living opportunities. The quality of
electricity supply was also a concern, with unreliable service
and frequent voltage fluctuations, which reduced the
willingness of rural households to pay for electricity. There
is a pressing need for clean energy solutions to improve not
only electricity access and reliability but also to create
alternative livelihood opportunities in rural communities.
DDG is identified as a promising approach for electrifying
rural and remote areas in Jharkhand. It offers a way to reach
all parts of the state effectively, addressing the existing
challenges in  conventional grid-based electricity
distribution. Decentralized energy solutions, such as solar
micro grids or mini-hydro power, could help achieve
sustainable and affordable electrification, making a
significant impact on rural development.

Rural Electrification in India: The need for extension of
the electricity system to rural areas was felt quite early, just
after the independence of the country. Rural Electrification
programme in India was launched with two distinct
dimensions ie. (1) Village Electrification. (2) Irrigation
Pump set Energization. The former enhances consumer
satisfaction and the latter optimizes crop yield. The area of
focus was certainly maximizing farm output, which did
result in the Green Revolution in the mid-1960s.
Accordingly, the indicator of electrification was not based
on the percentage of households or population with access
to electricity but merely extension of electricity lines to a
particular area. By this definition, almost 86% of the
villages have access to electricity. In 2004, the programme
has been refocused to provide electricity access to rural
households. The First Five Year Plan emphasized to support
for projects that ensure irrigation potential. During this
period, only one in 200 villages was connected to grid
supply across the country. The Second Plan named rural
electrification as an area of special interest, and proposed to
cover all towns with a population of 10,000 or more. Only
350 out of a total of 856 of were eventually electrified. The
Third Plan for the first time raised the issue of efficiency in
the sector. The REC (Rural Electrification Corporation) was
created in 1969 with renewed focus on poverty alleviation.
The target based approach of rural electrification was
developed in the Fourth and Fifth Plan periods, with focus
on pump set energization and guidelines for village grid
connectivity for all villages with a population of at least
5000.The main sources of funding for current rural
electrification programs are: (i) The Rural Electrification
Corporation (ii) Plan allocation to the States. (iii) Funds
support from Government as loan and grant (iv) Institutional
financing bodies like Commercial Banks (v) International
financing agencies like OECF, etc.

Power Generation of Jharkhand: The state receives
abundant sunlight, with an average of 300 sunny days a
year, and some areas can receive more than 4.5 to 5.5
kWh/m?/day of solar radiation. The Ministry of New and
Renewable Energy (MNRE) estimates that state has the
possibility to generate 18.18 GW of solar power [2]. As of
June 24, the total installed power generation capacity in
Jharkhand is 29.88 GW, including 189.82 MW from
renewable energy sources and 191 MW from hydropower,
which contribute to the state's green energy portfolio.

®Thermal

B Hydro

[}
87.25% = RES

Fig. 1 Source of Electricity Production in Jharkhand [2]
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The Jharkhand Solar Policy 2022 sets cumulative target of
4000 MW of Solar energy by 2027. The main objectives of
the policy are to encourage solar energy for the progress of
the rural economy and to empower livelihoods, offer
financial and non-financial incentives, implement innovative
practices, business strategies, bidding processes, and
partnerships, and promote the development of local solar
equipment manufacturing. The nodal agency of the
Jharkhand Government for solar power development is the
Jharkhand Renewable Energy Development Agency
(JREDA)[1], while the Jharkhand State Electricity
Regulatory Commission (JSERC) serves as the regulatory
authority for state tariffs.

TABLE:1 JHARKHAND STATE SOLAR POWER POLICY
2022: CATEGORY WISE SOLAR PROJECT TARGET (2]

Project Categories | FY23 | FY24 | FY25 | FY26 | FY27
(MW) | (MW) | (MW) | (MW) | (MW)
Solar Parks 80 100 220 200 100
Non-Solar Parks 100 150 300 250 200
Floating Solar 100 200 250 200 150
Canal Top Solar 50 80 100 100 70
Rooftop Solar 30 50 60 60 50
Captive Solar 30 40 50 50 50
Solar Agriculture 20 30 65 65 70
Mini and Micro | 10 20 25 25 30
grids (Solar
Villages)
Solar for livelihood | 3 7 10 15 15
Solar Pump 20 20 25 25 30

Decentralized Distributed Generation (DDG): The small-
scale generation of electricity close to the point of use,
typically using renewable energy sources like solar, wind,
biomass, or small hydroelectric systems. In Jharkhand, DDG
is particularly relevant due to the state's significant rural
population and scattered settlements, where extending the
conventional electricity grid can be challenging and costly.
As per the Solar Policy 2022, a target of 720 MW of
installed distributed solar PV capacity has been set for the
state during the operative period. This includes 250 MW for
ground-mounted and solar rooftop projects less than 2 MW
capacities, 220 MW for behind-the-meter captive solar
projects and grid-connected group-captive solar initiatives,
and 250 MW for agricultural feeder schemes under the PM
KUSUM, Components A and C, which are considered as
DDG schemes.

The DISCOM will initiate bidding for residential consumers
under the MNRE subsidy program. Bids will be sought for
capital expenditure (CAPEX), renewable energy service
company (RESCO), and other innovative business models
introduced by the DISCOM.

The tariff rate will be determined either through a rival
bidding process or based on the pre-determined FiT
authorised by the regulator. A PPA will be executed for
captive projects. For electricity sales to the DISCOM, the
rates will follow the tariff regulations set by JSERC.
DISCOMs will purchase renewable energy generated from
agricultural land at a pre-fixed levelized tariff with the tariff
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for grid-connected agricultural pumps set according to the
rates approved by JSERC.

Encouraging off grid solar power a cumulative target of 280
MW to establish model solar village and use of other solar
appliances like solar water heaters, solar desalination
systems, solar food dryers, solar thermal solutions for
industrial processes, and solar space heating, among others.
In the model solar village scheme its focus is the rural and
tribal communities for improving their quality of life
through distributed solar energy solutions. The state will
support the full solarisation of 1,000 model villages and the
generation of new jobs during the implementation period of
this policy.

The 2021 mini-grids policy sets a cumulative target of 110
MW to address the irregular or absent electricity supply in
rural villages. The policy aims to solarize various sectors,
including health services, education, and farming, while
encouraging the positive use of solar energy for employment

applications.
1. RESEARCH OBJECTIVES

e To explore the potential of DDG as a strategy for
providing clean and affordable energy access in
rural areas of Jharkhand

e To promote, develop and finance viable
decentralized power system organizations in
cooperative, joint, private sector, panchayat and/or
local bodies.

e To identify the challenges of rural electrification in
India specially in Jharkhand area.

e To offer policy recommendations for scaling up
DDG to meet the energy needs of remote
communities  while  promoting  sustainable
development.

[11. DISCUSSION

Strength of DDG:

e DDG will reduce transmission and distribution costs,
allowing urban consumers to access power at
generation cost.

¢ By decentralizing generation, the transmission and
distribution losses will be reduced. According to
JSERC, the state's T&D loss is 48.4%.

¢ DDG will reduce greenhouse gas
addressing environmental concerns.

e [t provides clean energy to rural and remote areas of
the state.

emissions,

Weakness of DDG:

e Significant investment is required for setting up
decentralized units.

e Lack of maintenance may reduce generation efficiency
and lead to the obsolescence of solar units.

Challenges for rural electrification of India: According to
the current rate of electrification, nationally about 1 million
new connections are added each year, whereas the annual
growth in households is 1.85 million. Approximately 78 of
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the 138 million rural households do not have access to
electricity services. Lack of adequate infrastructure and
properly trained manpower at the district level to carryout
the electrification work also impedes the work. At the same
time utilities either have limited equipment and operational
resources like vehicles and block and tackle which need to
be hired if a transformer has to be taken down. Most meter
readers/ linesmen use bicycles. For moving equipment, the
customers are usually asked to bear costs. Shortage of
material is also a chronic problem and a bottleneck in the
speedy implementation of RE programs. This shortage is
usually of materials such as conductors, aluminums, cement,
steel and insulators. It is only after the funds are received
that the order for material is sent to the supplier. Release of
funds through the central government, state government,
utility headquarters route takes time, causing delay and
implementation problems at the SDO level. Some of the
challenges faced during rural electrification are listed
below.

a. Incomplete coverage

b. Faulty definition/Incomplete Data

¢. Low demand, low consumption and shift in focus

d. Long and cumbersome procedures

e. Financially un-viable.

f. Active Participation by Local Bodies

g. Lack of measures for capacity enhancement

h. Over-emphasis on grid rural electrification

Future of DDG: Solar panels, and other renewable energy
technologies are becoming more affordable and efficient
day by day, and this trend is expected to continue, leading to
greater penetration of DDG, particularly in residential and
commercial sectors. The integration of smart grid
technologies will enable better management of DDG. The
growth of micro-grid localized grids that can operate
separately or in combination with the main grid will
empower communities to generate and manage their energy
supply.[4] Additionally, policies that promote net metering,
feed-in tariffs, and tax incentives for renewable energy
installations will accelerate the adoption of DDG.
Renewable Purchase Obligation (RPO): JREDA, the MOP,
and the state government have launched several initiatives
based on policies and incentives aimed at expanding the
utilisation of renewable energy resources [3]. The JSERC
has revised the RPO targets effective from April 1, 2024.
According to the new regulations, DISCOMs must source
2991% of their energy from environmentally friendly
sources.

Major Rural Electrification Schemes in India:

Rural electrification is the backbone of rural economy and a
basic input for rapid rural development. It is also the main
infrastructure for ensuring speedy growth of the agriculture
sector and agro based industrial structure in rural areas.
Some of the rural electrification schemes implemented in
the post-independence period are discussed below:

Pradhan Mantri Gramodaya Yojana (PMGY): The PMGY
launched in 2000-2001 provided additional financial
assistance for minimum services by the central government
to all states on a 90% loan and 10% grant basis. These
included rural health, education, drinking water and rural
electrification. The PMGY, with an outlay of about Rs. 1600
crore during the 10th Plan period, was being coordinated

and monitored by the Rural Development Division of the
Planning Commission[8]. More importantly, under PMGY
states had the flexibility to decide on the inter-reallocation
of funds amongst the basic services. Thus states could
enhance allocations to expedite the pace of rural
electrification. The scheme has been discontinued from
2005 onwards.
Kutir Jyoti Program (KJP): KJP was initiated in 1988-89 to
provide single point light connection (60w) to all Below
Poverty Line (BPL) households in the country. KIP
provides 100% grant for one time cost of internal wiring and
service connection charges and builds in a proviso for 100%
metering for release of grants. The Scheme connected nearly
60 lakh households in 15 years or at a rate of approximately
4 lakh households per year Nearly 5.1 million households
have been covered under the scheme to date. The scheme
was merged into the Accelerated Electrification of one lakh
villages and one crore Households™ in May 2004 and now
into the RGGVY.
Minimum Needs Program (MNP): The MNP, exclusively
targeted states with less than 65% rural electrification (by
the old definition) provides 100% loans for last mile
connectivity. The program resources are drawn from the
Central Plan Assistance. Rs. 775 crore was released during
2001-03 for rural electrification under the MNP. The
scheme was discontinued in 2004-05 on account of
difficulties in  implementation. = Accelerated  Rural
Electrification Program (AREP) The AREP, operational
since 2002, provides an interest subsidy of 4% to states for
RE programs. The AREP covers electrification of un-
electrified villages and houschold electrification and has an
approved outlay of Rs. 560 crore under the 10th Plan. The
interest subsidy is available to state governments and
electricity utilities on loans availed from approved financial
institutions like the Rural Electrification Corporation (REC),
Power Finance Corporation (PFC) and from NABARD
under the Rural Infrastructure Development Fund (RIDF)
Rural Electricity Supply Technology Mission (REST): The
REST initiated on 11th September 2002 with the objective
of electrification of all villages and households
progressively by year 2012 through local renewable energy
sources and decentralized technologies, along with the
conventional grid connection. REST proposes an integrated
approach for rural electrification and aims:
e To identify and adopt technological solutions
¢ To review the current legal and institutional framework
and make changes when necessary
e To promote, fund, finance and facilitate alternative
approaches in rural electrification
e To coordinate with various ministries, apex institutions
and research organizations to facilitate meeting national
objectives Accelerated Electrification of One Lakh
Villages and One Crore Households, MNP and Kutir
Jyoti have been merged with the RGGVY.
Rajiv Gandhi Grameen Vidyutikaran Yojana (RGGVY):
The RGGVY is the latest national rural electrification
scheme launched by the Ministry of Power to execute the
vision for rural electrification as recommended by the Chief
Ministers conference in 2001.
The plan was instated in April of 2005 with the following
objectives:

Volume III | Issue I | Januar




Tolani Maritime Institute’s Journal of Maritime Fundamentals and Applied Research

Key policy recommendations to facilitate the clean energy
transition through DDG:

Focus on Decentralized Renewable Solutions: To tackle
energy poverty, the paper recommends deploying renewable
energy sources like solar microgrids and solar home systems
in remote and tribal areas of the state. This approach aims to
reduce dependency on unreliable grid connections.

Improve Affordability and Accessibility: The paper suggests
implementing subsidies or financing schemes for low-
income residents of Jharkhand to make electricity more
affordable and accessible.

Policy Support: Recommendations include incentivizing
private sector participation, streamlining regulatory
processes for microgrid installations, and promoting
collaboration between government agencies and local
communities.

Grid Reliability: Measures such as better maintenance,
increased metering, and improved billing efficiency can
stabilize the grid supply and facilitate the incorporation of
renewable energy sources [10] thereby improving the
quality and reliability of electricity.

IV. CONCLUSION

The paper highlights the critical role of decentralized
distributed generation in achieving a clean energy transition
and providing cost-effective rural electrification in the state
of Jharkhand. By leveraging local renewable resources, such
as solar energy, and implementing decentralized solutions
like micro-grids and solar home systems, DDG offers a
viable pathway to address energy poverty and improve
energy access in remote and tribal regions. This approach
not only reduces dependence on unreliable grid connections
but also promotes energy independence and resilience.

The study identifies key policy interventions needed to
facilitate this transition, including enhancing affordability
through subsidies, financing schemes for low-income
households, and streamlining regulatory processes to attract
private sector investment. Moreover, strengthening grid
reliability through better maintenance and increased
integration of renewable sources can complement
decentralized initiatives, leading to a more sustainable and
reliable electricity supply.

Adopting decentralized renewable solutions in Jharkhand
provides a cost-effective and scalable model for rural
electrification that can be replicated in other regions facing
similar challenges. The clean energy transition in Jharkhand
requires concerted efforts from policymakers, private
stakeholders, and local communities to foster inclusive
growth and sustainable development. With the help of
Jharkhand Solar policy 2024, state can emerge as a leader in
decentralized energy solutions, driving the state toward a
cleaner and more equitable energy future.
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Abstract- Technology has continuously disrupted
maritime operations, introducing innovative approaches that
enhance efficiency across various sectors. The incorporation
of blockchain, artificial intelligence (Al), data analytics, and
digital transformation optimises sector operations, notably
reducing fraud and bolstering transparency in supply chain
management. Al plays an essential role in enhancing vessel
performance through features like autonomous navigation
and predictive maintenance. Data analytics facilitates reliable,
real-time decision-making by leveraging data on vessel
performance and other metrics. The digitalisation of the
maritime industry brings forth streams of data from sensors
and other sources, enabling enhanced monitoring, control,
quality assurance, and verification. Despite its promise, this
Sfuture presents challenges, including the adoption of
technology and cybersecurity. Nonetheless, further
integration of these technologies promises a more secure and
sustainable future for the maritime industry, while
simultaneously reducing operational costs and environmental
impact.

Keywords: Autonomous Navigation, Smart Contracts,
Fraud Prevention, Port Operations, Digitalisation.

I. INTRODUCTION

Global trade primarily relies on the shipping industry.
Transporting nearly 90% of all goods worldwide, it is
undeniably a cornerstone of international trade. In the past,
the shipping industry relied on manual processes, paper
documentation, and human effort, an approach that
resulted in inefficiencies, errors, and delays. Digital
technology emerged with the introduction of Electronic
Data Interchange (EDI) in the 1970s. These systems
enabled the electronic exchange of shipping documents,
unlike before, when all transactions had to be conducted
physically.  Unfortunately, these systems had
shortcomings, including high cost, a lack of
standardization, and limited interoperability. According to
a report by McKinsey & Company, digital transformation
in the shipping industry can lead to cost savings of up to
20% and a 15% increase in operational efficiency [5].

In an era of technological advancements, the shipping
industry is seeking digital transformation to enhance
efficiency, safety, and environmental sustainability. There
is thus a critical need for digital transformation in the
marine industry. Blockchain technology, artificial
intelligence, and big data analytics are among the tools
that can help achieve this kind of change intelligently and
effectively, transforming the shipping industry digitally in
the coming years.

Leenacharan S8,

Third-year Cadet from BTech Marine Engineering,
Coimbatore Marine College, Coimbatore- 641032, Tamil
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A. Blockchain in the Shipping Industry

Blockchain is a decentralized, distributed ledger
technology that ensures data immutability and
transparency. Each transaction is recorded in a block and
linked to the previous one, forming a chain. This
technology is highly secure because altering any
information would require changes to all subsequent
blocks, which is computationally infeasible [2].

The collaboration between Maersk and IBM on the
Trade Lens platform, although no longer in practice, was
a blockchain-based solution that enhanced the visibility
and efficiency of the global supply chain by enabling real-
time shipment tracking and reducing administrative costs
by up to 20% [1], as shown in Figure 1.

=

Fig. 1: Blockchain Technology [20]

Blockchain systems operate on consensus mechanisms
such as Proof-of~-Work (PoW) and Proof-of-Stake (PoS).
PoW requires network participants to solve complex
mathematical problems to validate transactions, making it
highly secure but energy-intensive. PoS, on the other
hand, allows participants to validate transactions based on
the number of coins they hold, which is more energy-
efficient but requires careful consideration of potential
centralisation issues. Contracts self-execute after the terms
of an agreement are directly written in their code in some
way. They can thus automate processes such as freight
payment, eliminating intermediaries and expediting
transactions. Smart contracts facilitate complex multi-
party agreements while ensuring compliance and reducing
transactional administrative overhead [3].

Supply chain transparency: Blockchain provides end-
to-end visibility into the supply chain. Each stakeholder
involved in shipment tracking is entitled to trace their
shipments in real time. To this end, transparency helps
ascertain authenticity and thus prevent counterfeit goods
from entering the supply chain. For example, Walmart
uses blockchain to trace the origin of its food products to
ensure quality and safety from farm to table [6].
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Fraud Prevention: Blockchain has significantly
reduced the risk of fraud by creating an immutable
transaction ledger. It provides traceability for every
transaction, facilitating the tracking and mitigation of
fraudulent activity. For example, every ledger tracks the
provenance of diamonds on the blockchain, so there is no
possibility they might be conflict and might be authentic
[7]

1. Benefits

Improved Security: Because blockchain is cryptographic,
it provides strong security and makes data tamper-proof.

One-way transparency entails making the same data
available to all parties involved in the shipment process,
thereby reducing disputes and increasing trust.

Efficient: Smart contracts allow for process automation
and reduce paperwork, hence increasing the speed of
fransactions.

2. Application

One notable example of blockchain in the shipping
industry is Cargo X's partnership with the Egyptian
government to streamline and digitise the country's trade
documentation process through the Advanced Cargo
Information (ACI) system. Cargo X's collaboration with
Egypt on the ACI system is pioneering in demonstrating
how blockchain can transform trade procedures, as shown
in Figure 2. Launched in 2021, the ACI system aims to
provide pre-arrival information on shipments, ensuring
that all trade documentation is correct and authenticated
before shipment to Egypt. To that end, such fronting not
only accelerates customs clearance procedures but also
reduces fraudulent activity and associated error margins.
The structure's achievements can be summarised as faster
clearance times, reduced paperwork, and enhanced trade
security. This system improves the efficiency and
transparency of Egypt's trade operations by leveraging
blockchain to securely and efficiently manage and verify
trade documents [12-13].

Fig. 2: Cargo X [20]

B. Al in the Shipping Industry

Artificial intelligence is generally defined as the
emulation of human intelligence in machines that are
subsequently programmed to think and learn. It concerns
technologies that enable the analysis of large volumes of
data and the execution of decisions based on that analysis,
such as machine learning, natural language processing,
and robotics. Al can perform tasks typically handled by
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human intelligence or intervention, either alone or in
combination with technologies such as sensors,
geolocation, and robotics. From digital assistants through
GPS guidance to self-driving cars, Al dominated
yesterday's and today's news and our lives.

1. Application

e Route Optimisation: Al algorithms create optimal
routes by considering historical data, current
weather, and live traffic to reduce fuel usage and
transit times. For example, Windward utilises Al
to provide shipping routes with real-time insights
and predictive analytics, thereby helping
companies optimise their logistics operations [8].

e Predictive Maintenance: Al-based predictive
maintenance systems monitor the status of
shipping equipment continuously, predicting
possible failures and scheduling maintenance to
prevent loss of time.

Al is enabling autonomous, self-navigating vessels
that can operate without human intervention, reducing
investment costs and enhancing safety. Yara Birkeland,
the first autonomous, zero-emission container ship that
uses Al for both navigation and operations, is ushering in
a sea change in maritime technologies [10].

2.  Some of the Core Technologies

e Situation Awareness System (SAS): This subsystem
gathers data about the ship and its surroundings,
creating a model of objects that may impact the ship’s
operation, including detection and classification.

e Autonomous Navigation System (ANS): This system
controls the ship’s movements, ensuring safe passage
through track and speed control, and collision
avoidance by evaluating future situations and
planning suitable actions. SAS requires sufficient
sensor data and algorithms to provide the driver with
a high-quality environmental model. ANS, however,
may need to decide based on the actions of human
officers on other ships. ANS, on the other hand, may
ultimately have to make decisions based on what a
human officer on the encountered ship will do or will
not perform [11].

The International Maritime  Organisation's
Convention on the International Regulations for
Preventing Collisions at Sea, COLREGs, prescribes ship
behaviour to avoid collision, including signals and
manoeuvring. These rules are primarily valid for
encounters between two ships and require "good
seamanship." Thus, an Al-based automation system might
not handle more than two ships involved or another ship
behaving erratically. Hence, 100% autonomous
navigation will either require amendments to the
COLREGs or impose limits on its operability [11][14].

3. Application and Progress

Rolls-Royce and Fin ferries have successfully tested
the world's first fully autonomous ferry, Falco, which
utilises Al for navigation and operations, as shown in
Figure 3. This innovation demonstrates the potential for
Al to revolutionise maritime transportation [9].
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Fig. 3: Rolls-Royce and Fin ferries’ fully autonomous ferry [21]

C. Data Analytics in the Shipping Industry

Data analytics is the process of examining raw data to
yield meaningful insights and inform decision-making,
using techniques such as statistical analysis, machine
learning, and data mining. Data analytics supports
enhanced decision-making, cost savings, and risk
management by identifying inefficiencies, optimising
operations, and predicting potential risks.

1. Applications

e Demand Forecasting: This data analytics can be done
by analysing past data, economic indicators, and
market trends to form an opinion of what the future
demand for shipping services could look like. It
enables better resource planning and more efficient
fleet deployment, with reduced idle time and
smoother operations.

e Fuel Consumption Data Analysis: Shipping
companies can study data related to fuel consumption
to reduce inefficiencies accordingly, implementing
measures to reduce fuel use and connected CO:
emissions. Practising data analytics by applying
insights to enhance fuel consumption, for instance,
reduced CO: emissions by more than 10 per cent for
Maersk.

e Performance Moniforing and Real-time Decision-
Making: Real-time data analytics tools on vessel
performance allow users to be informed of their
operational efficiency and where there is room for
improvement. Real-time  decision-making can
therefore be implemented to optimise port operations.
For example, Cargotec Smart Port Solutions have
been touted [18].

2. Real-Time Application

APM Terminals employs data analytics to optimise
operations at its port facilities, as shown in Figure 4. By
analysing data from multiple sources, the company has
improved container-handling efficiency and reduced
turnaround times [4].

Fig. 4: APM terminal [23]

II. ANALYTICS: THE BASIC SYNERGY

Blockchain, Al, and data analytics give a powerful
synergy that enables digital disruption in the shipping
industry. Blockchain will ensure data integrity and
transparency, while Al enhances decision-making and
data analytics, yielding valuable insights from large
datasets.

[II. CHALLENGES AND SOLUTIONS

1) Data Security and Cybersecurity are the most critical
challenges, as with the digital revolution having come
to stay, the cyber-attack threat is only going to
escalate. Strong cybersecurity procedures must be
implemented to protect critical data and ensure
operational efficiency. An effective cybersecurity
policy should include regular security audits,
employee training, and an incident response plan. The
security of sensitive data is a significant challenge.
Blockchain offers robust solutions through its
immutable and safe ledger. To protect against cyber
threats, strong cybersecurity must include encryption,
firewalls, and multi-factor authentication.

2) Interoperability: Integrating various digital solutions
can be tricky sometimes. Modelled with regularised
protocols and platforms, this can support seamless
integration. For example, organisations such as the
International Maritime Organisation are developing
global standards for digital technologies in shipping.

3) Skill Gaps: Equally, new technology requires
competent personnel to run it. In this regard, training
and development can address this area. Professional
educational institutions collaborate with shipping
companies in tailoring specialised training in
maritime technology and data science.

IV.POTENTIAL IMPACT

The IMO projects that global tonne-miles of goods
moved will increase by 2%-4% annually between now
and 2050. This substantial industry growth is projected to
nearly triple GHG emissions by 2050. It is estimated that
GHG emissions from international shipping contribute
870 (Million Metric Tonnes) MMT of CO, to the
atmosphere, with an additional 180 MMT attributable to
domestic and inland ships in 2007, for a total of 1050
MMT. At current rates of increase, CO2 emissions from
the shipping sector are expected to rise to between 2,500
MMT and 3,650 MMT by 2050, as shown in Figure 5. As
the world economy’s reliance on the global trade of
goods, materials, and petroleum continues to rise, this
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figure is estimated to climb to between 2,500 MMT and
3,650 MMT by 2050.

4000

ARO0 P |-N‘
F000 -~
aman ~ -
aoo0 T

1o /d o=

€0, Emisions trom S D)
5
-
A\l
\.\

W00 /’

e 2000 2010 o0

e

2030 Faan 2080

Fig. 5: CO2 emissions from ships [24]

Blockchain, along with Al and data analytics, will
continue to drive further automation, more transparency
within the supply chain, and improved operational
efficiency in the shipping industry. Autonomous ships,
predictive analytics, smart contracts, and route
optimisation will redefine the very concept of Maritime
Transport and significantly reduce its ecological
footprint. Route optimisation and Predictive Maintenance
will also cut fuel consumption and lower the carbon
footprint of this industry by up to 30% in CO: reduction
by 2050, in support of global sustainability [17].

V. REAL-TIME EXAMPLES

1. Digital Twins: Borrowed from the business world,
digital twins represent virtual models of real physical
assets. Their use in the shipping industry has
increased in recent years. Digital twins can be used to
simulate multiple vessel operation scenarios, predict
when maintenance may be required, and optimise
operations. For example, the Port of Rotterdam
applied digital twin technology to monitor and
manage its port infrastructure, thereby improving
efficiency by reducing downtime [19].

2. IoT and Sensor Technology: The Internet of Things
and sensor technology in shipping are changing the
industry by capturing real-time data on various
parameters like temperature, humidity, and cargo
conditions that can be used to improve the safe and
efficient transport of goods. Especially for
perishables, this is critical. IBM's Food Trust
blockchain network integrates loT data to enhance
food safety and traceability [15].

3. Sustainable shipping practices: The era of
sustainability now confronts the doorstep of the
shipping industry. Digital technologies are being
harnessed to establish green shipping corridors,
optimise vessel designs for improved fuel efficiency,
and develop strategies to reduce emissions. The
Poseidon Principles, an initiative of global shipping
banks, use data analytics to support environmentally
responsible lending to the maritime sector [16].
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VI. CONCLUSION

1. For any competitive and sustainable performance in
the fast-moving world today, the shipping industry
needs to be digital.

2. It is actualised by technologies like blockchain, Al,
and data analytics, which provide ways to bring about
efficiency, security, and transparency.

3. Embracing these innovations will enable the sector to
tackle the challenges of modern times and steer
toward an efficient and concurrently sustainable
future.

4. The path to digital transformation is not going to be
easy, but it is one wherein the rewards will outweigh
the obstacles. Investments in these technologies not
only improve how companies operate but also
enhance their cost efficiency and integration, thereby
contributing to the shared aim of a more sustainable
and transparent global supply chain.

5. The integration of blockchain, Al, and data analytics
will be important in the emergence of the future of sea

transportation as the industry becomes more
competitive.
VII. RECOMMENDATIONS / STRATEGIES TO

IMPLEMENT DIGITAL TRANSFORMATION

1. Invest in Technology: Shipping companies have to
invest in the latest technologies and infrastructure that
will aid digital disruption. Among these are
upgrading IT systems, investing in loT devices, and
adopting cloud computing to enable real-time data
access and analysis.

2. Collaboration and Partnerships: Cooperative work
with technology providers and industry partners can
speed up the adoption of digital solutions. For
example, DCSA, the Digital Container Shipping
Association, has established robust digital standards
and facilitates collaboration among shipping
companies to improve interoperability and efficiency.

3. Change Management: Digital transformation requires
cultural change in a company and associated change
management strategies that would secure the buy-in

of all stakeholders. This constitutes employee
training, innovation culture, and overcoming
resistance to change.
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Abstract: The global maritime sector is undergoing a
significant digital transformation, with ports evolving
from traditional cargo handling facilities into
interconnected, data-driven logistics ecosystems. This
paper examines nexi-generation innovative port
architectures that integrate digital twins, blockchain-
enabled logistics platforms, Internet of Things (loT)
networks, and advanced data analytics to improve
operational efficiency, system resilience, and supply
chain transparency. Moving beyond fragmented digital
initiatives, the study introduces the concept of Cognitive
Ports, where port systems function as adaptive
environments capable of real-time monitoring,
predictive  decision-making,  and  coordinated
interaction with shipping operators, hinterland
transport systems, and regulatory authorities. By
continuously synchronizing digital twins with live
operational data, ports can simulate and optimize berth
allocation, cargo flows, energy consumption, and
equipment condition, thereby enabling predictive
maintenance and proactive congestion management.
The paper further explores blockchain-enabled port
community  systems as trusted data-sharing
infrastructures that support secure documentation,
tamper-resistant transactions, and end-to-end logistics
visibility. When combined with Al-driven analytics,
these platforms enhance demand forecasting,
disruption  management, and  environmentally
optimized logistics planning. Special emphasis is placed
on data-driven sustainability, demonstrating how
intelligent  scheduling,  real-time  performance
monitoring, and green digital performance indicators
can help reduce emissions while maintaining
operational efficiency. In this context, smart ports are
positioned as active digital coordinators of maritime
logistics rather than passive infrastructure providers.
The findings highlight the strategic importance of
integrating  advanced technologies, governance
frameworks, and human digital competencies to
develop future-ready ports. The paper provides practical
insights for port authorities, policymakers, and
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maritime  stakeholders seeking to strengthen
competitiveness, sustainability, and resilience in an
increasingly digital naval ecosysten.
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L. INTRODUCTION

The global maritime industry is experiencing a
fundamental transformation driven by rapid advances in
digital technologies, automation, and data-centric
decision-making. Ports, as critical nodes of international
trade and logistics networks, are no longer confined to
their traditional role as physical infrastructure for cargo
handling. Instead, they are increasingly evolving into
digitally connected, intelligent ecosystems that integrate
operational technologies with advanced information
systems to improve efficiency, resilience, and
sustainability across maritime supply chains.

The concept of smart ports has emerged in response to
growing operational complexities, increasing cargo
volumes, environmental regulations, and the demand for
real-time visibility in logistics operations. Smart ports
typically leverage technologies such as the Internet of
Things (IoT), automation systems, port community
platforms, and data analytics to optimize terminal
operations, reduce congestion, and enhance coordination
among stakeholders. While these developments have
significantly improved operational performance, most
current implementations remain functionally fragmented
and reactive, focusing on localized optimization rather
than system-wide intelligence.

In parallel, emerging technologies such as digital twins,
blockchain, artificial intelligence (Al), and big data
analytics are enabling a new paradigm of cyber-physical
integration in industrial systems. These technologies
have the potential to transform ports from digitally
enabled infrastructures into self-aware, adaptive, and
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predictive systems that learn from operational data and
autonomously support strategic and tactical decisions.
This evolution necessitates a shift from the conventional
notion of smart ports toward what this paper
conceptualizes as “Cognitive Ports” [1]. Figure 1 depicts
the stages of port evolution in the digital era.

Evolution of Ports in the Digital Era

Increased Intelligence & Conneniviz l

Traditional Port —» Automated Port —»  Smart Port —»  Cognitive Port

» Manual Operations  » Automated Equipment  + loT & Sensors « Digital Twins & Al

» Basic Infrastructure + Terminal Operating + Real-Time Data Analytics  » Blockchain Integration

stems
5 + Autonomous Operations

II. EVOLUTION OF PORT DIGITALIZATION:
FROM AUTOMATION TO INTELLIGENCE

Port digitalization has progressed through multiple
evolutionary stages, shaped by technological advances
and changing operational demands. Initially, ports
focused on mechanization and automation, introducing
container-handling equipment, terminal operating
systems (TOS), and automated guided vehicles (AGVs)
to improve productivity and reduce labor dependence.
These developments primarily targeted operational
efficiency at the terminal level, with limited integration
across stakeholders or logistics networks. Table 1
presents the framework for different ports.

Table 1: Framework for different ports

Fig 1: Evolution of Ports in the Digital Era

Cognitive ports represent an advanced stage of port
digitalization, in which physical assets, operational
processes, and human actors are continuously
synchronized with intelligent digital models. Unlike
traditional smart ports, cognitive ports emphasize real-
time situational awareness, predictive analytics, and
autonomous decision support, enabling proactive
management  of  resources,  disruptions, and
environmental impacts. This paradigm aligns with the
broader vision of Industry 4.0 and the emerging digital
maritime ecosystem, where ports function as intelligent
orchestrators within interconnected global logistics
networks [3].

The primary objective of this paper is to develop a
conceptual, integrative framework for cognitive ports
that highlights how digital twins, blockchain-based port
community systems, and data-driven intelligence can
collectively enable next-generation maritime logistics.
Specifically, the study aims to (i) review the evolution of
port digitalization, (ii) define the core characteristics of
cognitive ports, and (iii) propose a system-level
framework for intelligent and sustainable port operations.

The remainder of this paper is structured as follows.
Section 2 reviews the evolution of port digitalization
from automation to intelligent systems. Section 3
introduces the cognitive port paradigm. Subsequent
sections examine the roles of digital twins, blockchain,
and smart analytics, followed by a proposed integrated
framework and directions for future research [2].
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The next phase involved the emergence of digitally
enabled ports, where information and communication
technologies (ICT) were adopted to enhance coordination
and information sharing. Port Community Systems
(PCS), electronic data interchange (EDI), and integrated
logistics platforms enabled smoother interactions among
shipping lines, terminal operators, customs authorities,
freight forwarders, and hinterland transport providers.
However, these systems often operated in silos, lacking
interoperability and real-time intelligence.

With the advent of Industry 4.0, the concept of smart
ports gained prominence. Smart ports integrate IoT
sensors, cyber-physical systems, cloud computing, and
data analytics to enable real-time monitoring of port
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operations. Examples include smart cranes, intelligent
traffic management systems, automated yard planning,
and real-time wvessel tracking. These technologies
facilitate data-driven optimization of port resources,
improving throughput, safety, and service quality.

Despite these advancements, existing innovative port
implementations exhibit several limitations. Most
systems remain reactive rather than predictive,
responding to events after they occur instead of
anticipating future conditions. Decision-making is often
human-dependent, supported by dashboards rather than
autonomous intelligence. Furthermore, current smart
ports struggle with challenges related to data
fragmentation,  cybersecurity,  governance,  and
integration with sustainability objectives [3-4].

The emerging digital landscape, characterized by Al
digital twins, and decentralized data infrastructures, is
enabling a transition toward intelligent port systems that
extend beyond automation and connectivity. These
systems emphasize learning, adaptation, and self-
optimization, laying the foundation for the cognitive port
paradigm. In this context, port digitalization is no longer
limited to technological upgrades but constitutes a
systemic transformation encompassing governance
models, workforce competencies, and cross-sector digital
ecosystems.

III. CONCEPTUALIZING THE COGNITIVE PORT
PARADIGM

The increasing complexity of maritime logistics, coupled
with the demand for real-time responsiveness,
sustainability, and resilience, necessitates a fundamental
rethinking of how ports operate within digital
ecosystems. While smart ports have successfully
introduced automation and data-driven monitoring, their
operational logic largely remains human-centric and
reactive, relying on predefined rules and post-event
analysis. In contrast, the emerging paradigm of cognitive
ports represents a shift toward intelligent, adaptive, and
self-learning port systems capable of autonomous
reasoning and proactive decision-making.

A cognitive port is an intelligent cyber-physical maritime
system that continuously senses, learns, predicts, and
optimizes port operations through integrated digital
intelligence and human-machine collaboration. Unlike
conventional smart ports, which primarily focus on data
acquisition and visualization, cognitive ports emphasize
situational awareness, predictive analytics, and system-
level intelligence, thereby enabling ports to anticipate
disruptions, dynamically reconfigure resources, and align
operational decisions with strategic objectives. Figure 2
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shows the Conceptual Architecture of a Cognitive Port
System.

Conceptual Architecture of a Cognitive Port System
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Fig 2: Conceptual Architecture of a Cognitive Port
System

The cognitive port paradigm is built upon the
convergence of four foundational layers:

(1) the physical layer, comprising port infrastructure,
vessels, cargo handling equipment, and energy systems;
(ii) the data layer, including IoT sensors, real-time
monitoring  platforms, and interoperable data
repositories;

(iii) the intelligence layer, consisting of Al algorithms,
digital twins, machine learning models, and decision-
support systems; and

(iv) the governance layer, which integrates cybersecurity,
regulatory compliance, digital standards, and human
expertise.

At the core of this paradigm lies the concept of
continuous cyber-physical synchronization, in which
real-world port operations are mirrored by digital twins
that evolve dynamically in response to real-time data
streams. These digital counterparts enable real-time
simulation, scenario analysis, and predictive forecasting
of operational conditions, including berth congestion,
equipment failure, energy demand, and environmental
impact. By embedding artificial intelligence within these
digital models, cognitive ports can transition from
descriptive analytics to prescriptive and autonomous
operational intelligence [3].

Furthermore, cognitive ports facilitate collective
intelligence across maritime stakeholders, enabling
seamless coordination between port authorities, terminal
operators, shipping companies, logistics providers, and
regulatory  agencies. Blockchain-enabled  data
infrastructures and interoperable port community
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systems ensure trusted information sharing, while Al-
driven analytics transform fragmented operational data
into actionable strategic insights. This transformation
allows ports to function not merely as infrastructure
providers, but as digital orchestrators of maritime supply
chains [5].

In essence, the cognitive port paradigm redefines port
systems as learning organizations in which digital
technologies enhance not only efficiency and automation
but also adaptability, resilience, and sustainability. This
conceptual shift aligns with the broader vision of
intelligent transport systems and integrated digital
ecosystems, positioning cognitive ports as central nodes
in the future maritime economy.

IV. DIGITAL TWIN TECHNOLOGIES FOR
COGNITIVE PORTS

Digital twin technology constitutes a central enabling
pillar of the cognitive port paradigm. A digital twin is a
dynamic, virtual representation of a physical system that
is continuously updated using real-time data from
sensors, operational systems, and external information
sources. In port systems, digital twins enable real-time
mirroring of physical assets, processes, and
environmental conditions within a unified cyber-physical
framework.

Unlike conventional simulation models, which are
typically static and scenario-specific, digital twins
operate as living models that evolve continuously in
response to operational data. This capability allows
cognitive ports to achieve real-time situational awareness
and predictive intelligence across multiple operational
domains, including vessel traffic management, berth
allocation, yard operations, equipment health monitoring,
and energy management [4].

At the system level, a port digital twin integrates data
streams from heterogeneous sources, including
Automatic Identification System (AIS) data, IoT sensors
embedded in cranes and handling equipment, terminal
operating systems, weather services, and logistics
platforms. Analytics engines and Al models process this
data to generate a synchronized digital environment that
reflects both the current state and the predicted future
behavior of the port system.

From a functional perspective, digital twins in cognitive
ports support three primary intelligence functions:
Descriptive intelligence, which provides real-time
visualization and monitoring of port operations,
including vessel movements, cargo flows, and

infrastructure utilization. Predictive intelligence, which
enables forecasting of congestion, equipment failures,
energy demand, and environmental impacts using
machine learning and time-series models. Prescriptive
intelligence, which recommends optimal operational
strategies such as berth scheduling, resource allocation,
and maintenance planning through optimization
algorithms and decision-support systems.

One of the most significant advantages of digital twin-
based port management is the ability to conduct real-time
what-if scenario analysis. Port operators can simulate
alternative  operational strategies under varying
conditions, such as peak demand, extreme weather
events, or disruptions in hinterland connectivity. This
capability enhances both operational resilience and
strategic planning, allowing cognitive ports to anticipate
risks and proactively mitigate system-level inefficiencies
[11]. Figure 3 shows the architecture of a Digital Twin
for Cognitive Port Operations.

Architecture of a Digital Twin for Cognitive Port Operations
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Fig 3: Architecture of a Digital Twin for Cognitive Port
Operations

Furthermore, digital twins play a critical role in predictive
maintenance and asset management. By continuously
analyzing equipment performance data, cognitive ports
can detect early signs of mechanical degradation in
cranes, automated vehicles, and power systems. This
enables condition-based maintenance strategies that
reduce downtime, extend asset lifecycles, and improve
overall system reliability.

In the long term, digital twins serve as the core
intelligence engine of cognitive ports, enabling
continuous  learning, system optimization, and
autonomous operational control. When integrated with
Al, blockchain-based data infrastructures, and
governance mechanisms, digital twins transform ports
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into adaptive, self-optimizing systems capable of
operating efficiently within complex and uncertain
maritime environments.

V. BLOCKCHAIN-ENABLED PORT COMMUNITY
SYSTEMS

As maritime logistics systems become increasingly
digital and interconnected, the reliability, integrity, and
security of data exchange among stakeholders emerge as
critical challenges. Port operations involve a complex
network of actors, including port authorities, terminal
operators, shipping companies, customs agencies, freight
forwarders, and hinterland transport providers, all of
whom rely on timely and accurate information to
coordinate  effectively.  Traditional  centralized
information systems often suffer from data silos, limited
transparency, interoperability issues, and vulnerability to
cyber threats [6].

Blockchain technology offers a promising solution by
enabling decentralized, immutable, and trusted data
infrastructures for port community systems. A
blockchain-enabled port community system is a
distributed digital platform that facilitates secure and
transparent information sharing among maritime
stakeholders  through  cryptographic  consensus
mechanisms and smart contracts. Unlike conventional
databases, blockchain systems ensure that all participants
have access to a synchronized and tamper-proof version
of operational records, thereby enhancing trust and
accountability across the maritime supply chain.

In the context of cognitive ports, blockchain serves as a
foundational trust layer that complements digital twins
and Al-driven analytics. Operational data generated from
[oT devices, terminal systems, and logistics platforms
can be securely recorded on distributed ledgers, enabling
verifiable tracking of cargo movements, vessel schedules,
customs documentation, and regulatory compliance.
Smart contracts further automate administrative
processes such as berth allocation approvals, cargo
release authorizations, and port fee settlements, reducing
manual intervention and transactional delays [7].

In the context of cognitive ports, blockchain serves as a
foundational trust layer that complements digital twins
and Al-driven analytics. Operational data generated from
IoT devices, terminal systems, and logistics platforms
can be securely recorded on distributed ledgers, enabling
verifiable tracking of cargo movements, vessel schedules,
customs documentation, and regulatory compliance.
Smart contracts further automate administrative
processes, such as berth allocation approvals, cargo
release authorizations, and port fee settlements, thereby
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reducing manual intervention and transactional delays
[7]. Figure 4 shows Blockchain-Enabled Port System
Architecture,
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Fig 4: Blockchain-Enabled Port System Architecture

One of the most significant advantages of blockchain-
enabled port systems is the enhancement of end-to-end
supply chain visibility and traceability. By maintaining a
shared ledger of logistics events, cognitive ports can
ensure  real-time transparency across multiple
organizations without compromising data integrity or
ownership. This capability is particularly valuable for
handling sensitive documents such as bills of lading,
certificates of origin, and compliance records, which
traditionally  involve extensive paperwork and
verification procedures.

From a cybersecurity perspective, blockchain
architectures improve system resilience by eliminating
single points of failure and strengthening data protection
through cryptographic techniques. While blockchain
does not replace conventional cybersecurity measures, it
significantly enhances data authenticity, access control,
and auditability, which are essential for safeguarding
digital maritime ecosystems. When integrated with Al-
based anomaly detection systems, blockchain-enabled
platforms can also support early identification of cyber
threats and fraudulent activities [10].

Furthermore, blockchain technologies contribute to
digital governance and regulatory innovation by enabling
standardized data formats, interoperable digital identities,
and automated compliance monitoring. These features
facilitate alignment with international maritime
regulations and emerging digital standards, supporting
the long-term vision of fully integrated and intelligent
maritime logistics networks,
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In summary, blockchain-enabled port community
systems provide the institutional and technological
foundation for trust-based collaboration in cognitive
ports, By ensuring secure, transparent, and decentralized
data exchange, block-chain transforms port ecosystems
from fragmented information networks into coordinated
digital supply chain platforms that support autonomous
and intelligent maritime operations.

VI. DATA-DRIVEN DECISION MAKING AND
INTELLIGENT ANALYTICS

The effectiveness of cognitive ports ultimately depends
on their ability to transform vast volumes of
heterogeneous  operational data into actionable
intelligence. While digital twins provide real-time system
representation and blockchain ensures trusted data
exchange, it is data-driven analytics and artificial
intelligence (AI) that enable cognitive ports to reason,
learn, and autonomously support decision-making
processes. Modern port systems generate large datasets
from multiple sources, including vessel-tracking systems,
IoT-enabled equipment, terminal operating platforms,
weather services, energy management systems, and
logistics networks. These datasets are characterized by
high volume, velocity, and variety, requiring advanced
big data architectures and analytics frameworks for
effective processing and interpretation. Cognitive ports,
therefore, rely on integrated data pipelines that combine
cloud computing, edge analytics, and real-time streaming
platforms to enable continuous situational awareness.
From an analytical perspective, intelligent port systems
operate across three complementary layers of analytics.

First, descriptive analytics enables real-time monitoring
and visualization of operational conditions, such as vessel
movements, cargo throughput, equipment utilization, and
energy consumption. These analytics enhance
transparency and support human operators through
interactive dashboards and performance indicators.

Second, predictive analytics employ machine learning
and statistical models to forecast future operational states,
including congestion levels, equipment failures, demand
fluctuations, and environmental impacts. Time-series
forecasting models, neural networks, and probabilistic
risk models enable cognitive ports to anticipate
disruptions and prepare proactive responses.

Third, prescriptive analytics generates optimized
operational strategies by combining predictive insights
with optimization algorithms and decision-support
systems. These systems recommend optimal actions,
including berth scheduling, yard resource allocation,
maintenance planning, and energy dispatch, thereby

enabling autonomous and adaptive control of port
operations [5].

A defining feature of cognitive port intelligence is the
presence of closed-loop learning systems, where Al
models continuously improve their performance through
feedback from real-world outcomes. Decisions
implemented in physical port systems are evaluated using
performance metrics and operational data, which are then
fed back into learning algorithms to refine future
predictions and recommendations. This self-learning
capability enables cognitive ports to evolve dynamically
in response to changing operational contexts and external
uncertainties.

Furthermore, intelligent analytics support risk-aware,
resilience-oriented decision-making. By integrating
historical data with real-time system states, cognitive
ports can identify early warning signals of disruptions
such as extreme weather events, cyber incidents, or
supply chain bottlenecks. Al-driven risk assessment
models allow port authorities to evaluate alternative
strategies under uncertainty and select robust operational
policies that enhance system resilience. In essence, data-
driven decision-making transforms cognitive ports into
autonomous reasoning systems, in which intelligence is
not embedded in isolated tools but distributed across the
entire operational ecosystem. This paradigm enables
ports to shift from reactive operational management
toward predictive, prescriptive, and self-optimizing
logistics orchestration, laying the foundation for
intelligent and sustainable maritime infrastructure.

VII. SMART PORTS AS ENABLERS OF
SUSTAINABLE MARITIME LOGISTICS

Sustainability has emerged as a central strategic priority
for the global maritime sector, driven by increasing
regulatory pressures, climate commitments, and
stakeholder expectations. Ports, as central nodes of naval
logistics and industrial activity, play a critical role in
influencing the environmental footprint of shipping
operations. Traditional port systems are associated with
high energy consumption, greenhouse gas emissions, air
pollution, and waste generation, necessitating innovative
approaches to sustainable transformation.

Cognitive ports provide a unique opportunity to integrate
digital intelligence with sustainability objectives,
enabling real-time monitoring, optimization, and
governance of environmental performance. By
leveraging digital twins, IoT-based sensing, and Al-
driven analytics, cognitive ports can continuously assess
key ecological indicators, including fuel consumption,
carbon emissions, energy efficiency, noise levels, and
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waste flows. This real-time visibility allows port
authorities to move beyond static sustainability reporting
toward dynamic, data-driven environmental
management.

One of the most significant contributions of cognitive
ports to sustainability lies in energy-aware operational
optimization. Al-based scheduling algorithms can
minimize vessel idle time, optimize crane operations, and
coordinate hinterland transport to reduce unnecessary
energy consumption. Digital twin simulations further
enable ports to evaluate alternative operational strategies,
such as shore power deployment, smart grid integration,
and renewable energy utilization, before physical
implementation. Figure 5 shows a digital sustainability
framework for cognitive ports.
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Figure 5: Digital Sustainability Framework for
Cognitive Ports

Cognitive ports also support decarbonization and
emissions control through predictive and prescriptive
analytics. Machine learning models can forecast emission
patterns across different traffic scenarios and recommend
operational adjustments to minimize carbon intensity.
These capabilities are particularly relevant for
compliance with international maritime regulations and
environmental standards, including emission control
areas and emerging carbon reporting frameworks [8].

From a circular-economy perspective, intelligent
analytics enable ports to optimize resource utilization,
waste management, and asset lifecycle management.
Predictive maintenance strategies reduce material waste
and extend equipment lifespan, while data-driven
logistics planning improves container reuse, reverse
logistics, and multimodal coordination. These measures
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contribute to the development of green port ecosystems
that balance economic efficiency with environmental
responsibility. Furthermore, cognitive ports facilitate
digital ESG (Environmental, Social, and Governance)
reporting, providing transparent and verifiable
sustainability metrics to regulators, investors, and
stakeholders. Blockchain-enabled data infrastructures
ensure the integrity and traceability of environmental
data, while Al-driven dashboards support continuous
performance benchmarking and compliance monitoring

[9].

In summary, cognitive ports act as digital catalysts for
sustainable maritime logistics, enabling the transition
from compliance-driven environmental management to
intelligent, proactive, and system-wide sustainability
optimization. This integration of digital intelligence with
environmental stewardship positions cognitive ports as
key enablers of the global green maritime transition.

VIII. GOVERNANCE, STANDARDS, AND
IMPLEMENTATION CHALLENGES

Despite the significant potential of cognitive ports, their
large-scale implementation faces several technical,
organizational, and regulatory challenges. One of the
primary barriers is the lack of standardized data models
and interoperability frameworks across port systems,
logistics  platforms, and maritime stakeholders.
Heterogeneous data formats, proprietary systems, and
fragmented digital infrastructures hinder seamless
information exchange and limit the effectiveness of
intelligent analytics.

Digital governance represents another critical challenge
in cognitive port ecosystems. The deployment of Al-
driven decision systems raises essential concerns related
to data ownership, accountability, transparency, and
ethical responsibility. As operational decisions become
increasingly automated, precise governance mechanisms
are required to define roles and responsibilities among
port authorities, system operators, technology providers,
and regulatory bodies [6].

Cybersecurity and data protection also pose significant
risks. Cognitive ports rely heavily on interconnected
digital  platforms, IoT networks, and cloud
infrastructures, making them vulnerable to cyber threats,
system failures, and malicious attacks. While blockchain
technologies enhance data integrity, they must be
complemented by  comprehensive  cybersecurity
frameworks, access control mechanisms, and continuous
system monitoring to ensure operational resilience.
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From an institutional perspective, the adoption of
cognitive port technologies requires substantial
organizational transformation and workforce upskilling.
Port personnel must develop new digital competencies
related to data analytics, Al systems, and cyber
governance. Resistance to change, a lack of technical
expertise, and limited investment capacity, particularly in
developing maritime regions, can further slow the
transition toward intelligent port systems [10]. Figure 6
illustrates key challenges in implementing cognitive
ports.
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Figure 6: Key challenges in the implementation of
Cognitive Ports

Finally, regulatory and legal frameworks have yet to fully
adapt to the realities of autonomous and Al-driven port
operations. Existing maritime regulations are primarily
designed for human-centric systems and may not
adequately address issues such as algorithmic decision-
making, liability in autonomous operations, and cross-
border digital governance. These challenges highlight the
need for international coordination, adaptive regulatory
policies, and collaborative standardization efforts 9:
future Research Directions and Industry Implications.

IX. FUTURE RESEARCH DIRECTIONS AND
INDUSTRY IMPLICATIONS

The cognitive port paradigm opens multiple avenues for
future research and industrial innovation. From a
technological perspective, further research is required to
develop advanced Al models capable of real-time
learning, multi-objective optimization, and explainable
decision-making in complex maritime environments.
Integrating reinforcement learning, federated learning,
and edge intelligence can significantly enhance the
autonomy and adaptability of cognitive port systems.

Another promising research direction involves
integrating cognitive ports with autonomous vessels and
Maritime Autonomous Surface Ships (MASS). Future
port systems must be capable of seamless coordination
with autonomous ships, remote operation centres, and
intelligent fleet management platforms, thereby enabling
fully automated end-to-end maritime logistics chains.

From an industry perspective, cognitive ports offer
substantial strategic benefits for port authorities and
logistics operators. These include improved operational
efficiency, reduced environmental impact, enhanced
resilience, and more significant global competitiveness.
Cognitive port platforms can also serve as innovation
hubs, enabling collaboration among technology
providers, maritime operators, policymakers, and
research institutions.

At the policy level, cognitive ports support the
development of evidence-based maritime governance,
where real-time system data and predictive analytics
inform regulatory decisions. This creates opportunities
for adaptive regulation, performance-based compliance
frameworks, and international digital cooperation in
maritime transport.

Overall, the cognitive port paradigm represents not
merely a technological upgrade but a systemic
transformation of maritime infrastructure, positioning
ports as intelligent, autonomous, and sustainable
orchestrators of global logistics networks.

X. CONCLUSION

This paper presents a comprehensive conceptual
framework for cognitive ports as the next evolutionary
stage in the development of innovation within the digital
maritime ecosystem. By integrating digital twins,
blockchain-enabled port community systems, and Al-
driven intelligent analytics, cognitive ports are
envisioned as adaptive cyber-physical systems capable of
real-time learning, predictive reasoning, and autonomous
operational optimization. The study highlighted how
cognitive ports extend beyond conventional innovative
port implementations by enabling continuous cyber-
physical synchronization, trusted data governance, and
closed-loop decision-making. Furthermore, the role of
cognitive ports in promoting sustainable maritime
logistics was emphasized, demonstrating how digital
intelligence can support energy optimization, emissions
reduction, circular economy practices, and ESG-based
governance.
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From a strategic perspective, cognitive ports redefine
ports' role from passive infrastructure providers to
intelligent digital orchestrators of maritime supply
chains. While several technical, regulatory, and
organizational challenges remain, the proposed
framework provides a robust foundation for future
research, policy development, and industrial
implementation.

In conclusion, cognitive ports represent a critical enabler
of the future maritime economy, where technology,
sustainability, and intelligence converge to shape
resilient, efficient, and globally competitive naval
ecosystems. to support the sustainable evolution of
cognitive ports.
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Abstract - The maritime industry depends extensively on
Heavy Fuel Oil (HFO) for propulsion, making fuel quality
a critical determinant of engine efficiency, emissions, and
overall vessel safety. Current techniques for fuel quality
testing such as bench-top viscometry, gas chromatography,
and density analysis are typically performed onshore,
introducing significant delays, higher costs, and the risk of
engine damage from undetected contaminants (water
ingress, sludge, catalytic fines, microbial growth,
incompatible blends). This paper proposes a compact,
robust microfluidic Lab-On-Chip (LoC) system capable of
real-time, on-board detection of contaminants in HFO,
leveraging principles of laminar flow, Poiseuille dynamics,
optofiuidic, and machine learning. The system integrates
microchannels (10-500 um), passive laminar-flow-based
mixing, capillary viscometry, refractive-index sensors, and
resonant microstructures for density measurement.
Microfluidics enables precise diffusion-based assays, stable
flow patterns, and low reagent consumption, while Al
algorithms classify contamination patterns and predict fuel
degradation states. A conceptual system architecture is
provided, followed by theoretical modeling, sensor design,
expected performance, and potential deployment on
commercial vessels. The proposed approach aims to
transform marine fuel monitoring into a continuous,
automated, and predictive diagnostic process.

Keywords - Heavy Fuel Qil, Fuel Quality Testing, Lab-On-
Chip system, Capillary viscometry, Marine fuel monitoring
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For further information or to request access to the data,
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I. INTRODUCTION:

Heavy Fuel Oil is a complex mixture of hydrocarbons,
asphaltenes, sulfur compounds, residual catalyst
particles, and trace metals. Variability in refinery
output, inadequate purification, and seawater
contamination often lead to significant deviations in
viscosity, density, and chemical composition.
Traditionally, onboard monitoring is limited to coarse
viscometers and manual sampling, resulting in poor
temporal resolution and delayed response to fuel
degradation.

Microfluidics, operating at  micrometer-scale
dimensions, offers a fundamentally different approach.
At these scales, fluid behavior is dominated by viscous
forces, and the Reynolds number (Re) is typically <
1, ensuring stable laminar flow. This predictable flow is
ideal for controlled diffusion-based mixing, precise
reaction timing, and integration of optical or pressure
sensors within compact chips.

The maritime sector has begun embracing
digitalization, yet real-time fuel condition monitoring
remains outdated. Integrating microfluidic LoC
sensors with Al creates a powerful opportunity for:

e automated inline detection of water, sludge, sulfur,
aromatics, and salinity,
predictive fuel-quality analytics,

e adaptive engine tuning Dbased on live
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viscosity/density feedback,
e compliance monitoring for IMO emission
regulations.

This paper outlines the fundamental microfluidic
principles, proposed device architecture, detection
mechanisms, and Al integration, culminating in a
detailed system-level analysis.

II. FORMULAE AND OBTAINED VALUES
2.1 Flow Regimes and Reynolds Number
In microchannels, the Reynolds number is:
pUDy
1l

Typical values for HFO at warm temperature (50—
70°C):

e Density: p = 950-1020 kg/m?
s Viscosity: p= 80-500 cP (0.08-0.5 Pas)

Re =

e Hydraulic diameter: Dy, = 10-500 pm
e Velocity: U=1-10 mm/s
This yields:
Re = 0.001 - 0.1

Thus, flow is strictly laminar, enabling predictable
parallel-layer flow with negligible turbulence.

2.2 Diffusion-Dominated Mixing

When two fluids meet in a microchannel, mixing occurs
primarily via molecular diffusion, governed by Fick’s
law:

w2

tmix = 2D

Where
w = channel width (10-500 pm),

D = diffusion coefficient.
For seawater + reagent (D = 107 m?/s, w=100 pm):

(100 x 107)2
tmix ¥ =075 — =58
2 %10-2

By controlling channel length L and flow velocity U:
L=U-tpiy

Thus, precision timing is built into the geometry.

2.3 Optofluidics and Refractive Index Sensing

The refractive index n of a fluid changes with salinity or
aromatic content:

An=k-C
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Integrated waveguides in the microfluidic chip detect
phase shift or intensity variations as a function of salt
concentration.

2.4 Microfluidic Viscosity Measurement (Poiseuille
Flow)

For a rectangular channel:

12uQL
AP = thg
Where,
L = length,
w = width,
h = height,
Q = flow rate.
Thus:
AP
RS 6

Changes in viscosity indicate:
s contamination with seawater,
e incompatible blends,
¢ sludge/asphaltene instability,
e high catalytic fines.

I11. PROPOSED MICROFLUIDIC LOC SYSTEM
FOR HFO MONITORING

3.1 System Architecture
Overall Layout
I. Sampling Port
o Draws small volume of warm HFO (= 0.5
mL/min).
o Includes micron-scale filtration.
il. Thermal Conditioning Unit
o Maintains constant temperature (50-65°C)
for viscosity accuracy.
ii.  Microfluidic LoC Chip
o Parallel channels (50-300 pm).
o  Side-by-side laminar flow mixing.
o Pressure sensors at inlets and outlets.
o Optical waveguides + LEDs + photodiodes.
o Resonant cantilever density sensor.
iv.  Data Acquisition System
o Pressure, optical, density & thermal sensors.

V. Al-Based Analyzer
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o Pretrained models for contamination
fingerprinting.
o Predictive maintenance alerts.
vi. Interface to Ship Engine Management
o Optional auto-viscosity control
3.2 Fuel Contamination Indicators and Measurable
Parameters

TABLE 1 PARAMETERS

Microfluidic
Contaminant Detection Indicator
Method
Refractive index
Seawater An, color

) + colorimetric )
ingress o gradient
diffusion channel

Viscosity
Sludge/asphalt increase,
. AP
ene clogging
signature
Microbial Fluorescent tag + | Fluorescence
growth diffusion mixing intensity
) Density +
Incompatible o Ao A
viscosity p.AR
blends o
deviation

Catalytic fines | Optical scattering Turbidity

3.3 Example Graph: Pressure Drop vs. Flow Rate
(Poiseuille Validation)

Pressure Drop AP

Flow Rate (Q)

Fig 1 Pressure Drop vs. Flow Rate

1V. Al INTEGRATION FOR PREDICTIVE FUEL
QUALITY MONITORING

4.1 Dataset Construction

22

Training data includes:
e optical absorption spectra,
e pressure Sensor arrays,
e density resonances,
o diffusion-based assay images (RGB).
Label categories:
s clean HFO baseline,
e 0.1-5% seawater addition,
e microbial contamination stages,
e engine-wear metal intrusion (Fe, Ni),
e sludge formation stages.
4.2 Model Types

o Convolutional Neural Network (CNN), Analyzes
diffusion assay images.

o Gradient Boosted Trees for structured data (AP,
Q, n, p, ).

o Hybrid Transformer Models for sequential
temporal trends.

4.3 Predictive Outputs
» fuel degradation timeline,

¢ contaminant classification with confidence
level,

e probability of purifier overload,
e recommended corrective action,

e estimated remaining useful life (RUL) of
current batch.

This replaces manual logbook entries with continuous
monitoring.

V. EXPERIMENTAL DESIGN AND EXPECTED
PERFORMANCE

5.1 Channel Dimensions & Materials
e Width=50-300 um
¢ Height = 50-150 pm
o Length =10-30 mm

¢ Material = glass, PDMS with fluoropolymer
coatings (resistant to hydrocarbons).

5.2 Temperature Control
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HFO viscosity is highly temperature-dependent:

E
u(T) = poerT

Thus, chip is temperature-regulated using micro-
heaters.

5.3 Expected Limits of Detection
TABLE 2 LIMITS OF DETECTION

Parameter LOD
Water (H,0) 0.05-0.1%
Density deviation <0.5 kg/m?
Viscosity deviation <1-2%
Catalytic fines 1-3 ppm
com;‘::l{i)rl:;.ztlilon 10°-10* CFU/mL

5.4 Integration with Existing Ship Systems

e  Fuel supply line — sampling pump — LoC —
drain back to settling tank.

e  Power consumption: < 10 W.
e Data storage: 6 months onboard.
e Remote upload via satellite.

5.5 Findings

This proposed LoC system addresses numerous
existing problems:

e Eliminates sampling delays (current delays:
12-72 hours for lab results).

e Detects contamination early
before purifier overload or injector choking.

e Reduces fuel-related engine damage,
a common cause of ship breakdowns.

e  Supports IMO compliance
especially  sulfur  verification  through
refractive-index signatures.

e Compact, low-cost, and continuous, unlike
laboratory equipment.

Challenges include:
e maintaining thermal stability at sea,
e avoiding fouling in microchannels,

e creating robust chip materials resistant to
heavy hydrocarbons.
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VI. COST AND OPERATIONAL ADVANTAGES

The adoption of a microfluidic Lab-on-Chip (LoC)
system for onboard Heavy Fuel Oil (HFO) monitoring
offers substantial cost savings and operational benefits
compared to conventional laboratory-based and
mechanical testing methods. Traditional fuel-quality
analysis requires external sampling, shipping, and
laboratory evaluation, costing ¥15,000-%40,000 per
test and introducing delays of 24-72 hours. Mechanical
viscometers installed onboard are limited to a single
parameter, require frequent calibration, and are prone
to drift when exposed to heavy hydrocarbons. In
contrast, the proposed microfluidic LoC system uses
microliter-scale reagent volumes, drastically reducing
consumable costs by 500-1000x. A complete LoC
module can be manufactured and installed for
approximately ¥60,000-%1,50,000, with minimal
annual maintenance.

Beyond cost, the system enables continuous, real-
time monitoring of viscosity, salinity, density, and
contamination signatures, eliminating the guesswork
associated with periodic manual sampling. The precise
control of laminar flow ensures repeatable assays,
while Al-driven data interpretation provides early
warnings of water ingress, sludge formation,
incompatible blending, or catalytic fines—events that
can cause engine damage costing several lakhs to
crores. The LoC system therefore not only reduces
operational expenses but also significantly enhances
safety, fuel reliability, and compliance with IMO fuel-
quality and emissions regulations.

VII. CONCLUSION

The integration of microfluidics, laminar-flow physics,
opto-fluidics, and Al presents a transformative
opportunity for real-time onboard monitoring of Heavy
Fuel Oil quality. Microfluidics allows precise,
diffusion-controlled assays using microliter-scale
samples, while capillary viscometry and refractive-
index sensing provide direct measurements of
viscosity,  density, and  salinity.  Resonant
microstructures augment chemical detection, and Al
models synthesize sensor data to predict contamination
events, classify fuel anomalies, and support preventive
maintenance.

The proposed microfluidic Lab-on-Chip system is
compact, energy-efficient, and capable of continuous
operation in harsh marine environments. Its
deployment has the potential to revolutionize marine
fuel management, reduce operational risks, and ensure
compliance with global environmental regulations. As
the maritime industry progresses towards autonomous
and data-driven vessels, such integrated microfluidic—
Al systems will be central to next-generation shipboard
diagnostics.
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Abstract: A significant portion of the input power supplied to
electronic devices is dissipated as heat rather than being
converted into useful electromagnetic output. Effective
thermal management is therefore essential to maintain
device temperatures below the maximum allowable limit
specified by manufacturers, ensuring improved performance,
reliability, and operational life. Studies indicate that nearly
74% of electronic equipment failures are caused by thermal
overload, highlighting the importance of efficient cooling
techniques. With rapid advancements in microelectronic
device miniaturization and increased processing speeds,
thermal challenges have become a critical concern in
electronic packaging and system design. Maintaining
operating temperatures below approximately 80°C has been
shown to enhance device reliability, prompting extensive
research into advanced cooling strategies.

Keywords: Microchannel heat sink, Electronic cooling,
Thermal management, Heat transfer, Microscale fluidics

[. INTRODUCTION

Input power that is not converted to perform a useful
electromagnetic effect is lost in the form of heat. That
heat should be carried away from that device to maintain
the device temperature below the maximum allowable
temperature. Performance reliability and life expectancy
of electronic equipment are inversely related to the
component temperature within the limits. The primary
purpose of a heat sink is to maintain the device
temperature below the maximum allowable temperature
specified by the device manufacturer.  Fig.l1 shows
failure causes of electronic equipment. 74% of failures of
electronic equipment occur due to the thermal overload
and remaining 26% will be due to the other reasons

The rmal Overload
74%

Fig.1: Failure causes of Electronic Equipment

With the increased miniaturization of microelectronic
devices and increasing processing speed, thermal issues
are increasingly affecting overall electronic packaging
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and system capabilities. Issues related to heat dissipation
of electronic devices require additional research and
development prior to entering the design process. Device
performance and reliability are known to increase when
operating temperatures are kept below 80°C. Given these
conditions, research focusing on electronic device
cooling has significantly increased in the last two
decades. Investigations and applications using forced-air
convection were the first attempts for electronic device
heat removal. As processing speeds have increased along
with miniaturization, the heat required for removal has
also increased. Attempts for cooling electronic devices
initially began with natural and forced convection and
applications for electronic chip arrays closely spaced to
minimize propagation delays.

Microscale fluidic technologies have revolutionized
many aspects of applied sciences and engineering, such
as micro-flow sensors, pumps, valves, thin film coating,
heat exchangers, combustors, fuel processors, and
biomedical and biochemical analysis instruments. The
use of micro channels has become common in these
applications. Many  scientific and engineering
programmes have been conducted to develop more
effective and sophisticated devices. Micro channel heat
sinks are an innovative cooling technology for the
removal of a large amount of heat from a small area. The
heat sink is usually made from a solid with high thermal
conductivity such as silicon or copper. Micro channels
fabricated into the surface of this solid part by micro
fabrication technology. Micro channel heat sinks
combine the attributes of very high surface area to
volume ratio, large convective heat transfer coefficient,
small mass and volume, and small coolant inventory.
These heat sinks are very suitable for cooling devices
such as high performance microprocessors.

Micro channel cooling has made the high heat flux
removal in such applications as microprocessor cooling,
cooling of high power electronic equipment, compact
heat exchangers, and even compact fuel cells possible.
The small hydraulic diameter increases the heat transfer
coefficients in these passages. The fundamental
understanding of micro channel flows and heat transfer
mechanisms in micro channels is critical to the
development of devices that utilize these channels for
cooling passages. The combination of micro fluidics and
Microscale heat transfer presents new sets of engineering
problems and opportunities.
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1. TYPES OF ELECTRONI COOLING TECHNIQUES

1.1 Passive cooling techniques

In Passive Cooling Techniques, Cooling is done with
natural fluid movement and by conduction and / or by
radiation.

1.2 Active cooling techniques

Cooling in which fluid motion is assisted by an external
source like (i) a fan in a forced air-cooled system. (ii)
Pump in a liquid cooled system.

Electronics Cooling Techniques may also be classified
as,

p—

. Liquid Cooling (200 W/ecm2)

. Indirect and Direct Liquid Cooling

. Heat Pipes (10-300 W/cm2)

. Cold Plates (790 W/cm?2)

. Micro Channels (1000 W/cm2)

. Liquid Metal Cooling (Ga-Sn-Ineutectics)

. Immersion Cooling (100 W/cm?2)

. Liquid Jet Impingement Cooling (180 W/cm2)
. Spray Cooling (160 W/cm2)

= e s R = T, I - P o

I1. MICRO CHANNEL CONCEPT

With component heat dissipation levels reaching 500
W/em? and beyond conventional air cooling systems is
inadequate for removing heat. In recent years, research
has intensified on the use of micro channel coolers as a
viable technology to resolve the thermal challenges of the
next generation of high heat flux devices. The concept
behind micro channels lends itself to the definition of
Nusselt Number, Nu, which is related to heat transfer
coefficient as in equation no.1;

k/.Nu

o )

h:

Where,
K;= Fluid Thermal Conductivity
Dy= Hydraulic Diameter

If the flow is laminar and fully developed because of
small hydraulic diameter and Nusselt Number is
constant, assuming the classical channel flow, the small
Dy, of microchannels in denominator should enhance the
heat transfer coefficient significantly.

The negative aspect of this concept is an increase in
pressure drop. Assuming laminar flow:

AP = K2 " (r

o @

Where,
K = Loss Coefficient,
G = Volumetric Flow Rate

The above pressure drop equation no.2 shows that
smaller the hydraulic diameter, higher the pressure drops.
Therefore, it becomes very important to choose a liquid
that can yield the best heat transfer coefficient with least
pressure drop. Until now, water has been the best choice.
The micro channel heat sink cooling concept was first
introduced by Tuckerman and Pease [1]. They fabricated
a rectangular micro channel heat sink in a 1x1 cm?®
silicon wafer. The channels had a width of 50 pm and a
depth of 302um, and were separated by 50 um thick
walls. Using water as cooling fluid, the micro channel
heat sink was capable of dissipating 790 W/em? with a
maximum substrate temperature raise of 71°C above the
water inlet temperature and a pressure drop of 2.2 bars.

2.1 Channel Classification

The classification of small channel dimensions as,
Conventional channels - Dy, > 3mm
Minichannels 3mm = Dy, > 200 pm

Micro channels 200 pum = Dy, > 10 pm
Transitional Channels- 10 pm > Dy > 0.1 pm
Transitional Micro channels -10 um = Dy, > | pm
Transitional Nanochannels - 1 pm > D, > 0.1 pm
Molecular Nanochannels - 0.1 pm > Dy,

R S

The term ‘micro’ is applied to devices having
hydraulic diameters of ten to several hundred
micrometers, while ‘mini’ refers to diameters on the
order of one to a few millimeters. In many practical
cases, the small flow rate within micro-channels
produces laminar flow resulting in a heat transfer
coefficient inversely proportional to the hydraulic
diameter. In other words, the smaller the channel, the
higher the heat transfer coefficient. Unfortunately, the
pressure drop increases with the inverse of the second
power of the channel width, keeping the mass flow
constant, and limiting ongoing miniaturization in
practice.

2.2 Micro channel heat exchanger system

Fig.2 shows a schematic of the entire system,
for which the thermal resistance, Rsystem, between the
heat source and the inlet ambient air, can be defined by
adapting the cold plate model,

Rsystem = Rhs + Rhr — [1/mfCp,f] ---------- (3)
Where, Rhs =[Ts—Tf,1]/qT —mmmemmee- (4)
Rhr=[Tf,2-Ta,1]/qT el )

In these equations (3), (4) and (5), Rhs and Rhr
are the thermal resistances to heat removal (micro
channel) and to heat rejection (liquid-to-air heat
exchanger), respectively, and mf, and Cp,f, are the mass
flow rate and specific heat of the liquid side. The liquid
side caloric resistance (1/mfCp,f) is subtracted from the
sum of the heat removal and heat rejection components,
because the liquid accepts and then rejects the heat, and
thus does not experience a net temperature rise during
operation. Temperatures Ts, Tal, Tfl, and Tf2, are those
of the heat source (maximum), inlet ambient air, inlet
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coolant fluid, and exit coolant fluid, respectively, while
qT is the total heat dissipation of the system.

My Cpar Tay Taz

Tﬂ! my, Cﬂ

qqmm' Ts

Fig.2: Schematic of the micro channel cooling
system

[II. ENHANCEMENT TECHNIQUES FOR
MICRO CHANNELS

3.1 Passive Enhancement Technigues for Micro

channels
a. Surface Roughness

One passive technique is to alter the characteristics of the
heated surface. This method reduces the thermal
boundary layer thickness and also aids in early transition
into turbulent flow. The conventional way to alter the
surface is to increase the roughness of the surface. The
effective roughness &/D ratio is increased to create a
boundary layer influence. The roughness ratio can be
very large in a micro channel. Therefore, the roughness
structure could approach the channel diameter and cause
adverse flow behavior.

b. Flow Disruptions

The inclusion of flow interruptions is perhaps the most
attractive technique to incorporate. The flow disruptions
provide increased mixing and also can serve to trip the
boundary layer causing flow transition. The flow
disruption technique could find easy integration into
micro channels using carefully constructed geometries.
The feature size and geometry of objects improve as the
achievable critical dimension is decreased. The sidewalls
of the micro channel could contain flow obstacles that
disrupt the boundary layer. Figure 3 shows sidewall
obstacles in a micro channel. The triangular obstruction
seen in Fig. 3a would serve to cause some swirl flow.
The steps shown in Fig. 3b would break up the boundary
layer and change the thermal and hydraulic gradients.
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Fig.3: Sidewall flow obstructions in a micro channel

Another possibility is using flow obstacles in the bulk
area of the micro channel. Figure 4 shows some channel
flow obstructions. Figure 4a shows some obstructions
with simple rectangular geometries. Figure 4b shows
some obstructions with circular geometries. The heights
of these structures could vary to increase the secondary
flows in the flow field. As the achievable critical
dimensions in lithography are reduced, a more refined
circular profile can be achieved. These geometries can be
optimized and intermixed to achieve the maximum
amount of heat transfer enhancement with the lowest
pressure drop penalty.
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Fig.4: Flow obstructions in the channel
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¢. Re-entrant Obstructions

The entrance region of channels can also provide heat
transfer enhancement. This technique could also find
application in Mini-channels. However, the short lengths
and low Reynolds numbers found in micro channel flows
seem fo be more appropriate. The hydraulic diameters
range from 221 mm to 388 mm. They suggested that the
high heat transfer coefficients resulted from the
decreased size, entrance effects, pre-existing turbulence
at the inlet, and wall roughness. The short lengths in a
micro channel could allow a design to build in entrance
spaces in the flow network. The sudden expansion and
contractions would generate entrance effects. This would
cause the flow to be in a perpetual state of development
and allow for heat transfer enhancement.

Figure 5 demonstrates such an arrangement. The cavities
could also be used for pressure measurements and
possible mixing sites.

Entrance Spaces

Many researchers have demonstrated that secondary
flows within the flow field provide enhancement. This
can be seen in conventional channels. This technique can
be applied in Mini-channels using offset strip fins and
chevron plates and further refinement for Mini-channels
is possible. The optimal shape and pitch of such devices
can continue to improve the heat transfer enhancement.
The generation of secondary flows or swirl flows also
has potential in micro channels. The geometry of the
micro channel can be manipulated to produce secondary
flow. Figure 7 shows a simple geometry that can
generate secondary flows. Smaller channels are added
between the main flow channels. Secondary flow will
move from one channel to another via these channels.

—

S
Inlet —_— \ \.
Outlet -—

AT,

—

| Fig. 7: Secondary flow channels.

Fig. 5: Entrance spaces in a microchannel flow network.
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Fig.6: Re-entrant structures included in a micro channel

Another possibility in utilizing entrance effects is shown
in Fig. 6. In this case, a re-entrant structure is
incorporated in the channel. The structure could
eventually be optimized to provide the maximum
entrance effect with the minimal pressure drop. The
structure can be added several times in the channel to
cause continual developing flow. Similar structures could
be included in a Minichannels as well. However, the
design of those structures might be limited to simple
geometries such as orifices. However, the pressure drop
penalties in these apparatuses need to be carefully
evaluated.

d. Secondary Flows

i —
——— ——

Fig. 8: Venturi based secondary flow.

A second method for generating secondary flow comes
from a conventional device. A venturi can be
manipulated to generate secondary flow without external
power and a major increase in pressure drop. Figure 8
shows a venturi based secondary flow apparatus. The
throat area is connected to the larger area section of an
adjacent micro channel. The reduction in pressure at the
throat area seen from the reduction in area will draw flow
in from the larger area of the adjacent channel. This
technique could also be utilized to increase fluid mixing
or the addition of another flow stream to the main flow
stream without the need for secondary flow pumping
power. Once again, the pressure drop penalties could be a
limiting factor for these devices.

e. Out of Plane Mixing

A technique being developed to increase binary fluid
mixing could also be applied to the heat transfer
enhancement in micro channels. Bondar and Battaglia
(2003) have studied the effect of out of plane or three
dimensional mixing of two-phase flows in micro
channels. They have achieved a high degree of fluid
mixing. An example of a three-dimensional twisted
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micro channel is shown in Fig. 9. This work could
provide a path to follow for single-phase heat transfer,
The rotation of the fluid will promote mixing and
therefore change the hydrodynamic and thermal
gradients.

Fig. 9: Three-Dimensional Twisted Micro channel,
Bondar and Battaglia (2003).

[ Fluid Additives

The addition of small particles to the fluid can sometimes
provide heat transfer enhancement. The use of small
particles containing a phase change material (PCM) to
achieve heat transfer enhancement has been studied. The
particles begin in the solid state. As the fluid temperature
increases, the particles reach their melting point and
begin to melt. The latent heat of fusion involved with the
melting of the PCM creates an enhancement. In other
words, the effective heat capacity of the fluid has
changed due to the presence of the PCM.

3.2. Active enhancement techniques for Micro channels

These techniques require additional, external input into
the system. The input to the system could be in the form
of power, electricity, RF signals, or external pumps.

a. Vibration

Vibration in the fluid or surface is another active
technique that has been applied to conventional channel.
The tubes in some conventional heat exchangers can
vibrate and provide heat transfer enhancement. This
technique could easily be applied to a Mini-channels heat
exchanger. The smaller more compact nature of the tube
bundles would allow for easier access for tube vibration.
The use of conventional external vibration generators in a
micro channel is impractical due to the large sizes.
However, a vibrating source could be integrated in a
micro channel wall. The same technology that generates
piezoelectric actuators could find application here. If a
piezoelectric material can be embedded, deposited, or
placed to act on the micro channel walls, the
piezoelectric can be made to oscillate at different
frequencies. This would generate surface vibrations and
cause enhancement. Figure 10 shows the piezoelectric
enhanced micro channel.
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Piczoclectric

:
Fig.11: Electrostatic forces with wall integrate Probes
for a micro channel.

b. Electrostatic Fields

The enhancement achieved from exposing a flow to an
electrical field has been studied by a large number of
researchers. The possibility of incorporating the
electrodes in the walls of a micro channel is quite
attractive. The doped region, which forms the electrode,
could easily be formed directly in the wall. The electrical
connection can be achieved through the substrate of a
cover wafer. Figure 11 shows an integrated electrostatic
apparatus that incorporates the electrodes in the micro
channel walls.

c. Flow Pulsation

The variation of the mass flow rate through the channel
can also provide heat transfer enhancement. Several
researchers have demonstrated the mixing enhancement
provided by a pulsating flow. This technique could be
applied in a micro channel. The requirement of
delivering constant mass flow rates to a cooling device
could be eliminated.

d. Variable Roughness Structures

Another possibility exists for a variable roughness
structure in a micro channel flow. With a wvariable
roughness structure, the heat transfer enhancement could
become variable as well. Piezoelectric actuators could be
used to control the local surface roughness along the
wall. Therefore, the heat transfer enhancement could be
customized. Figure 12 shows a possible variable
roughness structure using actuators of some type.
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/ Channel Wall

e

Fig.12: Variable roughness structure using actuators.

Actuators

I'V. CONCLUSION

Fluid flow and heat transfer in micro channels are very
important in various fields, including miniature thermal
systems, compact heat exchangers and electronics
cooling. Micro channel heat sinks have been shown to
exhibit significant heat transfer rates from extremely
small volumes all be at the expense of moderately high
pumping power. However, their successful integration
into commercially viable miniature cooling systems will
likely be determined by system-level factors such as

energy efficiency, weight, volume, manufacturability,
material compatibility, and ultimately cost.

The passive techniques do not rely on external power or
activation. Therefore, these techniques do not have any
additional power costs.

Active techniques do require external power. There is a
power cost that needs to be considered. This fact makes a
Microsystems  designer carefully consider their
implementation.
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Abstract - By prioritising a balance between thermal
efficiency and maintenance longevity, this study identifies
a clear performance hierarchy among shell-and-tube heat
exchanger geometries. While straight tubes serve as a low-
efficiency baseline prone to fouling, simple corrugated
tubes provide intermediate enhancement through vortex
shedding, and helical corrugated tubes achieve superior
results with Nusselt number gains exceeding 400%. This
peak performance is driven by a combination of vortex
shedding and secondary swirling flows, which generate
high wall shear stress. (t,,) to create a "self-cleaning”
effect. By reducing fouling resistance (Ry) By achieving
up to 60% longer service intervals and potentially doubling
service intervals, the helical corrugated tube emerges as
the optimal design, offering a sustainable solution in
which the economic benefits of reduced downtime and
superior heat transfer outweigh the need for specialised
cleaning.

Keywords - Heat Exchanger, Shell-and-Tube, Heat
Transfer  Enhancement,  Turbulence  Promotion,
Corrugated Tubes, Helical Corrugation, Fouling
Mitigation, Maintenance Optimisation, Pressure Drop
Penalty, Nusselt Number, Thermal Efficiency,
Performance Evaluation Criterion (PEC)

DATA ACCESS STATEMENT

The data used in this study are available upon
reasonable request fo researchers who meet the
criteria for access and agree to the terms and
conditions of the data use agreement. Data requests
should be submitted to [Corresponding Author's
Name] at [Corresponding Author's Email]. All data
requests will be reviewed on a case-by-case basis to
ensure alignment with the study's original purpose and
compliance with applicable ethical guidelines.

Please note: Due to the sensitive nature of some of the
data analysed in this study, certain restrictions may
apply to access. These restrictions are in place to

e III | Issue I | January 2026

protect the privacy and confidentiality of individuals
and organisations involved.

For further information or to request access to the
data, please get in touch with the corresponding
author.

I. INTRODUCTION:

Shell-and-tube heat exchangers (STHXs) are industrial
staples, yet conventional smooth-tube designs are
limited by slow conduction across fluid boundary layers.
To improve energy conservation, researchers use
Passive Heat Transfer Enhancement (HTE), which
modifies tube geometry to trigger turbulence without
external power.

Key Comparisons
This study evaluates two designs against a baseline:

e Simple Corrugated Tubes: Use grooves to
disrupt flow.

e Helical Corrugated Tubes: Use specialised
ridges to create secondary swirling flows.

The Efficiency Trade-off

While these geometries increase the Nusselt number
(NuThey introduce critical challenges:

e Pressure Drop ($AP$)Enhanced turbulence
increases the required pumping power.

e Fouling Risk: Ridges can create flow
separation zones prone to scaling.

Objective:

This research employs a Performance Evaluation
Criterion (PEC) to balance thermal gains against
hydraulic penalties and long-term maintainability,
identifying the most cost-effective and sustainable tube
geometry for STHX.



Fig.1 Basics of Shell & Tube Heat Exchangers

II. IMPORTANCE OF INCREASING THE
EFFICIENCY

Maximising heat exchanger efficiency is driven by
three core industrial pillars:

1. Economic and Environmental Impact

Higher thermal efficiency yields direct energy and
cost savings. By reducing the heat input or heat
removal required for a given load, facilities lower
their carbon footprint and operating costs. In
contrast, inefficiency results in higher flow rates and
temperature differentials, which increase pumping
costs by increasing pressure drop ($\Delta PS) and
necessitate oversized, more expensive equipment.

2. Operational Longevity and Reliability

Fouling is the primary limiting factor on equipment
lifespan, serving as an insulator that reduces heat
transfer. This often forces operators to increase
temperatures, leading to:

e Thermal Stress: Accelerated material
fatigue and degradation.

e Reduced Uptime: Frequent shutdowns for
cleaning.

By using designs that promote controlled turbulence,
fouling is mitigated. This extends service intervals,
increases plant reliability, and reduces lifecycle costs.

ITII. ANALYSIS OF TURBULENCE IN A
STRAIGHT PIPE VIA SIMULATION
Conventional shell-and-tube heat exchangers rely on
flow through straight, smooth pipes. While robust, this
design inherently limits performance due to the natural
decay of turbulence, as demonstrated by Random

Walk fluid simulations.

3.1 Turbulence Simulation and Decay

The simulation tracks fluid particles to visualise
mixing intensity ($I$). In a smooth pipe, turbulence
generated at the entrance gradually dampens as it
moves downstream due to viscous dissipation, where

32

kinetic energy is converted into heat via internal friction.

3.2 Key Limitations

o Lack of regeneration: Unlike enhanced
geometries, smooth pipes have no features to
replenish turbulent kinetic energy or create
new vortices.

e Hydrodynamic Entry Length: It takes a
specific axial distance (SL_{h}$) for flow to
become fully developed. Even then, the mixing
intensity often plateaus or decreases.

¢ The Laminar Sublayer: The simulation
reveals that even with vigorous bulk
turbulence, a thin, stagnant "laminar sublayer"
persists near the wall. This zone acts as a
thermal insulator and a primary site for fouling,
as the flow lacks the shear stress necessary to
scour the surface.

3.2.1 ' and The Insulating Effect;

The core inefficiency of a straight pipe lies in the
stability of the laminar sublayer (&,). In this thin layer,
the instantaneous velocity fluctuation u' approaches
zero.

Where:
e §, is the thickness of the viscous sublayer.
e v is the kinematic viscosity (m?/s).
e u’ is the friction velocity (m/s).

Heat transfer across this layer is dominated by slow
conduction, which leads directly to the primary failure
mode: scaling.

3.3 Impact on Pipe Lifespan and Heat Transfer
Factor:

33.1  Accelerated Scaling and Fouling:

The low mixing intensity immediately adjacent to the
smooth wall creates two conditions highly favourable
for the formation of mineral scale (fouling):

Low Wall Shear Stress (t )In the laminar sublayer, the
velocity gradient is steep, but the absolute velocity is
near zero. The shear stress exerted on the wall is
insufficient to scrub away depositing particles

mechanically.
(&)
Tw = it|=—
v ay ¥=0
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High Temperature Gradient: Due to poor heat
removal, the pipe wall temperature (T ) often rises,
accelerating the precipitation kinetics of inverse
solubility salts (like CaCO;) from the water onto the
surface.

3.3.2 Degradation of Heat Transfer Factor:

The buildup of scale introduces a Fouling Resistance
(Rf) to the overall heat transfer equation. The scale

acts as an insulator, significantly reducing the overall
heat-transfer coefficient (U).

The overall heat transfer coefficient in a clean tube is:
1 1 Ax 1

Uctean - hwater kwau hsheu
With fouling, the equation becomes:

1 1

+ R
U dirty U(:Iean d

The fouling resistance is calculated as:

Xscal

Rf - scaike

kSCﬂ'JE

Where:

® X ... is the thickness of the scale layer (m).
®  [tc.qe 18 the thermal conductivity of the scale
(W/m- K).

Since kgq is typically very low, a slight increase in
Xscale leads to a significant, rapid increase in Ry,
causing U g, to plummet. This reduced heat-transfer
efficiency forces the system to operate at higher
temperature differentials, thereby increasing thermal
stress and decreasing the pipe's operational lifespan.

low in & Pipe

af i
(Centerlines Highlighted)

Fig.2 Visualisation of Turbulent Flow in a

Straight Pipe (Centerlines Highlighted)
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The analysis demonstrates that straight pipes are
thermally inefficient and highly susceptible to fouling,
necessitating enhanced geometries, such as corrugated
and helical tubes, to regenerate turbulence and maintain
high wall shear stress along the entire pipe length.

IV. ANALYSIS OF TURBULENCE IN SIMPLE
CORRUGATED

The reliance on straight pipes on slow conduction and
susceptibility to fouling necessitates Passive Heat
Transfer Enhancement (PHE). Simple corrugated pipes
use periodic, ring-like grooves to overcome these
limitations.

4.1 Turbulence Re-generation

As fluid encounters geometric disturbances, it
undergoes repeated separation and reattachment. This
process  generates localised vortices (eddies)
downstream of each crest, replenishing energy lost to
viscous dissipation. Unlike the decaying turbulence in
smooth pipes, corrugations act as continuous generators,
maintaining high radial mixing along the entire length.

4.2 Thermal and Operational Impact

Sustained turbulence dramatically thins the thermal
boundary layer (& ), replacing slow molecular
conduction with rapid eddy diffusion.

e Quantitative Gains: Empirical studies show
the heat transfer coefficient (h) and Nusselt
Number (Nu) typically increase by 120% to
350% (E, = 1.2 to 3.5) compared to smooth-
bore baselines.

¢ Lifespan: The chaotic movement near the wall
prevents flow from becoming fully
“developed” or steady. This continuous mixing
increases wall shear stress, thereby reducing
fouling and extending the heat exchanger's
operational lifespan.

The ratio of enhancement is calculated as:

_ N Uenhanced

E= X 100%

N usmoo th

4.3 Fouling Mitigation and Lifespan:

Sustaining high turbulence directly enhances the pipe’s
resistance to fouling, thereby increasing its effective
lifespan:

Increased Wall Shear Stress (7 ): The intense local
mixing and secondary flow generated by the
corrugations sharply increase the wall shear
stress (T ). This high shear force acts as a mechanical
scrubbing action that prevents the initial adherence and
continued growth of foulants.
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Elimination of Stagnant Layers: The geometric
disruption prevents the formation of a chemically
stagnant boundary layer, ensuring uniform
concentration and temperature profiles near the wall.
This minimises the chemical driving force for
precipitation, which is crucial for scaling inhibition.

4.4 Numerical Considerations:

The enhanced performance comes with an inevitable
Hydraulic Penalty ($4P$), which must be balanced
against the thermal gain using the Performance
Evaluation Criterion (PEC).

4.4.1 Nusselt Number (Heat Transfer):

The enhanced thermal performance is often correlated
using a modified equation that accounts for the
geometric factor, e/D (corrugation depth to diameter
ratio), Which is the roughness factor:

NUenhancea % Re®® - Pr™ - f(e/D)
4.4.2 Friction Factor (Pressure Drop):

The pressure drop is governed by the Darcy-Weisbach
equation, where the friction factor ($f8) is
significantly higher for corrugated tubes due to the
form drag generated by the roughness elements:

L pv?

AP = f——

D 2
For simple corrugated tubes, the friction factor (f)
may be 200% to 400% higher than for smooth tubes,
a critical trade-off that is addressed through the PEC
analysis in subsequent sections.

Visuslization of Turbulent Flow in & Simpls Comugated P
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Fig.3 Visualisation of Turbulent Flow in a Simple
Corrugated Pipe (Centerlines Highlighted)

The analysis confirms that, although simple corrugated
tubes impose a substantial hydraulic penalty, their
ability to sustain high levels of turbulence along the
pipe length is a highly effective passive method for
maximizing the heat-transfer factor and extending
service life by minimizing critical fouling mechanisms.

V. ANALYSIS OF TURBULENCE IN THE
HELICAL CORRUGATED PIPE

While the straight pipe suffers from inherent turbulence
decay and reliance on slow conduction, the helical
corrugated pipe represents a significant step change in
passive  heat-transfer enhancement. Its design
overcomes the limitations of both smooth and simple
corrugated pipes by actively generating a powerful,
complex secondary flow that sustains intense mixing
along the entire length.

5.1 Simulation of Turbulence: Sustained Mixing via
Swirl

The provided simulation code models the key
mechanisms responsible for the helical tube's superior
performance:

Geometric Trigger:

The helical ridge, defined by the radius equation r =
R + Asinsin (kz + ) It continuously nudges the
fluid circumferentially.

5.2 Swirl Generation:

This geometric force translates directly into a tangential
(swirl) velocity component, which is simulated by the
line:

current_th+= swirl_strength

This swirl strength, often modelled as increasing with
distance from the centre, drives the fluid to move along
a spiral path down the tube, resulting in continuous
rotation.

5.3 Visualisation Insight:

The highlighted red streamlines, representing fluid
particles originating near the centre, clearly illustrate
that their motion consists of axial advance, chaotic
radial wandering (turbulence), and continuous rotation
(swirl). Unlike the straight pipe, where particle
trajectories are mainly axial with random noise, the
helical flow maintains a vigorous, non-decaying cross-
stream movement over the entire pipe length.

This mechanism ensures that the turbulent kinetic
energy is not lost to viscous dissipation but is instead
continuously replenished by the interaction of the axial
flow with the helical geometry.
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5.4 Why Turbulence Increases Compared to a
Straight Pipe:

The helical design increases turbulence not just by
increasing wall roughness (like a simple corrugated
pipe) but by introducing a secondary flow mechanism.

Simple Corrugated: Turbulence enhancement is
primarily due to flow separation and vortex shedding
at the ring-like ridges. Mixing is localised and radial.

Helical Corrugated: Turbulence is enhanced by both
vortex shedding and a bulk swirling motion. This bulk
rotation forces the fluid core to actively interact with
the pipe wall via centrifugal forces, a phenomenon
known as Dean Vortices or Taylor—Gortler Vortices
in curved flow. This combines radial and tangential
mixing, thereby minimising the thickness of the
thermal boundary layer.

This complex interaction ensures the thickness of the
laminar sublayer. (§,) is dramatically reduced over
time. While the turbulence in a straight pipe tends to
decay toward a fully developed profile, the turbulence
in a helical corrugated pipe is actively sustained and
amplified, leading to a much higher time-averaged
velocity gradient near the wall.

5.5 Impact on Heat Transfer Factor and Pipe
Lifespan:

5.5.1 Heat Transfer Enhancement Factor:

The key to efficiency is the substantial increase in the
convective heat-transfer coefficient. (h), as quantified
by the Nusselt Number (Nu).

The overall increase in heat transfer efficiency for
helical corrugated tubes over smooth tubes is typically
reported to be in the range of 150% to over 400%,
depending on the Reynolds number (Re) and the
geometric parameters (corrugation pitch and depth).

The thermal gain is often modelled using modified
correlations derived from the standard Dittus—Boelter
equation, incorporating a geometry factor, C:

—_ 0.8 n
Nuenhanced =C- Re.’.} »EF

Where C is a coefficient that is substantially greater
than 0.023 (the value for a smooth pipe) and is a
function of the helical pitch-to-diameter ratio (p/D).

5.5.2 Fouling Mitigation and Tube Lifespan:

Maintained high turbulence and constant swirling
motion directly address issues of scaling and fouling,
thereby extending the tube's lifespan.

Scouring Action: The combination of high wall shear
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stress (7 ) The turbulence and tangential scouring
from the swirl physically prevent particles and scale
precursors from adhering to the wall.

Thetical = Taxial T Ttangential > Tsmooth

Uniform Mixing: The constant bulk mixing prevents
the formation of localised temperature or chemical
concentration gradients that accelerate scaling (like
CaCOjy precipitation). By maintaining a cleaner surface,
the Fouling Resistance (R ) remains low over time,
allowing the heat exchanger to operate at its design
efficiency for more extended periods. This reduces the
need for frequent chemical cleaning, which is often
corrosive and detrimental to long-term pipe integrity.

Visualization of Turbulent Flow in a Helical Corrugated Pipe
(Centerlines Highlighted)

&

Z Axis (Pipe Length)

a0
LTS -10

Fig 4 Visualisation of Turbulent Flow in a Helical
Corrugated Pipe (Centerlines Highlighted)

VI. WORKING OF THE SIMULATION CODE AND
CALCULATIONS

The provided Python code employs a simplified
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Random-Walk model to visualise the turbulent
behaviour of water flow within a helical corrugated
pipe. This model does not solve the complex Navier-
Stokes equations; instead, it simulates the trajectories
of individual fluid particles, thereby enabling a
qualitative understanding of mixing intensity and
pattern.

The code's functionality is divided into two primary
sections: Geometry Definition and Particle Trajectory
Simulation.

6.1 Geometry Definition and Mesh Generation:

This section defines the three-dimensional structure of
the pipe wall, specifically modelling the helical
corrugation.

TABLE 1 - GEOMETRY DEFINITION

; - Formula /
Variable Description Vakia
ive radius Mean radius

Pip of the pipe.
The axial

length for one | (Assumed

corrugation period | complete turn | value for

of the helix | calculation)
(Pitch).

(Assumed
value for
calculation)

corrugation
amplitude

Depth of the
groove/ridge.

Relates the
corrugation
k (Wave Number) | period to the
sinusoidal
function.

Defines the
instantaneous
radius of the

pipe wall.

r_grid (Radius)

Code Snippet (Geometry):

# 1. Generate the Helical Corrugated Pipe Mesh
(Visualisation only)

#...
k=2 * np.pi/ corrugation_period

r_grid = pipe radius + corrugation _amplitude *
np.sin(k * z_grid + theta_grid)

# ... Plot the pipe surface ...

The term ensures that the radial displacement depends
on both the axial position () and the angular position (),
thereby creating a spiral, helical shape.

6.2  Particle Trajectory and  Turbulence
Calculations:

This loop simulates the motion of 500 streamlines
(n_streamlines) across 200 steps (steps). The movement
of each particle is governed by three velocity
components: axial, radial (turbulence), and tangential
(swirl).

6.2.1 Turbulence (Random Walk)

The chaotic, radial, and tangential movement
characteristic of turbulence is modelled using a
Gaussian random component.

® Mechanism: At each axial step (), a random
displacement is added to the radial and
tangential positions, proportional to the
turb_intensity ().

e Formula (Approximation):

Where represents a random number drawn from a
normal distribution with the specified mean and
standard deviation.

Code Snippet (Turbulence):

# Turbulence: Random walk in radial and tangential
directions

turb_intensity = 0.05

current_r += np. random.normal(0, turb_intensity *
0.5)

current_th += np.random.normal(0, turb_intensity)
6.2.2 Swirl (Secondary Flow)

The code explicitly models the effect of the helical
geometry, which induces a bulk swirling motion
(secondary flow) in addition to the random turbulence.

e  Mechanism: The angular position (current_th)
is continuously increased by a calculated
swirl_strength. This strength is assumed to be
highest further from the centre (), reflecting
the stronger interaction of the outer flow with
the helical wall.

e Formula (Simulated Swirl):
Code Snippet (Swirl):

# Swirl component
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swirl_strength = 0.15 * (current_r / pipe_radius)
current_th += swirl_strength
6.2.3 Highlighting and Boundary Check

The if r0 < HIGHLIGHT THRESHOLD: check
ensures that streamlines starting in the central core ()
are colored red, allowing for visual analysis of the
core fluid's behaviour (axial advance mixed with
rotation). The boundary check ensures particles
remain within the nominal pipe radius.

VII. COMPARATIVE ANALYSIS OF
TURBULENCE GENERATION

The three tube geometries—Straight, Simple
Corrugated, and Helical Corrugated—each represent
distinct levels of passive turbulence enhancement.
The comparative analysis below uses synthetic
Computational Fluid Dynamics (CFD) style contour
plots and velocity profiles to illustrate the hierarchy of
mixing intensity.

7.1 The Velocity Profile Hierarchy:

The visualisation summarises the effectiveness of
each design type by comparing the normalised axial-
velocity profiles. A flatter profile indicates superior
momentum transfer from the core to the wall, which
is the hallmark of high turbulence.

TABLE 2 - VELOCITY PROFILE HIERARCHY

Tube Design | Velocity Profile Turbulence
Feature Intensity
Laminar Parabolic, Zero
Flow peaking sharply at
(Dashed the centre.
Line)
Straight Pipe | Blunt, buta Low (Natural
(Smooth pronounced Shear-Induced)
Pipe) boundary layer
remains.
Helical Flattest profile; Highest (Swirl-
Corrugated maintains high Induced)
(Teal Line) velocity almost to
the wall.

Although the Simple Corrugated profile is not
explicitly plotted, its performance is known to lie
between the Straight Pipe and the Helical Corrugated
pipe. The hierarchy is established as:

Helical Corrugated = Simple Corrugated >Straight
Pipe (Turbulent) > Straight Pipe (Laminar)
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7.2 Analysis via Velocity Contour Plots:

Contour plots visualise the velocity field across the
axial length (x-axis) and radial depth (y-axis). High
turbulence is indicated by reduced thickness of the
slow-moving fluid layer (dark purple/blue) near the
walls and a large, uniform high-velocity core (bright
yellow/green).

7.3.1 Straight Pipe (Baseline):

The shows a predictable pattern.

e Constant Profile: The velocity contour is
identical along the entire pipe length (x-axis),
confirming that turbulence is not continuously
regenerated.

¢ Insulating Layer: The dark blue/purple layer
(low velocity) near the wall is uniform and
visible along the entire length. This represents
the stable laminar sublayer where heat transfer
occurs primarily by slow conduction, making
it prone to fouling.

Velacity Contq% of Turbulent Flow In a Straight Pipe {Synthetlc oguFD@tyle]I

Radius
=]
in
=1
=
valacity (normalized)

0.2 0.4 0.8 0.8 1.0
Pipe Length {narmalized)

Fig 5 Velocity Contour of Turbulent Flow in a Straight
Pipe (Synthetic CFD-style)

7.3.2 Simple Corrugated Pipe (Intermediate
Enhancement):

The demonstration shows the effect of periodic
disturbances

e Pulsating Velocity: The low-velocity region
near the wall (y=1.0 and y=—1.0) shows
periodic waves (pulsations). This indicates
flow separation and vortex shedding
immediately downstream of each corrugation
crest.

e Mechanism: The periodic generation of these
vortices actively interrupts and thins the
thermal boundary layer compared to the
straight pipe.

e Limitation: While the core velocity remains
high, the mixing is predominantly radial. The
low-velocity zones (dark purple) still exist in
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the grooves where the fluid velocity is
lowest, creating potential sites for localised

fouling.
angglocity Contour in Corrugated Pipe (Synthetic)
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Fig 6 Velocity Contour in Corrugated Pipe
(Synthetic)
7.3.3 Helical Corrugated Pipe (Maximum
Enhancement):

The demonstrates the highest degree of mixing

e Complex Wave Pattern: The contours show a
distinct, non-uniform wave pattern that reaches
deeper into the core than the simple corrugated
design. This reflects the presence of the swirling
secondary flow superimposed on the primary
axial flow.

e Enhanced Mixing: The swirling motion
continuously sweeps the wall, preventing the
formation of localised low-velocity regions and
promoting tangential and radial mixing
simultaneously. The swirling motion forces the
fluid across the entire surface area, thereby
minimising the wall's exposure to slow-moving
fluid.

e Result: This leads to the thinnest effective
thermal boundary layer of all three designs,
delivering the highest heat transfer coefficient.
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Fig 7 Turbulent Flow Velocity Contour in a Helical
Corrugated Pipe (Synthetic)

7.4 Conclusion on Turbulence Hierarchy:

The analysis of the velocity profiles and contour plots
confirms the hypothesis that turbulence intensity
increases proportionally with the geometric complexity
and the resulting flow mechanisms:

Helical Corrugated:

Highest — Generates both Vortex Shedding and Bulk
Swirl.

Simple Corrugated:

Intermediate — Generates Vortex Shedding and
periodic Boundary Layer Interruption.

Straight Pipe:

Lowest = Relies solely on Natural Shear and suffers

from Viscous Dissipation.

This hierarchy is critical to the final Performance
Evaluation Criterion (PEC), as the increased thermal
gain of the helical design must be weighed against its
greater hydraulic penalty and the complexity of its
geometry for maintenance.

Welacity Profiles in Pipe Flow
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Fig 8 Velocity Profiles in Pipe Flow

VIII. MAINTENANCE AND CLEANING OF
ENHANCED TUBES

The increased complexity of simple and helical
corrugated tubes, while critical for thermal
enhancement, directly affects their maintainability. A
crucial component of this paper is demonstrating that
the extended operational life gained from fouling
mitigation outweighs the potential difficulties and costs
associated with cleaning the new geometries.
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8.1 Mechanisms for Cleaning Enhanced Tubes:

The cleaning strategy for enhanced tubes differs
significantly from the simple mechanical brushing
used for smooth pipes. The non-linear internal profiles
require techniques that can effectively reach and scour

the deep grooves and spiral channels.

TABLE 3 - MECHANISMS FOR CLEANING

Method Description App][l;ablh
High- Dl.r - high- Simple
velocity fluid streams
Pressure Corrugated

(often pulsed) through :
Water , Helical
Tettin the tube to break down Corrugated
g scale and sediment. g
Circulating aggressive All
5 solvents or acids :
Chemical Geometrie
: through the system to
Cleaning . . s (Best for
(CIP) dissolve mineral scale complex
($\text {CaCO} 38%)or )
: : crevices)
biological films.
Fo_rcmg slightly Helical
oversized foam rubber 5 S
Mechanic plugs or abrasive (Plug g
al Foam sponges through the g sgt
Cleaning tubes using B
compressed air or ;
spiral)
water pressure,
Using customised
Bowrialics rotary brushes or Helical
P § augers designed with | Corrugated
s bristles or scraping (Requires
Bszurzhliﬁg! edges that conform to | specialised
PIE | the pitch of the helical tools)
grooves.

in fouling resistance. (R ) over time, thereby reducing
the required frequency of maintenance cycles.

8.2.1 Fouling Resistance in Smooth Tubes:

In a straight pipe, the low wall shear stress (Temootn)
allows foulant thickness (x.4¢) to grow rapidly. Once
the Fouling Resistance (R ) exceeds a critical
threshold (R, criticqi The heat exchanger must be taken
offline for cleaning.

xS cale

Ry (Smooth) = R
scake
— Requires frequent cleaning

8.2.2 Fouling Resistance in Enhanced Tubes:

In both corrugated and helical tubes, the sustained high
wall shear stress (Tennancea) prevents the initial
adherence of foulants and limits the growth rate of any
deposited scale.

The general relationship for the fouling reduction factor
(¢) shows that higher shear stress dramatically limits
deposition velocity:

¢=1—“|7r“

Where V; is the deposition velocity and V. is the
removal (scouring) velocity, which is proportional to
Tenhanced: BECAUS€Tonnanceq 15  high, the net
deposition rate (¢) approaches zero.

e Result: The time required for Ry to reach the
critical shutdown threshold (Rf,critimi) is

significantly extended. This directly results in
a lower maintenance frequency.

8.3 Quantitative Comparison of Maintenance
Cycles:

The extension of the time between cleanings (At jeqn)
It is a key metric for demonstrating the economic
benefit.

TABLE 4 - QUANTITATIVE COMPARISON

The continuous, uniform nature of the helical
corrugated channels often proves more amenable to
hydrodynamic cleaning methods (like high-pressure
jetting and foam plugs) than discontinuous features or
sharp internal corners. The continuous flow path
prevents the formation of large, localised stagnant
zones, which are the hardest to clean.

8.2 Decrease in Maintenance Frequency (The Ry
Benefit):

The most significant operational advantage of using
corrugated and helical tubes is the dramatic reduction

lume I1I | Issue I | January 2026

Fouling Rf % wlEnn
Tube Type | Mitigation | Reduction i
Mechanism | (Example) RS
Straight Baseline
;;?l% None (Maximum | Baseline
p Ry)

_ Periodic 10% to 20% to
Simple Boundary 30% 50%
Sangaied Lay-;?r reduction longer

Scouring service
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time

. Up to

| Continuous | 550045 | 100%

Helical Swirl
: 60% longer
Corrugated | Scouring . :

o reduction service

and Mixing e

A tube that resists fouling 50% Better can
theoretically operate twice as long before requiring
shutdown, even if the cleaning process itselfis slightly
more complex. This increased operational uptime
yields a significant return on investment, offsetting
the higher initial cost and the need for specialized
cleaning tools. The reduction in maintenance cycles is
the cornerstone of the improved lifespan and
profitability of the enhanced heat exchanger designs.

IX. DISCUSSION

This research systematically analyzed the trade-off
between thermal efficiency enhancement and
operational maintainability for shell-and-tube heat
exchangers (STHXs) using passively enhanced tubes.
By comparing the fluid dynamics, heat-transfer
characteristics, and maintenance implications of
straight, simple corrugated, and helical corrugated
geometries, a definitive hierarchy was established to
support the selection of the most sustainable and cost-
effective design.

9.1 Thermal and Hydraulic Performance:

The analysis of velocity profiles and flow simulation
results confirms that the capacity for flow mixing
increases with geometric complexity:

e Straight Pipe: Represents the thermal
baseline, relying on natural, decaying
turbulence. It is highly susceptible to fouling
due to its stable, slow-moving boundary
layer and low wall shear stress (T ).

e Simple Corrugated Pipe:  Provides
intermediate enhancement by using periodic
ridges to generate localised vortex shedding.
This mechanism actively interrupts the
boundary layer, leading to significant gains
in the Nusselt number (Nw), typically in the
range of 120% to 350% over smooth tubes.

e Helical Corrugated Pipe: Provides the
maximum enhancement. The combined
effect of vortex shedding and the mighty
bulk swirling motion (secondary flow)
continuously scours the wall and forces the

fluid core to exchange energy with the surface.
This design achieves the flattest velocity
profile, resulting in the highest Nu increase,
often exceeding 400% compared to the
smooth pipe baseline.

9.2 Maintainability and Lifespan Optimisation

Crucially, the paper concludes that the enhanced
tubes—particularly the helical design—not only
increase efficiency but also significantly extend
operational lifespan by mitigating fouling.

e The sustained high wall shear stress
(tau_{enhanced}) in both corrugated types actively
prevents the adherence of scale, lowering the
Fouling Resistance (R ) by up to 60%.

e This fouling mitigation translates directly to a
reduction in maintenance frequency, with helical
tubes potentially doubling the time between
required cleanings, thereby decreasing lifecycle
costs and increasing plant uptime.

e While cleaning enhanced tubes requires more
sophisticated methods (like high-pressure jetting or
specialised foam plugs) than smooth tubes, the
economic benefit derived from extended
operational time far outweighs the marginal
increase in cleaning complexity and cost.

X. CONCLUSION

The Helical Corrugated Tube design is the optimal
solution for achieving superior thermal efficiency while
maintaining minimal maintenance difficulty. Its ability
to generate a non-decaying, complex secondary flow
maximises the heat-transfer coefficient. It concurrently
provides a robust, continuous self-cleaning mechanism,
thereby enabling efficient, sustainable operation of the
heat exchanger.
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Abstract - The maritime industry is under increasing
pressure to reduce fuel consumption and lower
greenhouse gas emissions, mainly from auxiliary systems
that operate continuously onboard ships. These systems—
such as lighting, navigation equipment, communication
units, and accommodation services—are traditionally
powered by diesel generators, which significantly increase
Juel consumption. This paper propoeses a novel concept,
the Hybrid Marine Energy Harvesting Hull (HMEHH),
designed to capture and convert ambient environmental
energy into usable elecirical power. The system integrates
three renewable energy sources: wave-induced motion
through oscillating hydro-flaps, solar radiation via flexible
thin-film “solar skin” panels, and structural vibrations
captured using piezoelectric materials. The combined
output of these modules is managed by an Al-based energy
controller that optimises power flow to a central DC bus
and battery storage system. Initial performance estimates
indicate a potential continuous power generation of 35-60
kW, resulting in reduced generator runtime, fuel savings
of up to 88 tons per year, and a CO: reduction of
approximately 273 tons annually. The HMEHH concept
demonstrates a practical, scalable pathway to enhance
energy efficiency and support sustainable maritime
operations.

Keywords: Wave energy, solar skin, piezoelectric
harvesting, sustainable shipping, hybrid renewable
systems, Al energy management.
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I. INTRODUCTION

The global maritime industry plays a vital role in
international trade, with nearly 90% of goods
transported by sea. As shipping activity continues to
grow, so does its contribution to greenhouse gas
emissions, air pollution, and fuel consumption. While
significant attention has been paid to decarbonizing
central propulsion systems through alternative fuels and
hybrid engines, an essential but often overlooked source
of energy demand on ships is the auxiliary power load.
Navigation equipment, lighting, communication
systems, pumps, sensors, and accommodation services
operate continuously throughout a voyage, and the
diesel generators that supply this power consume
substantial amounts of fuel. Reducing the load on these
generators provides an immediate, practical pathway to
lower emissions without requiring extensive
infrastructure changes.

At the same time, ships naturally interact with abundant
renewable energy sources throughout their journey.
Waves constantly strike the hull, sunlight falls on the
superstructure, and engines, machinery, and sea motion
generate vibrations. These energy forms are usually
wasted. If effectively captured, they can significantly
contribute to onboard power needs. This presents a
powerful opportunity to improve energy efficiency and
support global sustainability goals.

The Hybrid Marine Energy Harvesting Hull (HMEHH)
is proposed as an innovative solution that integrates
wave, solar, and piezoelectric harvesting technologies
directly into a ship’s structure. By converting
environmental energy into usable electrical power,
HMEHH reduces generator workload, saves fuel,
decreases emissions, and enhances energy resilience.
Given the increasing regulatory pressure for cleaner
maritime operations and the urgent need for practical,
scalable solutions, this concept is both timely and highly
relevant to the future of sustainable shipping.
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System Architecture of HMEHH

Fig.1 Architecture of HMEHH

2.1 System Architecture of HMEHH

The Hybrid Marine Energy Harvesting Hull
(HMEHH) is a novel concept for renewable energy
integration that converts ambient oceanic and
operational stimuli—such as wave motion, sunlight
exposure, and structural vibration—into usable
electrical energy. As shown in Figure 1, the system
integrates three primary harvesting modules: the
Wave Energy Module (WEM), Solar Marine Skin
(SMS), and Piezoelectric Structural Harvesting
Module (PSH). These modules feed a centralised DC
Bus, which distributes energy to the Battery Bank and
subsequently powers essential Ship Loads.

This architecture ensures redundancy: when one
source is weak (e.g., due to cloudy weather), the
others compensate (e.g., via wave motion and
vibration). This hybrid redundancy ensures a stable
supply of renewable power, thereby reducing
auxiliary diesel generator runtime. The DC Bus and
battery arrangement provides electrical buffering,
ensuring stable voltage levels and a continuous supply
without fluctuations.

II. WAVE ENERGY HARVESTING MODULE
(WEHM)

3.1 Working Principle in Depth

The wave energy subsystem harnesses the kinetic
energy of incident waves and converts it into
mechanical movement via oscillating hydro-flaps.
These flaps are installed within specially engineered
hull recesses to maximise wave impact while
maintaining hydrodynamic performance. As waves
exert varying pressures on the hull, the flaps rotate
about reinforced hinges. This rotational displacement

e III | Issue I | January 2026

drives a low-speed, high-torque turbine connected to a
generator.

Unlike external wave energy buoys, the HMEHH
system is fully integrated into the hull, meaning there is
zero drag penalty, no protruding structures, and
significantly less maintenance risk.

Oscillating Flap Converter Turbine

Hinge
Wave Energy Harvesting Module (WEHM)

Fig 2 Wave Energy Harvesting Model illustrations

2.2 Hydrodynamic Integration and Structural
Attachment

The flaps are made of glass-fibre reinforced polymer
(GFRP) to resist corrosion and withstand repeated stress
cycles. Custom recess pockets are cut into the bow
region, allowing hydrodynamic pressure to act directly
on the flap surface.

Attachment methodology:

e Hinges welded to transverse frame stiffeners
inside the recess

e Shaft penetration sealed using marine-grade
shaft seals

e Turbine-generator modules mounted on shock-
absorbing pads

o All components housed within IP68-rated
waterproof enclosures

This design ensures long-term durability under harsh
marine conditions.

2.2 Expanded Performance Calculation
Wave power per unit width:

P=(pxg*xH*xT)/(64m)

Where:
p=1025 kg/m*
=981 m/s?
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H = 1.5 m (median ocean wave height)
T =7 seconds (wave period)
P = 12.5 kW per flap (theoretical)

Mechanical — electrical efficiency = 40-50%
(turbine, gearbox, generator)

Realistic energy capture:
= 3.5-5.0 kW per flap
With 8-10 flaps installed:

Total output: 2—6 kW continuous, depending on sea
state.

2.4 Operational Role

Even in low-sunlight or nighttime conditions, wave
energy provides a baseline renewable supply, making
ships less dependent on solar availability.

III. SOLAR MARINE SKIN (SMS) MODULE
3.1 Technology Overview

SMS uses advanced CIGS (Copper Indium Gallium
Selenide) thin-film solar sheets. Compared with rigid
panels, these films are lightweight, flexible, and
conformable to curved surfaces. They maintain
efficiency under partial shading and elevated
temperatures, making them ideal for marine
applications.

3.2 Installation Methodology on Ship Surfaces

Solar skins are bonded to the ship’s superstructure
using:

e High-adhesion epoxy laminates

e Hot-pressure rolling for uniform bonding

e UV-resistant silicone edge sealing

e (Cable routing through existing deck cable trays

Surfaces prepared include:
Bridge top, deckhouse roofs, funnel casings, and hatch
covers.

This approach ensures a significantly larger capture
area compared to conventional photovoltaics.

3.3 Expanded Solar Power Output Calculation
Area =400 m*

Efficiency = 15%

Solar irradiance = 1000 W/m? peak

Peak power = 400 % 1000 = 0.15 = 60 kW
Daily average generation =~ 300 kWh
Equivalent continuous power ~ 12.5 kW

Thus, solar skin becomes the primary power source,
particularly in equatorial regions.

3.4 Environmental & Structural Impact

Because solar skins are flush with the surface, they add:
¢ No wind drag
¢ No structural load issues
¢ No crew obstruction

They also reduce heat absorption from steel surfaces,
lowering internal AC load by 2-3%.

IV. PIEZOELECTRIC STRUCTURAL
HARVESTING MODULE (PSH)

4.1 Operating Principle

Piezoelectric materials (PVDF, PZT ceramics) convert
mechanical strain into electrical charge. Ships
experience constant flexing and vibration from:

Shaft rotation

Hull slamming

e Wave pounding

Propeller cavitation
These vibrations supply uninterrupted micro-energy.
4.2 Mounting and Wiring Layout
Tiles are attached using structural epoxy on:
¢ Bulkhead stiffeners
s Deck beams
e Girder flanges
¢ Engine foundation brackets

Each tile outputs power ranging from micro-watts to
milli-watts. Groups of 20-30 tiles are wired in arrays
feeding into rectifier + capacitor banks, then into the
DC Bus.

4.3 Performance Prediction

Piezo tile: = 1020 mW
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Tiles installed: 300

Continuous average =~ 2-5 kW, depending on vibration
patterns.

4.4 Advantages
e Works continuously, even at night
e No moving parts

* Maintenance-free for 7-10 years

V. ENERGY FLOW, STORAGE, AND Al

HMEHH Power Contribution Annual Savings
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Fig 3 -Power contribution, Annual Savings, System
Working illustration

5.1 Central DC Bus Operation

The DC Bus acts as the electrical backbone, receiving
energy from all modules and distributing it to:

e Battery bank
e Ship operational loads
e Emergency backup systems

5.2 Al-Based Energy Management System (Al-
EMS)

The EMS monitors:
o Wave intensity
s Solar availability
e Vibration levels
e Battery State of Charge (SOC)
e Load demand

o Weather forecasts
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EMS prioritisation logic:
1. Maximum renewable utilisation
2. Maintain battery SOC between 40-90%
3. Minimise generator runtime

4. Supply critical loads first (navigation,
communication)

AI-EMS enables an innovative, self-optimising
shipboard energy ecosystem.

VI. COST ANALYSIS AND FINANCIAL

FEASIBILITY
TABLE | APPROX COST ESTIMATES
Component Cost (INR)
Solar Skin (400 m?) 332,00,000
Wave Modules (10
¥18,00,000
units)

Piezo Tiles (300 units) 22,50,000
Al Controller 24.00,000
Installation ¥5,00,000
Total Cost 361,50,000

The total cost of installing the Hybrid Marine Energy
Harvesting Hull (HMEHH) system comes from adding
the expenses of five main components:

1. Solar Marine Skin — % 32,00,000
o Covers 400 m? of ship surface
o Cost per m* = 8,000

o This is the highest cost because solar skin is the
main energy source.

2. Wave Energy Modules —  18,00,000
o 10 hydro-flap units

o Each unit = ¥ 1,80,000 (flap + hinge + turbine +
waterproof housing)

3. Piezoelectric Tiles —  2,50,000

o 300 tiles x ~ 830 each

o Low cost because tiles are small and simple.
4. Al Controller + DC Bus — % 4,00,000

o Includes sensors, electronics, control board, and
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safety equipment.
5. Installation & Dry-Dock Labour —  5,00,000

o Labour for welding, wiring, bonding solar skin,
and mounting tiles

o Includes testing and shipyard support.
Adding all five components:

% 32,00,000 + 18,00,000 + 2,50,000 + 4,00,000 +
5,00,000= % 61,50,000

Annual Savings

Fuel saved = 88 tons/year
Fuel cost = Z70,000/ton
Annual savings = ¥61,60,000

Payback period ~1 year

VII. EXPANDED FEASIBILITY ASSESSMENT
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Fig 4 Cumulative Fuel Savings Over 10 Years
[Years, Fuel in Tons]

7.1 Technical Feasibility
e All components use proven industrial
technologies
e No interference with propulsion systems
e  Can be retrofitted during routine dry dock
7.2 Operational Feasibility
e Suitable for cargo ships, tankers, bulk
carriers
s 24/7 power due to hybrid design
¢  Minimal crew training required
7.3 Structural Feasibility
¢ Modules integrated without altering hull
integrity
e Load distribution remains unchanged
¢ All equipment located within safe areas

7.4 Environmental Feasibility
e Reduces emissions by ~273 tons CO: annually
e Reduces fuel dependence
e Reduces generator noise pollution

VIII. CONCLUSION

The Hybrid Marine Energy Harvesting Hull (HMEHH)
offers a transformative, efficient approach to reducing
auxiliary fuel consumption and emissions in the
maritime industry. By integrating three renewable
energy harvesting mechanisms—wave-powered hydro-
flaps, flexible solar marine skin, and piezoelectric
vibration modules—this system successfully captures
the abundant energy that ships naturally encounter
during every voyage. The hybrid configuration ensures
continuous  power availability —across varying
environmental conditions, making it far more reliable
than single-source renewable systems traditionally
tested at sea.

Through detailed calculations, system design analysis,
and feasibility assessment, this study demonstrates that
HMEHH can generate 20 kW of continuous power
and up to 60 kW under peak conditions, significantly
reducing the load on diesel generators. The resulting
fuel savings of approximately 88 tons per year and
carbon emission reduction of nearly 273 tons of CO:
highlight the measurable environmental benefits.

Additionally, the integration process requires no major
structural redesign, making the system suitable for both
new builds and retrofits.

With a payback period of just one year, the concept is
not only environmentally responsible but also
financially compelling. Its modularity, robustness, and
Al-supported management system position it as a
forward-looking  solution aligned with IMO
decarbonization goals and the global push for
sustainable maritime operations. The HMEHH concept
represents a promising step toward greener shipping
and advances the technological frontier of marine
energy innovation.
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Abstract— Dependable online traffic indicator detection and
identification (TSDR) is crucial for a comprehensive knowledge of
autonomous vehicle development. Extensive research has been
conducted on the subject due to its importance, and numerous
interesting techniques have been proposed in the existing
literature. While tested on clean, challenge-free datasets, most of
these algorithms have ignored the performance drop caused by
different challenging conditions (CCs) that obscure field-collected
photos of traffic signs. This study examines the TSDR problem in
the presence of CCs, specifically the efficiency loss associated with
it. We provide a Convolutional Semantic Network (CNN)-based
TSDR architecture that priovitises improvements. Enhance-Net,
an encoder-decoder CNN architecture for image enhancement,
and two other CNN architectures used for sign discovery and
classification are part of our modular approeach, together with our
CNN-based challenge classifier. Instead of training Enhance-Net
on the entire image, we propose a novel method that improves the
website-traffic indicator regions (based on accurate detection) for
the most challenging images. We used the CURE-TSD dataset,
which includes videos of internet traffic captured using various
CCs, to evaluate our method.

Keywords— CNN, TSD, TSDR, CC, traffic video

I. INTRODUCTION

The ability to identify and interpret traffic signs is crucial
for driver-assistance systems and autonomous-vehicle
technology. One of the main prerequisites for the safe and
widespread implementation of this cutting-edge technology is
a TSDR formula that is accurate, reliable, and durable across
a range of real-world settings. Unfortunately, several factors
may obscure traffic photographs taken in the open, such as
adverse weather and motion, and there is a vast diversity of
website traffic indicators to identify. On March 28, 2020, we
received the manuscript. On October 9, 2020, and December
12, 2020, we made adjustments. On December 17, 2020, we
received final approval. The Affiliate Editor for the position
was S.-H. Kong. (Author in a similar vein: Md. Kamrul
Hasan. Academic members of the Electrical and Electronic
Engineering Department at Bangladesh University of
Engineering and Technology in Dhaka authored the work.
Due to the widespread use of automobiles, every nation has
enacted stringent laws to protect its roadways. For instance,
web traffic signs may notify drivers of the regulations
applicable in a particular location and provide helpful
information. With little to no digging, an online traffic
indicator should be able to provide data fast and precisely. A

rahulpmore 1 16@gmail.com

multitude of circumstances causes drivers' ignorance of road
signs. These include drivers' carelessness, lack of attention,
ignorance, purposeful or accidental blind spots, and
behaviours such as sidetracking. As a result of not being used
to the many road checks that are typical in urban areas, drivers
could also struggle to decipher the data sent by a particular
road sign. Because some drivers don't think they're essential,
they often disregard some traffic signals. The drivers' differing
viewpoints might perhaps explain this lack of knowledge.
When drivers don't know or don't care about traffic signs, it
may lead to fatal accidents.

To address these issues, this research presents a method to
detect and acknowledge traffic checks in real time and inform
drivers of their meaning. There are two main applications of
this technology: driverless vehicles and assisted driving
systems. The system's implementation is based on the
Convolutional Semantic Network (CNN) model architecture
proposed by YOLO [1]. The latest version can identify traffic
indications on websites in real time with more accuracy and
faster detection rates. The backstory of a particular internet
traffic sign can be helpful for chauffeurs. If you have difficulty
seeing or understanding the online traffic indicators, the audio
narration may assist.

II. LITERATURE SURVEY

An examination of the state of the art in smart-car driver-
assistance systems based on visual identification and
assessment of traffic signs. The writers of the piece are A.
Mogelmose, M. M. Trivedi, and T. B. Moeslund [1].

This study aims to assist drivers by reviewing the online
literature on traffic sign detection. This includes identifying
techniques for traffic indicator recognition (TSR). We cover
all steps in identifying online traffic indicators, including
segmentation, attribute extraction, and final sign recognition,
and examine how recent tasks have contributed to each.
Despite TSR's status as a research centre, we highlight open
questions in the current literature, such as how to use publicly
available photo data sources more effectively and how to
correct distortions in European internet traffic signs. We
further emphasise that location and context are equally
crucial for future TSR studies. Additionally, we're launching
a new public database containing statistics on internet traffic
in the United States.
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Software that can identify and respond to a traffic indicator
on your website, for instance, U. Raghavendra, S. Chokkadi,
and A. Gudigar wrote it [2].

There has been significant progress in the development of
ITS since its inception. Built to cater to drivers' demands for
ease and safety, web traffic indications form the backbone of
ITS. In the context of a vision-based chauffeur assistance
system, this research examines the three primary functions of
an ATSDR: detection, identification, and segmentation.
Different possible configurations of picture-buying systems
are also the subject of this article. There are numerous options
for researchers to conduct comprehensive evaluations of
ATSDR and to incorporate future features into their studies,
while also discussing potential hurdles to future research that
could improve ATSDR's efficacy.

Look at It Briefly. One Spot for Continuously Expanding
Knowledge. A. Farhadi, J. Redmon, S. Divvala, and R.
Girshick are the authors [3].

We provide a fresh perspective on discovering things,
YOLO. Prior studies have used classifiers for both item
finding and detection. Object recognition is now framed as a
regression issue involving class hypotheses and disjoint
bounding boxes. A single semantic network can assess the
overall scene and generate predictions for bounding boxes and
possible classes. The discovery process as a whole is a single
network; therefore, it's easy to enhance its efficiency
throughout. Our unified architecture achieves rapid
processing. Our basic YOLO model efficiently processes
pictures at 45 frames per second. A reduced version of the
network, Quick YOLO, can evaluate 155 frames per second,
which is twice as fast as other real-time detectors, but it uses
twice as much memory as their larger counterparts. Although
YOLO is less prone to generating false positives in historical
data, it makes more localisation errors than top-tier detection
systems. Extremely generalisations are the final item that
YOLO uncovers. It surpasses other discovery methods, such
as DPM and R-CNN, when applied to domains beyond natural
imagery, such as art. Traffic signal detection using colour
data, W, Ritter, R. Janssen, and F. Stein [4]

We present a novel method for detecting and identifying
traffic signs. A car's built-in camera can capture high-quality,
full-colour images. The first step is to use a pixel classifier to
separate the colours in these photos fractionally. The
distinctive colour schemes used in traffic lights have inspired
theories. To test these theories, a pictogram classifier is used.
Our system has been tested and shown to work in hundreds of
real-life traffic situations. The processing time for a 512 by
512 grid on a Sparc-10 is around one second. Daimler-Benz is
developing this project in collaboration with numerous
university laboratories. It will be included in the European
research study programme PROMETHEUS. An Automatic
Web Traffic Indication Detection and Acknowledgement
System Based on Colour Separation, Shape Matching, and
Support Vector Machines Saad, Hussain, Wali, and Hannan,
M. A [5].

The fundamental objective of this study is to design a
trustworthy TSDR system that uses a more comprehensive set
of metrics for Malaysian internet traffic. Even under varying
lighting conditions, rotations, translations, and viewing
angles, the well-established approach yields few false
positives and requires minimal computational resources. The
system's development primarily consists of three stages:
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image preprocessing, detection, and recognition. An RGB
colour segmentation and form matching step, followed by a
support vector machine (SVM) classifier, demonstrated
encouraging results in the system demonstration, with an
accuracy of 95.71%, a false positive rate of 0.9%, and a
processing time of 0.43 seconds. We used receiver operating
characteristic (ROC) curves to assess recognition performance
quantitatively. The developed system's low computational
time and high accuracy make it ideal for traffic indication
classification, particularly compared with methods in
Malaysia. A low false-positive rate will enhance the reliability
and security of real-time systems.

III.  EXISTING SYSTEM

Image segmentation and identification problems are often
used to describe the search for indicators of internet traffic.
The creators of SegU-Web have reported benchmark results
on the CURE-TSD dataset. They show that adding the
challenging dataset significantly reduces performance, even
though their performance on the obstacle-free dataset is
remarkable. This is because the presence of such enemies in
the photographs makes it impossible to see the form and
colour data of the small areas of those images that indicate
website activity. Accordingly, a comprehensive plan that can
withstand the potentially harmful impacts of these CCs is
necessary. Despite the abundance of ~ CNN-based methods
for traffic sign identification and classification in the
literature, not a single one of them considers these CCs. Thus,
the efficacy of these methods depends heavily on the quality
of the captured image.

IV. PROPOSED SYSTEM

Our product, Enhance-Net, is an image enhancer that uses
deep convolutional neural networks (CNNs) to improve these
traffic photographs. Despite acknowledging that not all 12
CC types in the dataset need to be addressed simultaneously,
the authors note that benchmark algorithms often fail under
adverse weather conditions, such as rain, snow, and haze.
Additionally, Dirty Lens and Lens Blur are two CCs that
frequently occur in real-world settings. The five CCs—rain,
snow, fog, dirty lens, and lens blur—and their respective
degrees of severity are therefore highlighted in this research.
Given the distinct features of each issue, training a single
network to handle all of them may yield suboptimal results.
We employ five independent Enhance-Nets, trained with
different types of challenges, to ensure that each CC gets the
best possible improvement. We use the proposed modular
TSDR method to improve traffic sign image recognition and
categorisation. Consequently, our approach is structured
around a challenge classifier, reinforcement blocks, a sign
detector, and a sign classifier as its four main components.

Feats maps

Convolubons Subsampling

Fig 1. Convolutional Neural Network
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V. METHODOLOGY

Several algorithms exist for traffic sign identification;
however, these algorithms were developed to operate
optimally on high-quality images and may perform poorly
when the quality of the training images declines due to
weather conditions. The author proposes a two-part CNN
formulation to address the issue described earlier. The first
stage is to remove any weather-related debris from the picture,
and the second is to locate and label any potential traffic signs.

To accurately locate website traffic signals, the proposed
technique, DFR-TSD, employs a Deep Learning CNN model.
By training on the 'CURE-TSD' dataset, the proposed
approach achieves an estimated accuracy of 99%. We
developed the following subsystems with this goal in mind:

1) Create and Scale a Convolutional Neural Network
(CNN) Model of Online Traffic: In this part, we will create
and scale a CNN model of online traffic.

2) To exclude any weather influences from the final output,
we will use this function to submit a test shot and then apply
the CNN design.

3) A convolutional neural network (CNN) indicator
discovery model will be used to extract indications from
current clear pictures.

4) Recommend a Convolutional Neural Network (CNN)
Teaching Graph: In this part, we will design a loss and
accuracy plot to train our CNN.

Camera Module

Y

Image
Acquisition

Y :
Colour-based Shape-based
Analysis Analysis
= Pictogram =

Analysis =
A
Recognition/Cla
ssification
y
Speaker Module

Fig 2. System architecture

A. Restricted Boltzmann Machines

We are not permitted to link layers of the same kind to
each other, which is what a limited word means. Put simply,

there is no way for the input or hidden layer neurons to form
a connection with one another, even though the visible and
hidden layers may be linked. Since this machine lacks an
output layer, we must determine how to select the weights and
how to evaluate the accuracy of our predictions. One entity,
the Restricted Boltzmann Machine, can answer all of the
questions. Geoffrey Hinton (2007) first introduced the RBM
method, which uses a sample of training data to learn the
distribution of probabilities. Numerous domains of supervised
and unsupervised machine learning have made extensive use
of it, including feature learning, collaborative filtering, topic
modelling, classification, dimensional reduction, and feature
extraction. Consider the movie rating example from the
section on the recommended system. Many people
immediately think of the most recent science fiction and
fantasy factor when they hear the names Avengers, Avatar,
and Interstellar. Random Forest (RBM) will identify hidden
features that explain movie-choice activation based on user
ratings. To sum up, RBM accounts for fewer unseen variables
when modelling variability among correlated variables in the
input dataset.

Here is the energy function:
Ewh) = —a"v— b"Th—v"Wh

The neurons in this network are all linked to one another.
This apparatus comprises two levels: the visible layer (also
known as the input layer) and the concealed layer. The v-layer
represents the visible layer, and the h-layer represents the
hidden layer. No output layer is present in a Boltzmann
machine. When given sufficient time, Boltzmann machines,
generative neural networks that are both stochastic and
capable of learning internal representations, can express and
solve complex combinatorial problems.

Fig 3. Restricted Boltzmann Machine

VI. SCREEN SHOTS

To run this project, double-click on the ‘run.bat’ file to get
the screen below.
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Fig 4. Upload traffic sign photographs

'Upload Traffic Sign Train photographs' is the option on the
preceding page that you may utilise to upload training
images.

‘ Tplend Trafe Segn Tram Iagrs

1
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Fig 5. Train Folder

Over 1500 images representing five different types of traffic
signs are included in the 'train' folder, as shown above. A new
folder named "train" will emerge right below the file after it
has been uploaded.
s s o
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Fig 6. Representing five different types of traffic signs

After undergoing preprocessing, the 6396 training
photographs are saved in the train and fest arrays, and you can
see them all in the following window. To start building a
model of the LeNet classifier to be applied to the test and
training sets, choose "Generate LeNet Model On Train &
Test Images" in the following step.
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Fig7. Generate LeNet Model On Train & Test Images

A message generated by the model is shown in the top
window, and the details of the LeNet Model may be accessed
by clicking on the black terminal.

B O Windows sysem i cmd ot - 0 x

Fig 8. Terminal

To make better predictions, the produced pictures are
layered, as shown in the window up top. The first

layer retrieves image attributes in 26x26 pixels, the second
layer in 13x13 pixels, and so on. Select the video you want to
use as an example, and then hit the "Upload Test Video"
button.

‘
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Fig 9. Upload test video

You may upload a video of a moving vehicle captured by a
camera to the website, and our classifier will analyse it and
infer the road signs it will encounter. When you're ready to
start playing the video and sign detection, click the "Start
Traffic Sign Detection” button.
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Fig 10. Click the start traffic sign detection
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Fig 11. A red caution message is shown

You can tell that Traffic Sign A has been identified since the
annotation for this video isn't working correctly.

n()'-:--—- 4 maahae s q @ L
Fig 12. A Diversion Board

A diversion board has been detected, as seen in the screenshot
that follows. The car also continues to travel while displaying
detection data.

VII. CONCLUSION

Detecting traffic signs at 55 frames per second is facilitated
by our quick, accurate, and real-time technique. On average,

we are now 64.71 per cent correct, representing a significant
improvement. It is possible to improve the accuracy of the
proposed technique while maintaining detection speed by
adjusting the hyperparameters and model configuration of the
YOLO architecture. Additional strategies to mitigate the
effects of partially obscured or broken traffic signs, as well as
severe weather, include feeding the CNN partially readable
signs, using 3D reconstruction techniques, and fuzzy C-
means clustering. We presented a model that, on average,
achieves remarkable accuracy in distinguishing traffic signs
at 55 frames per second in our study. For the system to
operate in real time, the frame rate must exceed 30 FPS.
Furthermore, when combined with accurate detection, the
voice assistant feature may eliminate most problems caused
by drivers who are oblivious to or ignore traffic signs.

Our long-term goal is to train the model on the whole
dataset using powerful GPUs. We hypothesise that the
accuracy of the YOLO detector can be further improved by
modifying its architecture. With our newfound precision, we
can integrate this technology into a single-board computer
and deploy it in cars to assist drivers.
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Abstract— Marine systems are complex, data-rich, and
highly dynamic, making them ideal candidates for advanced
artificial intelligence (Al) techniques. In recent years, Generative
Artificial  Intelligence (GenAI)—including Generative
Adversarial Networks (GANs), Variational Autoencoders (VAEs),
diffusion models, and large language models (LLMs)—has
emerged as a transformative technology for marine applications.
This paper presents a comprehensive review of the use of GenAl
in marine domains, including ocean monitoring, autonomous
navigation, marine biodiversity conservation, climate modelling,
underwater communication, and maritime security. The study
highlights research gaps, current trends, methodologies, global
research  status, government initiatives, and real-world
applications. Comparative analyses are presented in structured
tables, along with illustrative diagrams that explain system
architectures and workflows. The review aims to serve as a
reference for researchers and policymakers seeking to leverage
GenAl for sustainable and intelligent marine ecosystems.

Keywords— Generative Artificial Intelligence, Marine
Applications, Ocean Monitoring, Autonomous Marine Systens,
GAN, Diffusion Models, Maritime Technology

. INTRODUCTION

Oceans cover more than 70% of the Earth’s surface and play
a vital role in climate regulation, biodiversity preservation,
global trade, and energy resources. Traditional marine data
analysis methods face challenges due to high dimensionality,
sparse sampling, noisy underwater signals, and limited
labelled datasets [1].

Artificial Intelligence (AI) has been increasingly adopted to
overcome these challenges, particularly in remote sensing,
autonomous underwater vehicles (AUVs), marine robotics,
and climate modelling [2]. Recently, Generative Al (GenAl)
has gained prominence due to its ability to generate synthetic
data, predict future states, simulate complex environments,
and enhance decision-making.

Unlike discriminative models, GenAl learns the underlying
data distribution, enabling applications such as synthetic
sonar image generation, underwater scene reconstruction,
vessel ftrajectory prediction, and marine ecosystem
simulation [3], [4].

II. RESEARCH GAP ANDNOVELTY

Despite rapid advancements, existing marine Al research
primarily focuses on classification and regression tasks, with
limited exploration of generative capabilities.
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Research Gaps:

a. Scarcity of labelled underwater datasets

b. Limited integration of GenAl with marine
hardware systems

c. Poor generalisation of models across regions
Lack of standardised evaluation metrics

e. Insufficient focus on sustainability and policy

integration
Novelty:
a. Consolidates GenAl-specific marine applications
b. Compares global research efforts and policies
c. Highlights implementation-oriented perspectives
d. Provides structured comparative tables and

diagrams

ITII. CURRENT RESEARCH

The shift from analytical to simulation-driven marine
intelligence is evident. GenAl enables realistic modelling of
rare events such as oil spills and cyclones, which are
otherwise difficult to capture [11]. The table highlights the
major research trends in the use of Generative Al for marine
applications, reflecting how different generative techniques
are being aligned with domain-specific challenges. Synthetic
data generation using GANs has become crucial for marine
research because real sonar, radar, and satellite datasets are
expensive, noisy, and challenging to label; generative models
help improve model training and robustness. In autonomous
navigation, diffusion models are increasingly preferred
because they generate smooth, safe vessel trajectories while
accounting for uncertainty in dynamic ocean environments.
The concept of digital twins leverages generative simulation
to create virtual replicas of ocean systems, enabling
researchers to study complex marine behaviour without
disturbing real ecosystems. Climate forecasting benefits from
VAEs, which can model probabilistic relationships between
oceanic and atmospheric variables, thereby supporting long-
term prediction under uncertainty. Finally, marine NLP using
large language models enhances maritime communication,
log analysis, and decision support by extracting insights from
unstructured textual data. Overall, these trends indicate a
shift from traditional predictive models toward simulation-
driven, data-augmented, and intelligent marine systems
powered by Generative Al.
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TABLE 1: CURRENT RESEARCH TRENDS IN GENERATIVE
Al FOR MARINE SYSTEMS
Description Ref.

(51, 6]

Trend

GANs for sonar, radar, and satellite
images

Synthetic Data
Generation

Autonomous Diffusion models for trajectory | [7]

Navigation prediction

Digital Twins Generative  simulation of ocean | [8]
systems

Climate VAEs for  ocean-atmosphere | [9]

Forecasting modelling

Marine NLP LLMs for maritime communication | [10]

& logs

IV. METHODOLOGIES

GANSs dominate image-based applications, while diffusion
models show superior performance in temporal marine
dynamics [14]. Hybrid architectures are emerging as
promising solutions. The table compares key Generative Al
methodologies used in marine applications by highlighting
their strengths and limitations. Generative Adversarial
Networks (GANSs) are widely used for sonar image synthesis
because they can produce highly realistic images that are
useful for data augmentation; however, their training can be
unstable due to issues such as mode collapse. Variational
Autoencoders (VAEs) are preferred for ocean parameter
modelling as they offer stable and interpretable latent
representations, though the generated outputs often lack
sharpness and fine detail. Diffusion models have attracted
attention for vessel trajectory prediction owing to their high
accuracy and their ability to capture complex temporal
dynamics; however, they require substantial computational
resources. Transformer-based generative models are
particularly effective for maritime natural language
processing tasks, as they capture long-range contextual
relationships in text; however, their performance heavily
depends on the availability of large-scale datasets. Overall,
the comparison shows that no single method is universally
optimal, and model selection depends on the specific marine
application and resource constraints. Table 2 presents a
comparison of different generative Al models.

TABLE 2: COMPARISON OF GENERATIVE Al MODELS

Method | Marine Use Advantages Limitations Ref.
Case
GAN Sonar High realism | Mode collapse [12]
image
synthesis
VAE Ocean Stable Blurry outputs | [13]
parameter training
modelling
Diffusion Trajectory High Computational | [14]
Models prediction accuracy cost
Transformer- | Maritime Context Data intensive [15]
based GenAl | NLP awareness

V. RESULTS FROM DIFFERENT STUDIES

Table Figure 3 presents the comparison of results for
different applications. The GenAl improves data
augmentation, prediction accuracy, and system robustness,
especially under sparse data conditions. The table
summarises key findings from representative studies
demonstrating the effectiveness of Generative Al in marine

applications. The work by Smith et al. shows that combining
real sonar data with GAN-generated synthetic samples yields
a 32% improvement in classification accuracy, underscoring
the value of generative data augmentation in data-scarce
underwater environments. Li et al. apply generative
modelling techniques to satellite data for fish population
modelling, and their results indicate improved forecasting
accuracy by capturing seasonal and environmental
variability. The study by Kumar et al. focuses on vessel route
generation using AIS data and demonstrates that generative
trajectory models can effectively reduce collision risk in
congested maritime routes. Collectively, these studies
confirm that Generative AI not only enhances predictive
performance but also improves safety and sustainability in
real-world marine operations.

Table 3: Comparison of results for different applications
Application Dataset Key Results Ref.
Synthetic Real + | 32% accuracy | [16]
sonar GAN gain
Fish Satellite | Improved [17]
population data forecasting
modelling
Vessel route | AIS data | Reduced [18]
generation collision risk

Developed nations emphasise defence and autonomy,
whereas developing countries focus on sustainability and
fisheries management [see Table 4]. The table presents a
comparative overview of country-level research efforts on
the application of generative Al in marine domains,
reflecting varying national priorities and capabilities. The
United States places significant emphasis on autonomous
naval systems and maritime surveillance, supported by
institutions such as NOAA and MIT, where Generative Al is
used for navigation, monitoring, and defence-related
applications. China emphasises smart ports and large-scale
surveillance, leveraging generative Al for port automation,
vessel tracking, and operational efficiency, through leading
academic institutions such as Tsinghua University. India’s
research efforts are primarily oriented toward ocean
modelling and fisheries management, with organisations
such as NIOT and ISRO using generative models for
resource prediction and environmental monitoring. The
European Union adopts a sustainability-driven approach,
integrating Generative Al into climate resilience and marine
ecosystem protection through collaborative programs like
Horizon Europe. Overall, the comparison shows that while
technological maturity varies, Generative Al is being
strategically aligned with each region’s economic,
environmental, and security objectives.

TABLE 4: RESEARCH IN DIFFERENT COUNTRIES

Country Focus Area Institutions Ref.

USA Autonomous naval | NOAA, MIT [19]
systems

China Smart ports, | Tsinghua [20]
surveillance

India Ocean modelling, | NIOT, ISRO [21]
fisheries

EU Climate & | Horizon Europe [22]
sustainability
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Table 5 highlights major government initiatives that support
the adoption of Generative Al and advanced technologies in
the marine domain across countries. In the United States, the
Al for Ocean Health initiative focuses on enhancing climate
resilience by integrating Al-driven models for ocean
monitoring, disaster prediction, and environmental
protection. India’s Deep Ocean Mission emphasises the
development of indigenous marine technologies, where
Generative Al is used for deep-sea exploration, resource
assessment, and oceanographic modelling. The European
Union’s Blue Economy Strategy promotes sustainable ocean
management by encouraging the use of Al and generative
models to balance economic growth with the conservation of
marine ecosystems. Japan’s Society 5.0 initiative integrates
innovative marine systems into a broader vision of human-
centred technological development, applying Generative Al
for autonomous vessels, smart ports, and ocean data
analytics. Overall, these initiatives demonstrate how
government policies play a critical role in translating
research into real-world marine applications. By aligning
Generative Al research with national priorities such as
sustainability, climate resilience, and technological
innovation, these programs accelerate large-scale adoption
and long-term impact in the marine sector.

TABLE 5: GOVERNMENT INITIATIVES SUPPORTING

MARINE GENALI
Country Initiative Focus Ref.
USA Al for Ocean | Climate resilience [23]
Health
India Deep Ocean | Marine tech [24]
Mission
EU Blue Economy | Sustainable [25]
Strategy oceans
Japan Society 5.0 Smart marine [26]
systems

Table 6 illustrates how Generative Al is implemented
across diverse marine applications, demonstrating its
practical impact on sustainability and operational efficiency.
In fisheries management, generative models support stock
prediction by leaming complex population dynamics,
thereby helping reduce overfishing and promote sustainable
harvesting practices. For oil spill modelling, GenAl is used
to generate multiple spill scenarios, enabling authorities to
plan faster and more effective response strategies during
environmental emergencies. In AUV control, path synthesis
using generative techniques optimises navigation routes,
thereby improving energy efficiency and extending mission
duration. Coral reef mapping benefits from generative image
models that enhance and reconstruct underwater imagery,
supporting better restoration planning and conservation
efforts. Overall, these applications demonstrate that GenAl
moves beyond theoretical research and delivers tangible
benefits for marine safety, environmental protection, and
resource management.
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TABLE 6: IMPLEMENTATIONS IN DIFFERENT MARINE

APPLICATIONS
Application GenAl Role Outcome Ref.
Fisheries Stock prediction | Reduced [27]
overfishing
0il Spill | Scenario Faster response (28]
Modelling generation
AUV Control | Path synthesis Energy efficiency [29]
Coral  Reef | Image Better restoration [30]
Mapping generation
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Figure 1: GenAl-based Marine Data Pipeline

Figure 1 illustrates the end-to-end pipeline of a Generative
Al-enabled marine data processing system. Marine data
collected from sensors such as sonar, satellites, and
autonomous platforms is first pre-processed to remove noise
and handle missing values. The processed data is then fed
into generative models that learn underlying patterns and
data distributions. These models generate simulations,
predictions, or synthetic datasets that represent realistic
marine scenarios. The generated outputs support tasks such
as ocean monitoring, anomaly detection, and environmental
forecasting. Finally, the results are integrated into decision-
support systems used by researchers, policymakers, and
marine operators. This pipeline demonstrates how
Generative Al transforms raw marine data into actionable
intelligence.
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Figure 2: GAN Architecture for Sonar Image Generation
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Synthetic images improve training robustness [12]. Figure 2
depicts the working principle of a Generative Adversarial
Network used for sonar image synthesis. The generator
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creates synthetic sonar images from random noise,
attempting to mimic real underwater acoustic patterns.
Simultaneously, the discriminator evaluates both real and
generated sonar images to distinguish between them.
Through iterative adversarial training, the generator
improves its ability to produce highly realistic images. This
process is particularly valuable in marine applications where
real sonar data is limited or costly to obtain. The generated
images enhance training datasets for detection and
classification models. Overall, the diagram highlights how
GANSs address data scarcity challenges in underwater sensing
environments.

NS Data Trajectory Collision
‘x' Model Generation Avoidance

Figure 3: Autonomous Vessel Navigation using Diffusion
Models

Enhances maritime safety [18]. Figure 3 represents the use of
diffusion models for autonomous vessel navigation in
complex marine environments. Historical AIS data and
environmental inputs are used as conditioning information
for the diffusion model. The model gradually refines random
trajectories into safe and feasible vessel paths by learning
maritime traffic patterns. This approach allows the system to
account for uncertainty, dynamic obstacles, and changing
ocean conditions. The generated trajectories support collision
avoidance and route optimisation for autonomous or semi-
autonomous vessels. Compared with traditional path-
planning methods, diffusion-based navigation yields
smoother, more reliable trajectories. The diagram emphasises
the role of Generative Al in improving maritime safety and
operational efficiency.

VI. CONCLUSION

Generative Al is revolutionising marine applications by
enabling data synthesis, predictive modelling, and intelligent
autonomy. This review highlights significant progress,
existing challenges, and global initiatives. Future research
should focus on energy-efficient models, ethical deployment,
cross-domain generalisation, and policy integration to ensure
the sustainability of marine ecosystems.
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Abstract — Reforming the future means transforming the
nation's future and propelling it to new heights of growth. The
Development of the country without enhancing the education
sector is impractical. A critical aspect of this educational
enhancement is distinguishing between rote learning and
erudition and eliminating rote learning from the education
sector. The shipping industry serves as a prominent
illustration of educational sector improvement through the
elimination of vrote learning. Modern educational
methodologies are not merely about learning; they emphasize
effective communication, social skills, and creativity to
enhance understanding. The shipping industry is often cited
as a leading example of an improved education sector. STCW
(Standards of Training, Certification, and watch-keeping for
Seafarers), integral to maritime education, provides equal
practical knowledge and is mandatory for every seafarer
regardless of their roles.

In conclusion, the maritime industry is embracing a broader
concept of education by reforming the future through modern
education and by developing policies. It aims to create skilled
and adaptable personnel to address future challenges.

Keywords: rote learning, modern education, seafarers,
STCW, policies.

[.  INTRODUCTION

The nation’s future largely depends on its education
system. The education system can take the country to new
heights of growth and can be the reason for its downfall
as well. The shipping industry plays a critical role in the
nation's development, accounting for 95% of trade by
volume and 70% by value. Strengthening the shipping
industry will contribute to the nation's future reform,
which can be achieved by enhancing the maritime
education sector [1].

The marine industry is not only about course material,
it is also about practical knowledge, communication
skills, and analytical thinking. Instead of a traditional
education system, adopting a modern one can improve the
quality of knowledge intake.

A. THE CHANGING LANDSCAPE OF THE
MARINE INDUSTRY

e Technological advancement: The maritime industry has
witnessed rapid technological innovations that
transformed the way the industry operates.

e Environmental concerns: Increasing focus on
sustainability and eco-friendly practices has become a
priority, requiring marine professionals to adapt their

Riya Sharma
Third year Cadet from B.Tech Marine Engineering,
Coimbatore Marine College,
Coimbatore- 641032, Tamil Nadu, India

sharmar7760@gmail.com

skills and knowledge to address these emerging
challenges.

#Globalization and connectivity: The industry’s global
reach and interconnected nature have created new
opportunities and challenges, demanding a more
diverse and adaptable workforce, as shown in Figure
1.

_1_.&-‘!] Iy
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Fig. 1: The Changing Landscape of The Marine Industry [15]

B.  SIMULATION-BASED TRAINING

. Bridge Simulators: Bridge simulators provide
realistic, hands-on training for navigational skills,
including ship maneuvering, collision avoidance, and
emergency response [2].

. Engine Room Simulators: Engine room
simulators allow students to practice critical
maintenance and troubleshooting procedures in a safe,
controlled environment, as shown in Figure 2.

® Integrated Simulators: Coordinated simulations
that combine navigational, engineering, and
communication scenarios prepare students for the
realities of modern scafaring.

Fig. 2: Simulation-Based Training [16]
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II. DIRECTION OF MARITIME EDUCATION AND
TRAINING DEVELOPMENT

The maritime industry is undergoing a fundamental
transformation, operating in an ever-evolving
environment shaped by digitalization. Technological
development, particularly the new digital technologies
and ‘Industry 4.0°. Also known as the fourth industrial
revolution, these are rapidly reshaping the maritime
industry. This revolution will provide a new direction to
marine education and training. The impact of Industrial
Revolution 4.0 will make the use of modern technology
more efficient. There will be a time when teachers will no
longer have to teach in conventional ways. The new
system will enable the teacher to serve as a coach, guiding
students toward a successful life.

III. TRADITIONAL EDUCATION SYSTEM

Indeed, the traditional educational system provides a
foundation for the marine sector’s navigation,
engineering, and law by providing cadets with essential
theoretical knowledge. However, it falls short of
providing practical knowledge and real-world experience,
leaving cadets unprepared for the realities of the maritime
industry [3].

The traditional education system lags behind the
marine industry’s evolving requirements, creating a
mismatch between theoretical and practical skills required
on board ships.

IV. LIMITATIONS OF THE TRADITIONAL
EDUCATION METHOD

e Immutable curriculum: The traditional education
system often sticks to an inflexible curriculum and
lacks in adapting to the growing marine industry.

e Qutdated teaching method: The reliance on
lecture-based instruction and passive learning
models can fail to develop the critical thinking and
problem-solving skills needed in the marine
industry.

e Insufficient industry engagement: Limited
interaction between educational institutions and
the marine industry can hinder the alignment of
curriculum and training with evolving industry
demands [4].

V. ROLE OF MODERN EDUCATION

Modern educational methods excel at providing
knowledge with a touch of real-world experience, which
helps cadets improve their analytical thinking.

It provides cadets with opportunities to develop their
communication skills through regular seminars and
interactive class sessions with industry professionals.

The modern education system plays a critical role in
every aspect of reform, including skills development,
technological adaptability, and related areas [6].

VI. INNOVATIVE STRATEGIES FOR MARINE
INDUSTRY EDUCATION

e Project-based learning: Incorporating hands-on
project-based learning opportunities that simulate
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real-world marine challenges can help bridge the
gap between theory and practice.

e Interdisciplinary Collaboration: Fostering
collaboration across disciplines, such as marine
science, engineering, and business, can cultivate a
more comprehensive and adaptable skill set.

¢ Industry partnerships: Strengthening partnerships
between educational institutions and the marine
industry can ensure that curriculum and training
align with evolving industry needs [7, 8].

VI INTEGRATING TRADITIONAL AND MODERN
EDUCATION SYSTEM

e Mentorship: Connecting marine cadets with
experienced marine professionals to provide cadets
with valuable guidance, insights into the marine
department, and opportunities.

e Simulated learning: Simulated learning is a
strategy educators use to not only teach course
concepts but also provide cadets with opportunities
to apply new skills, knowledge, and ideas in a
practical setting that reflects the real world.

e Internships: Providing students with hands-on,
real-world experiences through internships can
help them develop essential skills and a deeper
understanding of the marine industry.

Challenges faced within the marine industry are
multifaceted and complex, driven by globalization, cross-
cultural dynamics, and technological change permeating
the maritime sector. The main aim of integrating modern
and traditional education systems is to mitigate these
challenges or to train cadets to respond effectively [5].

VIII. CONVENTIONAL EDUCATION VS. THE
MODERN EDUCATION METHOD

e Conventional Education: In  Conventional
Education, there is memorization of facts,
objective information, and correct knowledge. It
knows limited, authoritative sources and has
isolated assessments of learning.

e Modern Education Method: The modern
Education Method helps in understanding the facts,
application of facts, analysis, evaluation,
innovation, and critical thinking. Using this
method. learners construct their knowledge from
multiple sources. Modern education practice has
integrated assessment for learning.

[X. PROMOTING ADAPTABILITY AND CRITICAL
THINKING IN THE MARINE INDUSTRY

e C(ritical thinking: Highlighting the importance of
critical thinking in marine education, such as
decision-making and problem-solving, can prepare
cadets for any complex situation onboard a ship.

s Adaptability: Framing cadets’ mindset in terms of
adaptability and resilience can help cadets to adapt
to changes in industry and to respond to changes
effectively [9].
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e Long-term learning: Encouraging a culture of
continuous learning and professional development
can empower marine industry professionals to stay
ahead of the curve and adapt to evolving industries.

X. MARITIME INDIA VISION 2030 AND
TRAINING FOR EDUCATION, RESEARCH

At present, Indian maritime education does not feature
among the top 25 ocean studies programs. In addition,
existing institutes have limited course offerings and
partnerships with industry and universities, thereby
restricting students' exposure [10].

To develop India’s maritime sector, four key focus
areas have been identified to facilitate its transition to a
leading seafaring nation, as shown in Figure 3.

MARITIME INDIA VISION 2030

Fig. 3: Maritime India Vision 2030 [17]

e Promotion of research and innovation through
setting up Promotion of research and innovation
through setting up maritime knowledge clusters
and innovation labs.

e Strengthening maritime education and training
through improvement in training programs and
increasing opportunities for seafarers would help
improve the quality of Indian seafarers.

e Building a strong ecosystem focusing on welfare
and grievance redressal will nurture world-class
seafarers.

s Encourage port-led capability development.

XI. THE EVOLUTION OF MODERN MARITIME
EDUCATION

Al, AR, automation, autonomous operations, and big
data are significant aspects of the maritime industry,
which will be discussed further in this paper.

The amended STCW (Standards of Training,
Certification, and Watchkeeping) Convention and Code
set out the current global benchmark for the education and
training of seafarers, which is supported by modern naval
education and training.

The maritime industry is increasingly engaging in
real-time digital interactions, and it is essential to comply
with STCW standards. The various contributors to the
sector require naval training and education aligned with
current technological changes to enhance industry
productivity [12]. Changing technology requires an

evolution of modern marine education and training to
improve the industry and ensure future readiness.

XII. TECHNOLOGY TRENDS TRANSFORMING
THE MARITIME INDUSTRY

Currently, technology is present in almost every
sphere of human life. Innovative ships and autonomous
technologies are examples of developments in the modern
maritime sector.

e Al Artificial Intelligence has the potential to
control tasks and improve work quality. Al helps
the industry upgrade the shipping process from
management to logistics. Al can help analyse data
on routes, cargo volume, and supply. One study
finds that early adoption of Al in the transport and
logistics sector can result in profit margins
exceeding 5%.

o Sensor Technology: Sensor technology is one of
the most advanced and well-developed
technologies. It is popular in the transportation
industry. Connecting all machinery to sensors
helps mariners and ship technicians manage
equipment more efficiently [11].

e Robotics and Cybersecurity: Advanced robotics
contributes to the improvement of the maritime
industry. They are already used in the security,
maintenance, and inspection of vessels. Robots can
assist with tasks that are hazardous to human life.
The maritime industry must invest in cybersecurity
to safeguard confidential information and prevent
cyberattacks that could cause organizational or
sector losses.

e Automation Control: Automation control in
shipping helps to perform tasks without any
interference. It helps detect and rectify errors. It is
the use of technology to manage the shipping
process and improve efficiency.

XIII.  IMPORTANCE OF SUSTAINABILITY IN
MARITIME EDUCATION

e The curriculum focuses on eco-friendly ship
design, construction, and operation to minimize
environmental impact.

e Learning about biofuels, hydrogen, and other clean
energy sources to power future fleets.

e Maritime education emphasizes economic
principles and innovative solutions for waste
reduction and recycling.

e Understanding and complying with evolving
environmental regulations is a key part of the
curriculum.

XIV.  PERSPECTIVE OF EDUCATION LEADER
DR. CLEOPATRA DOMBIA-HENRY (PRESIDENT
OF THE WORLD MARITIME UNIVERSITY) ABOUT
FUTURE MARITIME EDUCATION

In one of her interviews, President Cleopatra
Columbia discusses challenges in the maritime industry

K
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that can be addressed only through better education and
training that are accessible to the broader community and
that build a sustainability mindset and the skills needed
for adaptability and resilience. Technology enhances the
possibilities of doing so on a global scale [13].

XVL

XV.CHALLENGES FACING MARITIME
EDUCATION

Funding Constraints: Maritime education faces a
challenge to secure an adequate number of
resources to provide cadets with modern facilities
and equipment.

Adapting to Change: It is facing challenges in
keeping pace with the rapid technological
advancements and evolving industry demands
[14].

Regulatory Frameworks: Navigating the complex
and constantly changing regulatory environment in
the maritime sector is also a challenge in the
marine industry.

REFORMING THE FUTURE OF MARINE
INDUSTRY EDUCATION

Embracing Technology and Innovation: Using
emerging technologies and innovative teaching
methods can enhance the delivery of marine
education and improve the preparation of cadets
for the industry’s digital transformation. This can
be done by updating the curriculum to include
emerging technologies, sustainability, and
maritime law.

Partnership: By encouraging stronger partnerships
between education institutions, industry leaders,
and policymakers, the marine industry can shape a
more comprehensive and responsive education
framework.

Personalized and Adaptive Learning: Customizing
educational experiences to individual students'
needs and learning styles can empower them to
develop the unique skills and competencies
required for success in the marine industry.

Investment in Research: Increased funding for
maritime research on sustainable practices, new
materials, and technologies [14].

Attracting Talents: Initiatives to attract young
talent, including promoting maritime careers and
providing scholarships, will contribute to the
reformation of the future of the marine industry.

XVII. CONCLUSION

The maritime industry is standing at the point of a
transformation era that 1is navigated by
technological advancement, regulatory shifts, and
the pressing need for sustainability.

To navigate these changes effectively, the
education sector must evelve to equip future
professionals with the necessary knowledge.

Quality and level of education form a basic frame
to elevate the future of the marine industry.
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However, when rote learning replaces actual
learning, it disrupts the chain of reform and
undermines the pillars of the maritime education
sector.

Fostering modern, practical, knowledge-based
education can lead to the formation of a better
environment in the marine education sector and the
marine industry as well. It also eliminates rote
learning by providing students with basic to in-
depth knowledge, thereby building a solid
foundation for future advances in the maritime
sector.

As the marine industry is a complex and dynamic
field, solely traditional or modern education
methods will not work for it. It requires a blend of
both education methods to balance its complexity
and dynamicity and enhance it in every possible
way.
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Abstract:

India is a nation with where culture and heritage speaks its own
language. Handicrafts are an Innovative way to preserving the
rich traditional art, heritage, and culture, Handicraft and history
are keenly connected to people’s life and daily life practices.
Handicrafts are a true and colorful representation of a region and
culture. The traditional art form depicts the core value of people’s
ancient culture and on the other hand modern form magnifies its
aesthetic essence in majestic manner. From ancient past to today
the distinguish position of India’s wide cultural unity in diversity
echoes its originality with rich legacy. India’s artesian magical
touch of creation that are carved into forms of sculpture that can
be carried to future generations, it speaks the piece of preservation
the heritage wealth of their homeland, culture, and mythologies.
Handicraft industry is unorganized sector, labor intensive cottage
industry, abundance and cheap easily available workforce can be
considered as strength dimension of this types of industries. On
the other hand, this is low capital involve sectors only gives priority
to its craftsmanship. This craftsmanship distinguishes the unique
features and help to capture the market. But the limitation of the
industry a lack of modern technological skills of artisans and poor
economical background. This critical reason of finance scarcity
the rural manufacturer and suppliers are facing severe problems
like to meet expected standard of quality. On the other hand, ethnic
value based market is less popularized then commercial market.
The touch of ethnicity and innovation are not well granted at the
age of industrialization and digital world. Middlemen also
appeared into the circumstances and actual true craftsmen are
deprive to get their desirable profit share. This research paper is
trying to focus the marketing concepts of handicraft industry. This
research paper emphasizes the strength and weakness of
handicraft industries and as well the opportunities and threats in
this handicraft industries under Indian market perspective.

Keywords: Heritage, Culture, Artisans, handicraft industry

LINTRODUCTION

Handicrafts are unique expressions of a local culture or heritage
through normally used materials and the innovative approaches of
artisans. Handicraft does not only core materials and the magical
touches of artisans it also incorporates semi handcrafted materials
into its domain of work. At the age of digitalization machine based
outputs also combined with the production of handicrafts. As in
global age and its dynamic features, the fashion and taste and
preferences of customers are highly influenced with certain factors

like fashion trends, consumer purchasing patterns, and economic
conditions in markets. In India, Industry is considered as the hub of
employment generation platform. As diversified states have
diversified nature of handicraft pattern and legacy. North to South
or West to East, the vivid cultural expression can be projected
through handicraft patent of particular states, bearing the uniqueness
in product and perfect craftsmanship of that state. The distinguished
nature of shell based items speak the legacy of coastal state like
Odisha on the other hand cane work of Tripura has its own
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creativity. UNSECO defines the creativity of particular state the
special artisan’s innovation and magical hands creativity. The
ethnicity and social symbolization of handicraft is not only establish
the history and legacy, it vows the voice of simple ignorable or waste
products has the wealth earning potential if it gets the magical
touches of creative craftsmen. The simpler tool and the intuitive
skilled glorified the glimpses of handicraft into the genuine
identification of group of people who are dedicated their work
generation after generation. But to go along with digitalization, there
is a huge need to improve substantial level of skill based experience
which need to be global benchmark standard. The need of training
along with creativity can wonder and help to capture vast global
market. It is obvious that development of infrastructure is highly
recommended in this perspective to promote sufficient manpower
along with stagewise training provision for workforce. To motivate
the handicraft industries craftsman , Govt of India had launched
different lubricating schemes so that the artisans can get their
requisite status into the society. For development of industry, the
major regulatory bodies & government departments collaborate in
the development & promotion of this underprivileged cottage
industry through Ministry of Culture, Ministry of textiles, Ministry
of Small & Medium enterprises, Khadi & Village Industries
Corporation, Development Commissioner for Handlooms etc.[1]

i

Fig.1: Indian Handicraft

Indian government also launched Babasaheb Ambedkar Hastashilpa
Yojna, Export Promotion Scheme, Bima Yojna for Handicraft
Artisans, Gandhi Shilpa Bazaar Scheme, Design & Technical
Upgradation Scheme, etc. The prime motive of these schemes is
providing economic and social support , assist in procuring raw
material, health & insurance facilitation to the artisans who are
dedicated to work dawn to dusk and not having time to care their
health & technological knowledge sharing for upgrading the items.
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Fig.2: Indian Handicraft

II. LITERATURE REVIEW

Kashyap and Raut (2006) explained that craftsmen do not have
proper understanding about the trendy demand pattern of modern
era , market dynamics, market distribution network, cost changing
pattern and potential possibility of value addition which can help
them to promote an overall intervention plan based on market
dynamics. V.V. Giri (2009) observed during the economic
slowdown many people have suffered for losing their employment
and they had taken established themselves in unorganized sector
like handicraft sector, small scale sectors etc. National Labour
Institute for Department of Commerce, Ministry of Commerce and
Industry, Government of India. supported these independent self-
guided entreprencurships in larger extent.

The fibre 2 fashion (2010) proclaimed that leather industry in
Kanpur has been severely disturbed due to rupee convertibility to
exchange rate which has reduced the exports potentiality to
European Countries [5].Aithal (2012) observed that on the mission
to the distribution channel in rural areas, starting from the remote
rural retailer onwards to the channel connected intermediaries in the
nearest urban areas. He emphasizes to understand the influence of
the macro environment and rural retailer buying pattern and
preference to connect wider network in rural areas in India. He
concluded that distribution channel size varies in area wise manner
and the influence of external environmental factors.

Khan, W. A and Amir. Z (2013) as per him in his paper “Study of
Handicraft Marketing Strategies of Artisans in Uttar Pradesh and Its
Implications “ that expresses into the broader perspective that
handicraft and the artisans are the guiding force to capture localized
market by their graded product and innovative magical touch, Their
aims to satisfy not only fulfill the order but also give priority to the
taste and preferences of customers This research paper is based on
marketing concepts of four P’s i.e., Product, Price, Place and
Promotion. This paper tries to focus marketing strategies needed for
handicraft business in India.

II1. OBJECTIVES OF STUDY

» To focus into the significance of marketing in handicraft

sector

» To exhibit the marketing core concepts based on the
perspective of four P’s concept

»  Toexplain SWOT Analysis concept based on handicraft

industry
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IV. RESEARCH METHODOLOGY

This research paper is mainly formulated into base of the secondary
data only. By extracting various secondary data collection resources
like previous research papers, diversified journals, handicraft and
cottage industry based business books, internet, some of the
governmental portal based data too.

V. IMPORTANCE OF HANDICRAFTS

Handicraft sector occupies significance position in the Indian
economic dimension because it explores its potentiality along the
heritage of India. It is huge employment generation sector next to
agriculture sector. This sector not only provide bread and butter to
the workers engaged into this section, it also depicts the artistic taste
and cultural and ethnicity of aesthetic creativity of craftsman. This
sector speaks the history, diversity and ecological values along with
high value addition. In spite of struggling performance of craftsman,
the sector suffers into low per capita traps, the arcticians are poor
and financial investment is marginally low, clear vicious cycle
observed behind the colorful carving of artwork. On the other
underprivileged women workers through Self-help group(SHG) are
observed in huge in number. The involvement and dedication level
exhibit into their art metal ware, wood ware, hand printed textiles
and scarves, leather crafts, carpets and tailoring skills of hand
knotted and embroidered goods, wonders in  wood design,
sophisticated shawls as art ware, versatile stone carvings, fancy and
handmade jewelries and miscellaneous, other handicrafts.[3] [5] The
handicraft sector of India. undoubtedly a milestone for Indian
economic development path. This sector promotes local and micro
entrepreneurs as well sustainable and organic product market.

VLMARKETING PRACTICES IN HANDICRAFT

Marketing is backbone of any business. Marketing consists of
numerous activities such as marketing research, product, pricing
place and promotional activities like advertisement sales
promotions, branding packaging etc. [4]

Product: A product can be of goods and services. Product is
fundamental part of any marketing activities because primarily the
product other 6P’s( price, place, promotion, people, process,
physical evidence) of marketing is associated to each other and
projected as comprehensive look. Here also in handicraft industry
Product-Line: Handicraft: expresses the 7 Ps interconnected view,
but Product is the central part of that.

Product line is summation of the product manufacture by Firm. In
case of Handicraft industry innovation and design plays significant
role. The craftmanship highly dependent for manufacturing a
product, as this craftmanship only can distinguish the product from
commercial design oriented one. As artisan work also tries to
express the culture and heritage of particular place or bring the
symbols of national significance.

Pricing: It is a critical concept in handicraft industry as creativity
and innovation cannot compare with monetary value. But for the
livelihood spending and materials used for making the items the
seller charges very nominal amount of costing. Basically, in India,
the craftsman are deprived to get requisite amount of price which
really worth their dawn to dusk labor and some significant amount
of profit. On other hand the poor remote areas craftsmen are unable
to estimate the cost as per standard pricing manner Many times it
has been observed that Master craftsmen are quoted prices and enjoy
the profit percentage and deprive the original craftsmen, giving a
marginal level of amount to them.
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Place: Distribution of goods are highly important as it is a supply
chain associated process from starting point Manufacturer to end
user, customers, The transportation and logistic supply chain are
crucially treated as driven force to circulate the product on time.
Promotion:

At this modern age, where most of the people are devoted a large
amount of time in social networking and media using where
promotion can be treated as indispensable part of marketing.
Needless to speak that Advertisement is a strategic art to convince
people towards the product. But in case of handicraft industry sales
promotion and advertisement are visible in very less compared to
commercial product publicity. [4]

VILMARKETING PROBLEMS IN HANDICRAFT

a)  Artisans face economical crisis problem
b) Small scale of operation:
e  Unorganized marketing strategics
o Lackof infrastructure facilitics
e Limited raw material supplies or lack of
continues supply of inputs

VIII. SWOT FOR HANDICRAFT INDUSTRY

TABLE 1: SWOT ANALYSIS
Weakness

Exhibit Rich tradition & | Unorganized market strategics
heritage culture- Indian | and network- in these sectors
handicraft brings the essence of | the workers are  mainly

Strength

culture and heritage. Indian
handicraft projects the
speciality of the region with
colourful  creativity.  This
handicraft industry establishes
its status by social, cultural and
mythological perspective too

artisans not having practical
business world knowledge
The intermediaries &
coordination actually deprive
their requisite  share, so
marketing  strategies  and
networking need attention

Strong entrepreneurship
potentiality

The schemes and Laws are not
clearly understood and known
by the workers associated in
these sectors.

More export-driven
potentiality ~ and foreign
currency earning possibility

Inadequate and non-
consistence raw  material
supply and lack infrastructure
facilities in rural areas

Opportunities

Threats

Talented Artisans can start
their own business with
innovative ideas and designs.
The diversified Govt schemes
and Viksit Bharat dreams of
India  encourages  Micro
talented entrepreneurs and
Craftsmen.

High fancy price of hand
made products. People are
moved towards commercial
product for economic gaining
perspective

More investment facility —
basically large investment and
high yielding sector in
handicraft sectors.

Unprivileged women workers
are exploited in minimum
wages, child labour also
found. The extreme poverty
and trapped by vicious circle
create hindrance into their
creativity and unigueness.

IX. RECOMMENDATIONS

In order to make handicraft Industry as vital sector for
employment generation and preserve the culture and
heritage the following points can be taken into the
consideration as recommendation

e  Organizing marketing network of Handicraft with help of
supply chain management

e Provides Copy right on Handicraft

e  Price Uniformity in Handicraft by the traders based on
unique production

e  Creation of awareness by the promotion-mix — Need
research and development in Handicraft

e  Foreign Collaboration with designers and artisans with
help of technological innovation:

e  Value addition in Handicraft by various designees’ in
product — Promoting in Handicraft

. Exports of Handicraft for earn the foreign exchange:

X. CONCLUSIONS
Handicraft is such a product that when a buyer likes it, consumer is
ready to pay a price because it indicates unique style with rich
culture. Handicraft product may be categorized on the basis of price,
export on domestic market, ease of maintenance, ease of storage,
utility value or decorative value and modernity or traditional
orientation of place. Handicraft is the standard mark of creativity
and the essential differentiator for a country in the sweeping wines
of globalization at world level.
In conclusion , it can be considered that in the age of
commercialization, handicraft industry can sustain only by
innovative design and essence of ethnicity. The heart of handicraft
sector is its aesthetic appeals and distinctive presence. But the
handicraft industry can help India to secure distinguish position into
global perspective and SWOT analysis is highly direction oriented
path in this competitive age.
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Abstract- The present study examined the key span of
Logistics Service Quality in the Shipping Industries in Tamil
Nadu. Simple random sampling is used in this study to select
the sample. As a result, 457 (filled-out) valid questionnaires
were available and used for further analysis in SPSS version

21. A structured questionnaire was used to collect the data,

while Correlation analysis was used to analyse the data. The
results revealed that the correlation coefficient for Logistics

Service Quality in the shipping industry is strong and certain.

Hence, the study concluded the key dimensions of Logistics

Service Quality in the Shipping Industry.

Keywords: Service Quality, Logistics Service Quality,
Shipping Industries.

[. INTRODUCTION
The shipping sector is essential to enabling global trade
and supply chain effectiveness in today's fiercely
competitive and interconnected marketplace. Logistics
service providers are under growing pressure to supply
value-added services and goods with high dependability
and consistency as customer assurance continue to climb.
Due to the result, logistics service quality, or LSQ, has
become a crucial component of long-term company
performance and customer pleasure and loyalty.
Timeliness, correctness, communication, responsiveness,
and service reliability are just some of the dimensions that
create LSQ. Understanding these factors is even more
important in the shipping industry, where cargo handling,
delays, and tracking transparency has a big impact on

results, More systematic analysis in which wvarious
aspects of service quality impact overall performance and

customer opinions is still required, notwithstanding the
operational complexity of the sector. This study aims to
analyze the key span of logistics service quality specific
to the shipping industry.[1]

By identifying and evaluating these dimensions, the
research seeks to gives insights which help shipping
companies enhance service delivery, strengthen client

relationships, and holding a rival edge in the evolving

global logistics landscape.
II. PROBLEM SUMMARY

In the increasingly competitive and globalized
shipping industry, delivering high-quality logistics
services are more essential for maintaining customer
satisfaction, operational efficiency, and long-term
business sustainability. However, many shipping
companies struggle to identify and effectively manage
the specific dimensions of logistics service quality
(LSQ) that most influence performance and customer
perceptions. While service quality frameworks exist,
there is a lack of industry-specific empirical analysis
focusing on the key span of LSQ in the shipping
sector, where operational complexities, international
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regulations, and customer expectations differ
significantly from other logistics domains. Without a
clear understanding of which LSQ dimensions, such
as timeliness, order fulfilment, information quality,
corporate image, and customer focus, have the most
significant impact, shipping companies risk
misallocating resources and failing to meet customer
expectations. This research addresses the gap by
analyzing these critical dimensions which produce
actionable insights that will help shipping firms to
increase service delivery, better customer satisfaction,
and strengthen their rival position in the global
marketplace.

III. LITERATURE REVIEW

1. Xiang-Yi ZHOU et al. focused on “the relationship
between online shopping logistics service quality and
customer perception in the case of return and exchange”.
Assuring the punctuality and reliability of deliveries and
improving responsiveness to user needs when returning
goods significantly influence customer satisfaction in e-
shopping. Along with improving customer satisfaction,
online retailers can retain loyal customers by enhancing the
customer ex perience of trust. Consequently, online retailers
must enhance customer trust and maintain loyalty through
superior product and service quality, as well as fostering
strong customer relationships; concurrently, Chinese
logistics service providers must expedite the transition
from conventional logistics to information logistic to align
with the evolving dynamics of the E- shopping sector.[2]
2. Mingxing li et al. revealed that “service quality has a
significant positive impact on customer satisfaction”. This
recommend that aspects of quality service covered in the
research, have a direct bearing on customer satisfaction.
The study comes to the conclusion that in order to improve
consumer happiness, JUMIA and other e- shopping
platforms should increase the quality of their services.
Since the study's conclusions show that improved service
quality boosts consumer happiness, service quality is a top
priority for all business-oriented enterprises, but especially
for online retailers. There are many ways to develop the
service quality, with special focus on client ease. An online
organization's primary goal is customer fulfillment, which
calls for it to pay close attention to it. Businesses,
particularly those operating online, concentrate on
improving perceived comfort in order to project a clear
picture to clients. These routes have a tremendous impact
on organization and help the business thrive.

3. Al Nasrie Weli,. study, “concentrated only in Sabah and
excluding the respondents from Peninsular Malaysia”.
Peninsular Malaysia could be included in future studies to
evaluate it. Additionally, this study only looks at land
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transportation; other modes should be included in future
studies. By addressing customer satisfaction with services,
this study benefited the sector and individuals working for
the logistics organization. Additionally, the report might be
useful to politicians who are reviewing and bolstering
current policies.

4, Barbara et al, this study, “describes how seven
dimensions of LSQ lead to achieving customer satisfaction,
particularly highlighting and discussing how the different
LSQ constructs lead to gaining high customer satisfaction
via different configurations”. Although we were able to
offer distinctive managerial perception thanks to our
methodological approach, our study has limitations and
presents opportunities for further research. They find out if
customer fulfillment and behavioral firmness are impacted
by the length of the customer-3PL service provider
relationship. Futurity research should also contrast the
outcomes of QCA and conventional regression analysis.
Further studies might additionally look into defining and
extending the effects on particular performance outcomes,
like agility, resilience, adaptability, loyalty, and word-of-
mouth. Because there can be variations, future studies
should look at the research topic in the context of other
markets and industries. Lastly, to further support the
findings' generalizability, future studies should examine
LSQ antecedents across industries and carry out
longitudinal assessments of past, present, and future
perceptions.[4]

5. Hasan Uvet conducted research in “investigate the
customers’ satisfaction in logistics services from the
perspective of logistics service quality factors”. The
findings show a strong correlation among perceived
customer fulfillment in logistics services, operational
information sharing, personnel contact quality, order
condition, and timeliness. These findings show that the two
most important aspects of physical distribution service
quality—timeliness and order condition—remain crucial in
LSQ. Furthermore, the findings indicate that satisfaction
views are highly impacted by Personnel Contact Quality,
the three primary elements of service quality. Furthermore,
it was found that beneficial impact of high-quality personal
interaction on customer fulfillment is mediated by
operational information exchange. The confederation
among Operational Information Sharing and Personal
Contact Quality is partially mediated. We found that the
negative impact of timeliness on customer fulfillment is
mitigated by order-discrepancy handling. The favorable
correlation among timeliness and customer fulfillment is
weakened by ordering discrepancy handling.[5]

6. Nugroho. concluded that “the ability of good logistics
services will make customers satisfied, and the level of
customer satisfaction increases”. Customers that are happy
with a firm are more inclined to buy from it again.
Establishing a team to accept and handle client issues is one
of the things that managers of rice-producing enterprises
should think about. Additionally, the business can offer

surveys to customers directly following service delivery or
through complaint and suggestion boxes. Additional
variables, such consumer loyalty, can be incorporated into
future studies. It is also required to expand the sample size
such that it encompasses customer from several rice-
producing company, instead of just one.[6]

7. Guan Hui, Gamze Arabelen et al., found that “LSQ
comprehending and application have been revolving the
business focus of LSPs. They have used a variety of
strategies as the quality factors in logistics has evolved. The
LSQ dimensions' emphasis has changed throughout time in
the sample, which amply demonstrates changes in the
importance placed on quality. The physical characteristics
of functions, such as distribution and timeliness-related
dimensions, are the primary focus of quality attention,
according to early-established LSQ dimensions produced
during a 20-year period. Customer-related LSQ aspects,
like empathy and personal service/contact, have emerged
in later times as output of logistics services becoming more
customer-oriented throughout time. According to semi-
structured interviews, the vital span of LSPs is the
dimensional changeover. Thus, it’s now vital than ever for
LSPs to establish good client connections by sympathetic,
ongoing interaction. Even if there are measurement models
made especially for logistics services, the SERVQUAL
model appears to have been utilized frequently by
researchers, despite the huge number of empirical studies
that use it in LSQ. This suggests that the search for LSQ
dimensions and measuring tactics not yet finished: as an
output, it is still subject to development and could
eventually result in the widely accepted LSQ measurement
technique. Through a methodical analysis of previous
research and measurement methodologies, this study offers
logistics professionals a foundation for quality service in
logistics. Through a methodical literature analysis that
organizes and systematizes the body of extant literature,
important quality span has been constructed. Five
dimensions—customer ~ preoccupation quality, order
fulfilment quality, quality timeliness, quality information,
business image and social responsibility, and the twenty-
four factors—have therefore been incorporated into the
LSQ framework. LSQ span for additional measuring
models are claimed by the research model's holistic
approach.[7]

8. Tchamyou, this study “aimed to determine the effect of
electronic commerce users’ evaluations about logistics
service quality on customer satisfaction and the
relationship between customer satisfaction and customer
loyalty”. Customer fulfillment and punctuality were found
to be positively correlated. This result is in line with what
other researchers have found. In order to be considered
timely, the ordered goods must be delivered to clients in
whole and undamaged at the time specified during the order
process. Customers might not get the expected benefits
from a product if it is delivered to them later than the
scheduled date. Customers might decide to buy from a
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different business in this situation. Customer satisfaction
and order condition were found to be positively correlated.
This conclusion is also supported by another research. It
demands that the consumer receive the requested product
unharmed and intact. The products should be kept in
suitable packaging that won't get damaged during handling
or fransit in order to guarantee this. Additionally, ant
spoilage measures should be put in place, especially for
goods with unique resistance requirements, including food
and health items, while keeping transportation time in
mind. Customer happiness and order accuracy are found to
be positively correlated. This result in line with other
research findings. If a delivery is made incorrectly, the
corporation will have to spend more time and money fixing
the mistake. If a consumer receives the product they
ordered incorrectly, they will remember this experience
and might not place as many orders with the same business
in the future.[8]

9. Weli, A., et. al investigated “the impact of LSQ on
repurchase intention based on the LSQ (experience)—
satisfaction-repurchase intention consequence chain. Data
were collected from 466 Chinese consumers who had
engaged in online shopping with international vendors”.
The model was tested using partial least squares structural
equation modelling. The findings show that cross-border
online shopping experiences, return logistics services, and
delivery service quality all have a big impact on customer
happiness. However, there is no evidence to substantiate
the links between customer happiness, price fairness,
delivery stability, and delivery information service. Cross-
border repurchase intentions are positively impacted by
price fairness, customer satisfaction, and the cross-border
online purchasing experience. Furthermore, LSQ, price
fairness, cross-border online shopping experience, and
repurchase intention are all mediated by consumer
happiness. Compared to domestic e-commerce, this study
is innovative because it focuses on the cross-border
dimension and introduces additional aspects like pricing
fairness and cross-border online shopping experiences,
which add other variable that affect LSQ and consumer
satisfaction. By providing fresh perspectives on the
intricate dynamics of LSQ in CBEC and emphasizing the
complicated mediating function of customer satisfaction in
various market conditions, this study adds to the body of
literature. It adds to the corpus of knowledge by providing
actual data and insightful information about the various
facets of LSQ and customer satisfaction.[9]

IV. OBJECTIVES
To study the relationship between various key spans of
Logistics Service Quality in the Shipping industry.

V.METHODOLOGY
Totally 457 logistics service providers has been chosen for
the study. For this study, the researcher used a well-
structured questionnaire to collect the data from the
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respondents.

The questionnaire includes variables related to Logistics
Service Quality in the Shipping Industry. The researcher
used correlation analysis to identify relationships among
variables in Logistics Service Quality. IBM SPSS 21
version was used for statistical purposes.

VI. DESIGN & CALCULATIONS
Company size is classified into three, small, medium, and
large.
Analyzing the Logistics Quality of service in Shipping
Industries in Tamil Nadu based on the size of the company
is required for this study. The distribution of respondents
by company size is given below.

Table 1: Size of the Company: Wise classification of

respondents
Size of the Company Frequency Percent
Small 154 33.7
Medium 164 359
Large 139 30.4
Total 457 100.0

The distribution of companies by size is relatively
balanced in the sample of 457 Companies. Medium-sized
companies. Small companies hold the largest share at
359% (164), followed closely by medium-sized
companies at 33.7% (154). Large companies make up the
remaining 30.4% (139), representing the smallest share but
still a substantial portion of the sample. Hence, the data
indicate that small and medium-sized enterprises dominate
the sample. However, the three categories are represented,
suggesting a diverse range of organizational sizes in the
study.

Size of the Company

= Small
= Medium

= Large

Figure 1: Size of the company-wise classification of
respondents

1. Nature of Mode-wise classification of respondents
This is classified into two, import and Export. Analyzing
the Logistics Quality of service in Shipping Industries in
Tamil Nadu on the basis of nature of the mode is required
for this study. The distribution of respondents by Nature of
Mode is shown in the table below.
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Table 2: Nature of Mode-wise classification of respondents

Type of Ships

Nature of Mode Frequency Percent
Import 200 43.8
Export 257 56.2 < h
Total 457 100.0 : =

56.2% (257) engage primarily in export activities, while the
remaining 43.8% (200) are involved in import operations.
This distribution suggests that a greater proportion of the
companies operate as exporters, highlighting a stronger = National Ships = International Ships
orientation toward outward trade within the sample.

Figure 3: Ship-wise classification of respondents

Nature of Mode

3. Relationship among dimensions of Logistics Service
Quality
Logistics Service Quality comprises five factors:
Timeliness, Order Fulfilment, Corporate Image,
Information Quality, and Customer Focus.
Ho: There is no relationship among various
dimensions of Logistics Service Quality.

= [mport = Export
TABLE 4: RELATIONSHIP AMONG DIMENSIONS OF

LOGISTICS SERVICE QUALITY

Figure 2: Nature of mode-wise classification of Logistics | .. Order | . Informat | Custo
respondents Service h:::; Fulfil | ?nT;r:t ion met
Quality ment g Quality Focus
2. ‘ ShipS‘WiSC (:‘,la.SSiﬂcatiO‘n f]frCSPondentS ‘ Timeliness 1.00 04;‘ 0.059 0.065 0.391
In this study, ships are classified into two categories: 0 20 _ _
National Ships and International Ships. Studying the gr?f‘?{] ([}(;] 0150 0.051 2932
Logistics Service Quality of the Shipping Industry in Tamil CB - m::m
Nadu by ship type is essential for this study—the Irgarggra ¢ 1.000 0.262" | 0.039
dis_:rib_ution of respondents by ship type. The number of Informatio 1000 0359
Ships is shown in the table below. n Quality
72.0% (329) reported using international ships, while only g:z::;mer l 000
28.0% (128) relied on national boats. This indicates that

most companies prefer or require international shipping **_Correlation is significant at the 0.01 level (2-tailed).

services, likely reflecting the global nature of their trade

activities and the need for broader logistical reach. From the above table, it can be inferred that the correlation

coefficient for Logistics Service Quality is strong and

TABLE 3: SHIP-WISE CLASSIFICATION OF positive. The correlation analysis reveals several essential
RESPONDENTS relationships among the key dimensions of logistics service
Type of Ships Frequency Percent quality in the shipping industry. Timeliness shows a

moderate, statistically significant positive correlation with
National Ships 128 28.0 order fulfilment (r = 0.420**) and a weaker but notable
379 70 correlation with information quality (r = 0.391), indicating
: that timely delivery contributes to effective order
processing and enhances the quality of information shared
with customers. However, its correlation with corporate
image (r = 0.059) and customer focus (r = 0.065) is weak
and not statistically significant, suggesting limited direct
influence in these areas. Order fulfilment also demonstrates
substantial positive correlations with corporate image (r =
0.180**) and information quality (r = 0.332*%), implying
that fulfilling customer orders accurately and reliably helps
reinforce the company’s image and the reliability of the

International Ships

Total 457 100.0
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information provided. In contrast, its relationship with
customer focus (r = 0.051) is weak and not statistically
meaningful.

Corporate image shows a moderate and significant
correlation only with information quality (r = 0.262%%*),
suggesting that organisations perceived as providing
accurate and timely information are more likely to have a
positive public image.

Interestingly, customer focus correlates significantly only
with information quality (r = 0.259**), indicating that high-
quality communication and information are key drivers of
a customer-centric approach. At the same time, operational
aspects such as timeliness and fulfilment appear to have
less direct impact. Overall, the analysis suggests that while
timeliness and order fulfilment are closely related and
critical to operational efficiency, information quality
emerges as a central factor linking operational performance
with corporate image and customer focus, underscoring its
strategic importance in delivering high logistics service
quality.

VII. CONCLUSIONS

This study examined the key dimensions of logistics
service quality (LSQ) in the shipping industry,
emphasizing timeliness, order fulfilment, information
quality, corporate image, and customer focus. Important
contextual insights into the industry's operating
environment are provided by the sample makeup, which is
dominated by small and medium-sized businesses, a
majority of export-oriented firms, and a significant
reliance on international shipping. The need of effective,
internationally-aligned logistics services is highlighted by
the large number of export-oriented businesses and the use
of international shipping. In this regard, the results show
that order fulfilment and timeliness are closely related and
crucial operational pillars that enable international
shipping and export operations. Another crucial factor that
stands out is information quality, which has a big impact
on company image and customer focus and serves as a
strategic bridge between operational dependability and
client-focused results. Relationship  management,
transparency, and communication are crucial for
businesses competing in an international logistics
environment, even though corporate image and customer
focus have fewer relationships with operational variables.
All things considered, the study confirms that the quality
of logistics services is multifaceted and necessitates a well-
rounded strategy that combines excellent operational
performance with sound client interaction procedures.
Shipping firms can improve customer satisfaction,
strengthen service delivery, and get a continuous
competitive edge in the global logistics market by focusing
on the most important LSQ dimensions and
comprehending the operational traits of their clientele.
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Abstract: The globalization of trade and the increasing
complexity of supply chains have amplified the demand for
domain-specific management education, particularly in
logistics and maritime sectors. This study presents a
qualitative comparative analysis between the University
Grants Commission (UGC)-All India Council for
Technical Education (AICTE) model Bachelor of Business
Administration (BBA) curriculum and the Indian
Maritime University's (IMU) specialized BBA in Maritime
Logistics (BBA-ML). Using curriculum mapping,
regulatory framework review, industry alignment
assessment, and career outcome evaluation, the research
highlights the pedagogical, structural, and outcome-based
differences between a generalist and a specialist
undergraduate program. Findings reveal that while the
UGC-AICTE BBA offers broad managerial competencies
and multi-sector employability, the IMU BBA-ML delivers
deep, industry-integrated expertise in maritime logistics
through  mandatory  apprenticeships,  regulatory
compliance training, and global benchmarking. The paper
concludes  with  recommendations  for  aligning
management education with evolving industry needs,
emphasizing experiential learning, digital literacy,
Logistics  knowledge and sustainability as core
competencies for future-ready graduates.

Keywords: Logistics and maritime sectors, Apprenticeship,
BBA  curriculum, Maritime Logistics, Curriculum
mapping, Regulatory framework review.

L. INTRODUCTION

It is axiomatic that business education forms the
backbone of managerial talent for India’s diverse and
rapidly evolving economic landscape. Traditionally,
undergraduate business degrees, such as the Bachelor
of Business Admimistration (BBA). have been
designed to equip students with core competencies in
management, finance, marketing, human resources,
and entrepreneurship. However, as business
ecosystems  become more  globalized and
technologically intertwined, the demand for domain-
specific expertise especially in sectors integral to
India’s economic strategy. such as logistics, maritime
trade, and supply chain management has increased
substantially. The Indian government’s policy
emphasis on transforming the logistics sector,
particularly through nitiatives such as the National
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Institute, Pune.
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Logistics Policy and large-scale port modernization
programs, further underscores this imperative.

Concurrent with these macroeconomic
transformations, there has been a notable shift in the
regulatory and curricular frameworks governing
undergraduate management education in India. In
2024, the AICTE expanded its regulatory purview to
include BBA and allied programs, previously under
the UGC, to ensure consistency, industry alignment,
and quality control across institutions. Against this
backdrop, specialized programs-such as the Indian
Maritime University’s BBA in Maritime Logistics-
have gained prominence for their targeted preparation
of graduates to meet sectoral workforce needs.

This study compares the UGC-AICTE model BBA
curriculum and the IMU BBA-ML program.
interrogating their curricular design, regulatory
structures, industry integration, and impact on
employability. It provides subject-level mapping,
analyses the scope of experiential learning. and
critically assesses career pathways in general business
and maritime logistics, all within the framework of
qualitative curriculum analysis.

II.  LITERATURE REVIEW

The literature on curriculum design, regulatory
frameworks, and sector-specific =~ management
education provides a strong foundation for
understanding the comparative positioning of the
UGC-AICTE model BBA and the Indian Maritime
University s BBA in Maritime Logistics (BBA-ML).
This review synthesizes prior studies, policy
documents, and global benchmarks relevant to the
present analysis.

1. Curriculum Design and Pedagogical Frameworks

Curriculum theory, as articulated by Tyler (1949) and
Posner (2004), emphasizes the alignment of learning
objectives, instructional content, pedagogy, and
assessment. In the Indian context, the AICTE Model
Curriculum for BBA (2024) reflects the National
Education Policy (NEP) 2020°s call for
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multidisciplinary learning, flexible entry—exit options,
and experiential components. Specialized curricula,
such as IMU’s BBA-ML, adopt a competency-based
approach (CBT) that embeds sector-specific
knowledge from the outset, aligning with international
best practices in vocational higher education (Erasmus
University, 2023). Comparative studies (Dmitriyev &
Lerner, 2021) suggest that early domain immersion
enhances graduate readiness for  regulated

industries[1][2][3][4][5].
2. Regulatory and Accreditation Context

The shift of BBA program oversight from the
University Grants Commission (UGC) to the All India
Council for Technical Education (AICTE) in 2024
aimed to standardize quality and strengthen industry
linkages across more than 4,200 institutions. AICTE’s
governance model mandates experiential learning,
skill-enhancement courses, and a research orientation.
Conversely, IMU operates under the Ministry of Ports,
Shipping, and Waterways, with curricula developed
by the Directorate General of Shipping (DG Shipping)
and aligned with International Maritime Organization
(IMO) conventions, including SOLAS. MARPOL,
ISM. and ISPS. The literature on higher education
governance (NAAC, NBA, AACSB frameworks)
underscores that accreditation bodies play a pivotal
role mm ensuring that curricula are responsive to
evolving industry needs [6]][7][8][9].

3. Industry Alignment and Experiential Learning

Work-integrated learning models, such as Germany s
dual education system and Singapore’s maritime
training framework, demonstrate the value of
structured apprenticeships in bridging academic
theory and workplace practice (Billett, 2011). The
AICTE BBA model incorporates internships and
capstone projects, but the depth and sectoral focus of
these components vary across institutions. In contrast,
IMU’s BBA-ML  requires a  two-semester
apprenticeship with shipping lines, port authorities,
and logistics operators, ensuring sustained immersion
in industry. Studies by the Logistics Sector Skill
Council (2022) indicate that such embedded
apprenticeships significantly improve employability
in specialised sectors [10-15].

4.  Employability and Career Pathways

Research on graduate employability (Yorke, 2006;
Careers360, 2024) indicates that domain-specific
programs yield higher immediate placement rates in
targeted industries, while generalist degrees offer
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broader career flexibility but may require postgraduate
specialization. IMU graduates benefit from built-in
professional certifications (e.g.. STCW, ISM) that are
prerequisites for many maritime roles. General BBA
graduates, while versatile, often pursue additional
certifications or MBASs to secure specialized positions
in logistics and supply chain management
[16][17][18].

5. Global Benchmarking and Emerging Trends

The international maritime education literature
(Stopford.  2020. UNCTAD, 2023) identifies
digitalization,  sustainability. and  regulatory
compliance as critical future competencies.
Technologies such as blockchain for shipping
documentation, Al for route optimization, and green
shipping practices are increasingly integrated into
leading maritime curricula. Benchmarking studies
indicate that IMU’s BBA-ML, with its regulatory
compliance modules and global collaborations, is
more closely aligned with these trends than many
generalist BBA programs in India [19][20][21].

IMI.  RESEARCH OBIECTIVES

1. Compare the curriculum design, content, and
pedagogical strategies of the UGC-AICTE
model BBA and IMU’s specialised BBA in
Maritime Logistics.

1.  Analyse the regulatory and accreditation
frameworks governing both programs and
their implications for quality assurance and
industry readiness.

. Assess the degree of industry alignment and
experiential learning integrated into each
curriculum, especially concerning sector-
specific competencies.

iv. Evaluate employability outcomes and
professional development trajectories for
graduates of general BBA and BBA-ML
programs.

V. Provide recommendations for curriculum
enhancement in light of global standards and
sectoral trends in logistics and maritime
management education,

IV.  METHODOLOGY
4.1. Qualitative Curriculum Analysis

The research employs content and thematic analyses,
as outlined by Posner (2004), Tyler (1949), and recent
educational scholarship, to examine curriculum
structures, subject distributions, and pedagogical
approaches across both programs. The analysis
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benchmarks the UGC-AICTE BBA curriculum (2024
revision) against IMU’s BBA-ML curriculum (2022-
2025 syllabi and program structures), focusing on
subject lists, credit requirements, and experiential
learning modules.

Curriculum Structure Overview
UGC-AICTE Model BBA Curriculum

The AICTE-regulated BBA curriculum, adopted by
most Indian universities by 2024, exhibits the
following hallmarks:

Three-to-Four Year Structure: 3-year BBA (120
credits), with a 4th-year Honours/Research option
(160 credits).

Flexible Entry/Exit Points: Certificate (after Year
1), Diploma (after Year 2), Degree (after Year 3).
Honours/Research (after Year 4),

Credit and Course Distribution: Mix of Core
Subjects (Finance, HRM, Marketing, Accounting,
Strategy), Multi-Disciplinary Electives, Value
Added Courses, Skill Enhancement, Discipline-
Specific Electives, and Major Project/Internship

components.
Specialisation  Streams: Finance, Marketing,
HRM, Business Analytics, International

Business, Operations, Retail, Entrepreneurship,
IT, and recently, Logistics & Supply Chain
Management as a possible track.

Experiential Learning: Emphasis on internships
(6-8 weeks), capstone and project work, industry
visits, and optional apprenticeships.

IMU BBA in Maritime Logistics (BBA-ML)

IMU’s BBA-ML program, offered with an embedded
apprenticeship. is distinctively sector-specific:

Three-Year Program (Six Semesters): No ecarly
exit; completion requires 140 credits.
Domain-Focused Core: Shipping economics, port
management, marine  insurance, freight
forwarding, EXIM policy & procedures, coastal
transportation, maritime regulations, and supply
chain management.

Mandatory ~ Apprenticeship:  Two-semester
(Semester V and VI) industry apprenticeship with
leading logistics and shipping firms: regular port
and industry visits throughout the program.
Assessment: Practical training, internship reports.
and project work are heavily weighted, with credit
allocation reflecting industry immersion.

TABLE 1: COMPARATIVE CURRICULUM
DIMENSIONS TABLE

Dimension

UGC/AICTE
BBA
(Standardised)

IMU BBA in
Maritime
Logistics

(Specialised)

Regulatory
Body

UGC/AICTE

IMU
(Autonomous,
under the
Ministry of
Ports,
Shipping, Gol)

Duration

3—4 years,
multiple entry/exit

3 years; no
early exit until
2025; multiple

entry/exit
thereafter.

From now on.

multiple
entries and
exits.
Management, ?gagtli?se
Finance, HR, .08 ’
Core Focus Marketing shipping, port
Anglytics management,
trade law
Specializati Blective (nol. ertl)tli;?tl:(; E‘};Tn
peel Supply Chain as Te prog
on track) is sector-
focused
Credits
Required 120-160 120
Mandatory
Experientia Internships apprenticeship
chcarnin (optional/mandato | s, port visits,
& 1y), projects and industry
seminars
Maritime,
Industry Multi-industry, l%g;;itﬁzs‘
Alignment generic e
compliance-
centred
Aligned with
Profe;ssmna Optional (sectoral mszrfl;;ﬂe
S certificates A
Certificatio osiible) logistics, and
n p DG Shipping
requirements.
Dll:‘;ﬁ:;srllifd: Shore-based
Career Marketing, HR, IOgIS::lZSS{pon
Pathways Analytics, shi 1n
Consulting, Start- p? g
.y supply chain
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Direct entry to
. the
Widely maritime/logis
Employabil | employable, but : e
1 tics sector,
ity depth by postgrad ,
it p higher
or certification
placement
rates
Curriculum IMU Act, DG
Governanc UGC/AICTE Shipping,
& standards international
conventions

The table demonstrates that the UGC-AICTE BBA is
inherently flexible and generic, designed to provide a
broad managerial foundation adaptable to many
sectors. By contrast, IMU’s BBA-ML offers deep,
vertically integrated domain knowledge targeted at

maritime

logistics,

with

experiential

learning,

regulatory compliance, and international standards
embedded as core elements.

TABLE 2: SUBJECT-LEVEL COMPARISON

TABLE
Subject UGC BBA Core | IMU  BBA-ML
Category Subjects Core Subjects
Principles  of Principles of
Management, g
: Maritime
Fundamental | Business
I Management,
Management | Communication ; :
= Business English
, Organisational | | o
p Communication
Behaviour
Microeconomic | Economics of Sea
Economics S, Transport,
Macroeconomic | Shipping
s Economics
Financial
y Accounting, Maritime Cost
Finance & | :
[ Cost & | Accounting,
& Management Shipping Finance
Accounting
Marketing Brand
. Management, Management,
s Consumer Digital Marketing
Behaviour in Shipping
HRM with focus
Human
Human RRHEES on
Resources T ——— Seafaring/Mariti
& me Staff
Operations Supply Chain
Operations/ Mgmt., Supply | Management,
SCM Chain  Mgmt. | Port & Terminal
(elective) Management
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1i.

EXIM
. . Documentatio
International International
. . n. Global
Business Business —_—
Logistics,
Trade Policy
. Maritime Law,
Business Legal
Legal/ Law, B :
Principles in
Regulatory Corporate S
: Shipping
Law .
Business
I];AJS.Siness for Maritime
Technology/ e Information
LT Business
Analytics ; Systems,
Ausiytios, 1T Logistics Tech
Lab g
glseg?zg::p’ 2-Semester
Apprenticeship/P Prgect Apprenticeshi
roject ) . | B Project
(varies m Work
depth)

In summary, while the two curricula share basic
managerial  foundations, the IMU BBA-ML
curriculum diverges by providing early. continuous,
and cumulative exposure to maritime and logistics
content—including compliance. technical operations,
and international documentation that are indispensable
to the industry.

4.2. Regulatory and Industry Review

Documents and circulars from AICTE. UGC, IMU,
and industry stakeholders are examined to map
accreditation requirements, regulatory authorities, and
program management protocols. Emphasis is placed
on recent shifts toward AICTE oversight for
undergraduate management education and IMU’s
integration with the Directorate General of Shipping
(DG Shipping) and international maritime
conventions.

Regulatory Frameworks and Accreditation
UGC/AICTE BBA Regulatory Model

AICTE as National Regulator from 2024
Onwards: The AICTE BBA Model Curriculum
applies across 4,200+ institutions and mandates
multiple entry/exit, experiential exposure, and
research/industry orientation as per NEP 2020
recommendations.

Curriculum Governance: Institutes must conform
to the AICTE model curriculum but retain some
autonomy for electives and credits. Accredited
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institutions benefit from access to teaching
resources, industry engagement programs, and
national monitoring (NAAC, NBA, AACSB).

IMU BBA-ML Accreditation and Governance

IMU’s Autonomous Status: Established by Act of
Parliament, IMU is a central university under the
Ministry of Ports, Shipping, and Waterways.
Programs are shaped by regulatory requirements
of DG Shipping and aligned with International
Maritime Organisation (IMO) conventions12.
Compliance Tracking: Regular curriculum
updates ensure compliance with international
safety and trade standards (SOLAS, MARPOL.,
ISM, ISPS). Apprenticeship integration is
coordinated with the Logistics Sector Skill
Council under NSDC12.

Global  Collaborations:  IMU  regularly
collaborates with international institutions (e.g.,
Erasmus University, Port Authority of Singapore)
and participates m academic benchmarking
initiatives17.

Thus., both programs exhibit rigorous regulatory
alignment, but IMU’s governance is more closely
coupled to sector-specific regulatory and operational
standards in the maritime and logistics domains.

Industry Alignment and Experiential Learning
UGC-AICTE BBA

Contemporary BBA programs under the AICTE/UGC
model curriculum increasingly feature:

Internships/Capstone Projects: 6-8 week summer
internships, mandatory project/dissertation work,
industry fieldwork, and capstone simulation
modules (especially in Honours/Research tracks).
Case Studies and Industry Workshops: Programs
embed industry cases, field visits, and expert
lectures from the broader business landscape, but
the focus remains generic unless electives are
sectorally defined.

Employability Augmentation: Students are
encouraged to pursue certifications in data
analytics, Al, digital marketing, and supply chain
(e.g., Power BL, MySQL. MS Excel) to improve
their employability.

While exposure is robust in top colleges, the delivery
of experiential leaming and industry integration varies

ii.

1il.

1.

significantly across institutions due to varying levels
of autonomy and resource disparities.

IMU BBA-ML
IMU’s curriculum stands out for:

Mandatory  Apprenticeship: ~ All  students
participate in a structured. two-semester
apprenticeship, working directly with shipping
lines, port authorities. and logistics operators—an
experience akin to dual-education models seen in
advanced economies like Germany and
Singaporel4.

Immersion in Operations: Regular industrial visits,
port simulations, seminars by practitioners, and
direct project assignments with  partner
organisations dominate the pedagogical approach.
Exposure includes real-time logistics management,
customs and EXIM documentation, and
international compliance requirements12.
Employer Partnerships: IMU maintains formal
MoUs with sector leaders and international
organisations for curriculum  development,
apprenticeships, and joint research, ensuring
practice-relevant learning and seamless transition
to the job market.

The industry-aligned, practice-driven model of IMU’s
BBA-ML represents a significant departure from the
more academically structured, optionally experiential,
general BBA.

Subject-Level Curriculum Analysis

To uncover the nuances of curricular orientation and
depth. the comparison below employs Dmitriyev and
Lerner’s analytic model (thematic, disciplinary,
resource, pedagogical, and application levels).

Management Fundamentals

Both curricula  introduce management theory,
organisational behaviour, and decision-making
processes in the first year, but with different emphases:

UGC BBA: Focus on general management
concepts. classical and contemporary theories,
leadership  styles,  planning/control,  and
communication within a business context.
Employs case-based assignments, simulations,
and group discussions for active learning 19.

IMU BBA-ML: The “Principles of Maritime
Management” integrates core management
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principles with maritime-specific examples—
fleet management, port authority roles, ship-
broking operations—emphasising the translation
of management concepts to logistics and shipping
environments.

Logistics and Supply Chain Content

UGC BBA: Logistics and supply chain
management may appear as an elective or
specialisation in later semesters. The coverage
focuses on global supply chain drivers,
distribution networks, and inventory management
and logistics, but at a theoretical level only:
further development is required through advanced
clectives or postgraduate study.

IMU BBA-ML: Logistics, warchousing, and
supply chain operations are embedded from the
outset, with foundational courses escalating to
advanced topics such as multimodal transport,
port & terminal management, international
shipping law. and maritime documentation
(including Incoterms 2020 and UCP 600
protocols).

Law, Compliance, and Industry Standards

UGC BBA: Business Law, Company Law, and
Corporate Governance modules primarily engage
with Indian legal frameworks for commerce, with
some electives in international business law in
select programs.

IMU BBA-ML: Provides in-depth treatment of
maritime  conventions (IMO  regulations),
international shipping law. EXIM documentation,
insurance, and environmental compliance under
MARPOL, ISM, and SOLAS. The law modules
are directly linked to practical shipping scenarios
and regulatory documentation, which are crucial
for graduates in operational roles at ports and
shipping firms.

Digital, Technical, and Analytical Skills

UGC BBA: Focus on business analytics, MIS,
and emerging technologies in management.
Electives provide preliminary exposure to
analytics using platforms such as Power Bl R,
and Python. Top colleges may supplement with
AI/ML labs and e-commerce modules in later
years.

IMU BBA-ML: Coursework incorporates
management information systems tailored to
logistics  operations, tools for shipping
management, digital documentation, and
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simulation of port operations. Up-to-date
exposure to technologies such as blockchain in
documentation and Al for route optimisation is
increasingly featured in IMU curricula.

Research, Internships. and Professional Presentation

UGC BBA: Honours or research tracks include
modules in research methodology, advanced data
analysis, and dissertation writing; project
presentation and formal viva processes are
standard in accredited institutions18.

IMU BBA-ML: Final semester project and
internship reports, based on field studies or
operational data from apprenticeships, are
assessed in partnership with industry mentors and
academic supervisors—mirroring capstone or
thesis-based evaluations but with greater practical
orientation.

4.3. Career Pathway and Outcome Evaluation

Recent placement data, recruiter feedback, and alumni
trajectories (from Careers360, Shiksha, Collegedunia,
and direct university placement cell reports) are
synthesised to trace employability results. Web-based
qualitative sources provide insight into evolving job
roles, average salaries, and recruiter expectations for
BBA and BBA-ML graduates.

Career Perspective Analysis
Employability Outcomes: General BBA

General BBA graduates benefit from:

Wide Career Flexibility: Entry-level roles span
human resources, marketing, sales, finance,
operations, and analytics across FMCG, banking,
retail, consulting, e-commerce, and startups.
Entry-Level Salaries: Average starting packages
range from 2.5 to T6 LPA, rising to 210 LPA or
more in top-tier institutions or with strong
internship/academic performance.

Typical Roles: Sales/marketing executive,
business analyst, financial analyst, HR trainee,
management trainee, operations manager, digital
marketer, and customer relationship manager.
Many graduates pursue further specialisation
through an MBA or professional certifications
(e.g., CFA, PGDM, analytics diplomas) to
enhance vertical mobility.

Top Recruiters: Leading MNCs, Indian
conglomerates, ITATES  firms,  startups,
consulting firms, and financial institutions (e.g.,
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TCS, HDFC, Accenture,
Infosys).

Deloitte, Amazon,

While a general BBA ensures broad employability,
graduates may find it challenging to secure domain-
specific managerial roles without further study or
targeted practical experience due to a perceived lack
of technical depth.

Employability Outcomes: IMU BBA-ML Graduates
IMU BBA-ML graduates exhibit:

Domain-Embedded Employability: High
placement rates (often =80%), with most
graduates securing roles in maritime, shipping,
logistics, export-import operations, and port
management14.

Sector-Specific Roles: Port operations analyst,
logistics coordinator, supply chain planner.
marine insurance specialist, freight forwarding
executive,  warchouse  manager, EXIM
documentation  officer, container terminal
planner, and regulatory compliance associate.
Entry-Level and Mid-Career Salaries: Typical
starting packages range from I3-9 LPA. with
higher progression potential for those securing
placements with global shipping majors or in
specialised logistics management positions—
reported figures extend to X12-24 LPA for high
performers.

Professional  Certification and Recognition:
Graduates enter the job market with certitications
required by DG Shippimng and other international
regulatory frameworks (e.g., STCW, ISM,
SOLAS). Many roles—especially i liner
shipping, port authorities, and international
logistics—require such credentials for entry-level
positions.

Moreover, the sector’s expansion—propelled by port
modernisation (e.g.. Vizhinjam, NPT, GIFT Port), e-
commerce growth, global supply chain localisation,
and government policies—drives strong demand for
logistics professionals trained through such targeted
programs.

Professional Development and Advancement
General BBA Track

Long-Term Mobility: Graduates who pursue
MBAs or professional certifications attain higher
roles in strategy, corporate finance, analytics,
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product
leadership.
Horizontally Movable Skills: Communication,
basic analytics, managerial acumen, leadership,
adaptability, and multidisciplinary exposure
allow successful cross-domain career shifts,
including non-business sectors (e.g.. media,
policy).

Entrepreneurship and Innovation: Exposure to
entrepreneurship modules primes graduates for
start-up creation or management roles, provided
they acquire specialised domain knowledge and
practical experience in their field of interest20.

management, and entrepreneurial

IMU BBA-ML Track

Sector Leadership: The progression typically
follows linear roles, terminal/port management,
ship brokerage, marine mmsurance, international
trade compliance, and C-suite operations in
maritime and logistics entities.

Certifications and Continued Learning: Career
advancement is intricately linked to the
acquisition of advanced maritime, safety, or trade
compliance certifications, often internationally
recognised and periodically renewed (e.g..
STCW, ECDIS, ISM/ISPS, GMDSS). Many
graduates also pursue specialised postgraduate
degrees or industry certifications both in India and
abroad.

Global Mobility: International conventions and
IMU’s global collaborations facilitate overseas
career opportunities—a strategic advantage in a
sector where international exposure significantly
impacts  advancement and  remuneration
prospects.

4.4, Global Benchmarking

Elements from international maritime and business
management curricula are reviewed to situate both
Indian programs within broader global trends, drawing
comparisons to competency matrices, accreditation
frameworks, and subject-level innovations from
leading institutions.

Regulatory Frameworks and Curriculum Trends:

Global Standards:

Maritime logistics and port management education
globally is transforming in response to digitalisation,
sustainability, and resilient supply chain imperatives:
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Competency-Based Training: Leading
universities and sector stakeholders increasingly
require programs to align output with technical,
management, and interpersonal competencies
needed for modern maritime logistics—including
data analysis, digitalisation, sustainability, and
cross-functional teamwork.

Digital and Sustainable Curriculum:
Benchmarking studies and industry interviews
emphasise the urgent need to modernise maritime
curricula, infusing digital skills, sustainability,
and operational flexibility as core program
outcomes.

Accreditation and Benchmarking: International
institutions stress regular benchmarking and
curriculum updates in line with emerging
technologies  (blockchain, AlI, automation),
professional  certifications, and regulatory
changes (IMO standards, port safety codes, trade
and environmental law).

IMU’s BBA-ML  program, by integrating
apprenticeships.  regulatory  compliance,  and
international curricular collaborations, 18

demonstrably closer to emerging global expectations
than many non-specialist Indian BBA programs.

Vi DISCUSSION

The comparative analysis clearly demonstrates that
domain specialisation, industry integration, and
experiential learning constitute the defining
advantages of IMU’s BBA in Maritime Logistics over
the UGC/AICTE model BBA. The IMU program not
only provides technical and legal proficiency aligned
with current and future sectoral demands but also
leverages strong university-industry  linkages.
mandatory apprenticeships, and global academic
partnerships to optimise student employability.
Graduates of the BBA-ML program are better
prepared for immediate entry into mid-skill and
managerial roles in logistics and shipping. and they
face fewer entry barriers due to the program's built-in
compliance with international regulatory standards.

In contrast, the generalist UGC BBA offers broad
employability, flexibility. and a platform for further
specialisation, but at the cost of immediate sectoral
role-readiness and technical depth unless students
proactively pursue relevant electives, certifications,
and practical experience. This difference 1is
particularly crucial in labour market segments where
employers expect job-ready recruits and high
regulatory compliance, as in maritime logistics.
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1l Strengthen

11i. Foster

However, the generalist route’s flexibility remains
advantageous for students secking diverse carecer
trajectories, including entrepreneurship or sectors
outside logistics, and for those uncertain about their
long-term specialisation at the undergraduate stage.

Both curricula would benefit from continued
calibration against global standards and greater mutual
integration of digital literacy, sustainability. and cross-
industry transferable skills within their respective
domains.

VI.  RECOMMENDATIONS

1. For Policymakers and Regulators:

Encourage sectoral partnerships and the co-
creation of curriculum between universities,
industry councils, and regulatory authorities in all
professional BBA streams.

Mandate or incentivise universal apprenticeships
and sector-specific experiential modules across
undergraduate management programs.

2. For General BBA Providers (UGC/AICTE Model
Curriculum):

1. I. Integrate logistics and supply chain electives

earlier in the curriculum, emphasising real-world
problems, tools, and compliance.

the apprenticeship and industry
mentorship system, especially in non-top-tier
colleges, using models inspired by IMU and
international standards.

digital literacy, sustainability, and
regulatory compliance as core skills for all
business majors, regardless of specialisation.

3. For IMU and Maritime Logistics Programs:

1. Continue benchmarking against international
best practices, integrating new modules into big
data analvtics, Al, and sustainable maritime
practices.

1. Expand collaboration with global port
authorities, shipping majors, and logistics tech
innovators for live projects and capstone
internships.

4. For Students and Aspirants:

1. Choose programs not only for their brand value
but for their alignment with your long-term
carcer vision and the depth of exposure to
industry practices.




Tolani Maritime Institute’s Journal of Maritime Fundamentals and Applied Research

. Seek certifications (STCW, ECDIS, ISM/ISPS,
etc.) and robust internships to supplement both
general and specialist curriculum exposure,

5. For Employers:

1. Partner with academic mstitutions for pre-
placement tie-ups, co-designed apprenticeships, and
continuous curriculum feedback to ensure graduates
meet evolving sectoral needs.

In sum. the future of business education in India lies
i judiciously blending foundational management
education with deep, practice-driven, compliance-
oriented skill development exemplified by leading
domain-specialist programs. This 1s the surest way to
ensure that graduates are not only employable but also
poised to lead in the future digital. globally networked
business landscape.

VIL CONCLUSION

The transition of Indian business education from a
generalist paradigm to sector-specialised,
professionally aligned models is both necessary and
overdue, especially in logistics and allied domains
central to the country’s economic aspirations. This
research has shown that while generalist BBA degrees
offer diverse career options and are conceptually
robust, domain-specific programs such as IMU’s
BBA-ML provide superior preparation for logistics
and shipping careers due to rigorous, regulatory-
compliant curricula, integrated experiential learning,
and strong alignment with industry demand.

As logistics, shipping, and supply chain sectors
evolve, educational institutions must proactively
iterate their curricula, pedagogical strategies, and
industry collaborations to prepare graduates who can
navigate digital disruptions. regulatory complexity,
and global trade challenges with confidence and
adaptability.
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Abstract—Green Finance is instrumental in achieving the
objective of SDGs that consider green growth. Green
Finance is essential for financing green and renewable
energy projects. Banks, institutional investors, international
financial institutions, central banks, and regulatory
authorities play a key role in Green Finance. Green Finance
plays a vital role in agriculture, energy systems, education,
health, technology and urban planning.
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L INTRODUCTION
The first usage of ‘Green finance’ (GF) appeared in
literature in 1997, and its first academic definition
appeared in 2011 [1]. GF is also referred to as ‘climate
finance’, ‘environmental finance’, ‘green investment’,
and ‘sustainable finance’ [2]. GF focuses on the stable
development of economic activities and the ecological
environment,
development [3]. GF is associated with financial
products, services, and investments that support
environmentally sustainable projects and initiatives [4].
GF follows ESG principles [5]. Researchers have been
studying the areas of GF and sustainable development in
response to the serious challenges caused by climate

thereby achieving sustainable social

change and environmental degradation [6]. According to
the International Finance Corporation’s The Basic Green
Finance Reference Guide (2020), GF is “the finance that
follows either the Green Bond Principles or the Green
Loan Principles.” GF is instrumental in achieving the
SDGs that prioritise green growth [7]. Some of the
significant studies on GF are summarised in Table 1.

TABLE 1. SUMMARY OF A GF STUDIES

Author(s) Study Domain
Zaman et al., (2026) Investigation of the
relationship between energy
Technology-society transition, GF, digital
nexus in post-COP 27 | innovation, and  carbon
era: How digital | emissions in 37 OECD
innovation, energy | countries.

SDGs. Sustainability.

green technologies.

transition, and green

finance drive net-zero

pathways in  OECD

countries. Eneray Policy.

Alvi et al., (2025) Effects of green finance,
The role of green | digitisation and environmental
finance, energy | patents, the energy transition
transition, and | and renewable energy
digitalisation in OECD | consumption, and urbanisation
greenhouse gas | and trade openness on
€missions. ecological sustainability.

van Niekerk (2024) Green banks, green bonds,
Economic Inclusion: | green growth, green
Green Finance and the | investments, green loans,

Trukhachev, V. 1, &
Dzhikiya, M. (2023).
Development of
environmental economy

and management in the
age of Al-based green
finance. Frontiers in
Environmental Science.

Economic and mathematical
modelling of GF to SDG 2,
SDG 3, SDG 6, SDG 7, SDG
11, SDG 12, SDG 13, SDG

14, SDG 15.

Sadiq et al., (2023)

Association

between

The role of green | renewable energy production
finance, eco-innovation, [ and  SDGs.  Association
and creativity in the | between renewable energy
sustainable development | production and carbon
goals of  ASEAN | emissions.

countries. Economic

Research-Ekonomska

Istrazivanja.

Alharbi et al., (2023) Role of GF in renewable
Green  finance  and | energy generation and the
renewable energy: A | production function of
worldwide evidence. | renewable energy.

Energy Economics.

Noureddine (2022) Relation of GF to green

Green Finance and the
Sustainable Development
Goals: A Review of
Some International
Experiences. Journal of
Economics and
Sustainable
Development.

investment, climate finance,

sustainable  finance,

green

finance products and services
(green bonds, green labelled
loans, green investment funds,
climate risk insurance, green
stocks), Islamic products for
green financing (green and
blended finance, green sukuk).

Successful  experiences

of

France, Germany, Brazil, the
UK and China in the field of

GE.
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Khan et al., (2022)

Does green finance really
deliver what is expected?
An empirical perspective,
Borsa Istanbul Review.

Impact of climate mitigation
finance, per capita gross
domestic product, total
population, trade openness
and energy consumption on
ecological footprint.

Taghizadeh-Hesary &
Yoshino (2019)

Reducing the risks linked with
green investments by the
utilisation of technological
features of Distributed Ledger
Technologies.

Desalegn & Tangl, 2022

Scope of GF: carbon finance,
climate finance, green bond,
green credit, green fund.

Debrah et al., 2022
Green finance gap in
green  buildings: A
scoping  review  and
future research needs.
Building and
Environment.

GF and green buildings.

Clark et al., (2018)

Identification of key barriers
(information gaps,
short-termism, undervaluation
of natural capital, dependency
on voluntary commitments
without recourse and byelaws)
to private investment and
recommendations for
surmounting the obstacles.

Akomea-Frimpong et al.,
(2021)

Identification of green finance

products: carbon finance,
climate finance, green
bancassurance, green

infrastructural finance, green
loan (credit), green long-term
investment account, green
traded stocks and bonds.

Ehlers & Packer (2017)
Green bond finance and

Features of different green
bond  identification  and

Bhattacharyya (2021)
Green finance for energy
transition, climate action

and sustainable
development: overview
of concepts, applications,
implementation and
challenges. Green
Finance.

Adaptation finance, carbon
finance, climate finance,
environmental finance, ESG
investing, impact investing,
green finance, microfinance
schemes, ocean finance,
sustainable finance, transition

finance; carbon border
adjustment mechanisms,
carbon contract for

differences, carbon credits and
cap-and-trade  arrangements,
carbon  emissions trading,
carbon  price/tax, carbon
offsets; historical development
of GF concepts (1969-2021);

certification. BIS | certification schemes.
Quarterly Review.
Pham (2016) Distinction between  green

A volatility analysis of
the green bond market.
Journal of Sustainable
Finance & Investment.

bonds and  conventional
bonds. Green bond principles.
Labelled green bond and
unlabeled green bond.
Modelling of the volatility
behaviour of the green bond
market.

Criscuolo &  Menon
(2015)

Environmental policies
and risk finance in the
green sector:

Cross-country evidence.
Enerey Policy.

Examination of  policy
determinants  of  venture
capital financing in the green
sector across 29 countries for
the 2005-2010 time span.

Ziolo et al., (2021)

Link between sustainable
finance models (sustainable
finance model 1.0, sustainable
finance model 2.0, sustainable
finance model 3.0) and SDGs
(SDGs 1,2,3,4,5,7,8,9, 10,
11, 12, 13, 15, 16, 17).

Significant financing is required to realize the UN SDGs
[8]. A few studies related to GF and SDGs are

summarized in Table 2.

TABLE 2. GF AND SDGS

Lagoarde-Segot (2020)
Financing the Sustainable
Development Goals.
Sustainability.

Mathematical examination of
Loanable Fund Theory and the
Post-Keynesian Endogenous
Theory of Money. Sovereign
Green Bond and SDG finance

gap.

Hafner et al. (2020)
Closing the green finance
gap — A systems
perspective:
environmental
Innovation and Societal
Transitions.

Identification of hurdles that
obstruct green investments
and potential policy
interventions to scale up such
investments.

SD SDG Author(s) Contribution  of

G GF to SDG

No

1 No Poverty Desalegn & | Promotion of

Tangl (2022) green products

within credit,
insurance, money
transfers, new
digital  delivery
channels and
savings.

2 Zero Hunger | Trukhachev & | Linkage between
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Dzhikiya SDG 2 Score and
(2023) policy and
strategy.
3 Good Health | Raman et al., | The role of
and (2025) climate finance in

Well-Being

reducing pollution
and  supporting
clean energy
initiatives.
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and the SDGs.
Sustainability.

13 Climate van Niekerk | GF and carbon
Action (2024) emissions.
Economic
Inclusion:
Green Finance
and the SDGs.
Sustainability.

14 Life
Water

Below | van Niekerk | GF and
(2024) sustainable
Economic fisheries.
Inclusion:
Green Finance
and the SDGs.
Sustainability.

15 LifeonLand | van Niekerk | GF and
(2024) sustainable  land
Economic management.

Inclusion:

Green Finance
and the SDGs.
Sustainability.

16 Peace, Afzal et al. | Need for

Justice and | (2022) combining strong
Strong institutions  with
Institutions GF to lower, or
eliminate,
long-run  effects
on the
environment.
17 Partnerships | van  Niekerk | GF and
for the Goals | (2024) communitarian
Economic networking.
Inclusion:
Green Finance
and the SDGs.

Sustainability.

4 Quality Raman et al., | The role  of

Education (2025) education in
Innovations empowering
and barriers in | individuals  and
green and | societies towards
sustainable embracing greener
finance  for | practices.
advancing the
Sustainable
Development
Goals.
Frontiers  in
Environmental
Science.

5 Gender Chen F-H | Financial

Equality (2024) knowledge  and
women’s
empowerment,
gender  diversity
and adoption of
Environmental
Management
Systems,  green
entrepreneurship
and women'’s
empowerment.

6 Clean Water | Noureddine Investment in
and (2022) infrastructure.
Sanitation

7 Affordable van  Niekerk | GF and renewable
and  Clean | (2024) energy projects,
Energy

8 Decent Work | van  Niekerk | GF and
and (2024) sustainable
Economic Economic economic growth.
Growth Inclusion:

Green Finance
and the SDGs.
Sustainability.

9 Industry, van Nickerk | GF and green
Innovation (2024) technologies.
and
Infrastructure

10 Reduced Simionescu & | The nexus
Inequalities Gavurova between pollution

(2023) and income
inequality in the
context of GF.

11 Sustainable van Niekerk | GF and
Cities  and | (2024) eco-friendly urban
Communities | Economic development.

Inclusion:

Green Finance
and the SDGs.
Sustainability.

12 Responsible | van  Niekerk | GF and distributed
Consumption | (2024) manufacturing and
and Economic regenerative
Production Inclusion: consumption.

Green Finance

I1. OBJECTIVES

There is an inverse relationship between economic
sustainability and environmental sustainability [9].
Regional GDP growth is associated with increased
environmental pollution, according to the environmental
Kuznets curve [10]. GF is a key driver of ecological
protection and  sustainable development [I1].
Sustainable development encompasses corporate
economic plans, government policies, and measures for
conserving natural resources [l12]. Financing is
imperative for achieving the SDGs [13]. GF can be an
enabler of human progress.

Research Question
RQI1. What is the scope of GF?

1.  METHODOLOGY
The review papers were retrieved from Scopus,
Clarivate, Google Scholar and ScienceDirect. Articles
were chosen for their contribution to GF. The articles
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were analyzed to identify key findings, themes, and
trends regarding GF. The findings of this study
contribute to the GF, SDGs, and ESG (environmental,
social, and governance) frameworks. They may provide
insights for investors, policymakers, and researchers
working in the domain of GF.

IV. ResuLts anD Discussion

The Research Question

GF is essential for financing green and renewable
energy projects [14]. Several funds, such as the Clean
Development Mechanism, the Global Environment
Facility, the Green Climate Fund, and the World Bank
BioCarbon Fund, have been established to support
climate action, conservation, and  sustainable
development [15]. The article by Fu et al. (2023)
discusses the Green Climate Fund (GCF), green bonds,
sustainable spending, sustainable investments, the
impact of environmental policy on R&D investment, the
impact of government expenditure on green economic
performance, the impact of corporate green bonds on
environmental performance, the impact of CSR
disclosure on GF, the link between supply chain
collaboration and GF, climate change hedge portfolios,
the effect of GF on low-carbon energy, sustainable
development and the link between oil price, trade and
GF. Using a sample of 46 countries (data collected from
the SDC Platinum database), Mamun et al. (2022) [16]
ascertained that green bond financing plays a crucial
role in decarbonizing the global economy.

The Equator Principles (Table 3) serve as guiding
principles for financial institutions to identify, assess,
and manage environmental and social risks associated
with project financing.

TABLE 3. THE EQUATOR PRINCIPLES

Principle # | Principle

1 Review and Categorisation.
Categorisation of projects into Category A,
Category B and Category C.

Environmental and Social Assessment,

3 Applicable Environmental and Social
Standards.

4 Environmental and Social Management
System and Equator Principles Action
Plan.

Stakeholder Engagement.

Grievance Mechanism.

Independent Review.

Covenants,

ol |

Independent Monitoring and Reporting.

10 Reporting and Transparency.
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Principles 7, 8, and 9 (Table 4) of the Ten Principles of
the UN Global Compact pertain to the environment.

TABLE 4. PRINCIPLES 7, 8 AND 9 OF THE UN

GLOBAL COMPACT
Principle # | Principle

7 “Businesses should support a
precautionary approach to environmental
challenges"

8 “undertake initiatives to promote greater
environmental responsibility”

9 “encourage  the development and
diffusion of environmentally friendly
technologies”

Banks, institutional investors, international financial
institutions, central banks, and regulatory authorities
play a key role in GF. GF plays an essential role in
agriculture, energy systems, education, health,
technology and urban planning. The growth of Green
Bond Issuances, Green Debt Securities issued in India,
and Green credit guarantee schemes are related to GF:
most green bonds fund clean transport projects, energy
efficiency, and renewable energy [17]. GF can be
classified into: carbon markets and credits, green bonds,
green insurance, green loans and sustainable investment
funds.

V. PRACTICAL IMPLICATIONS
Impact of GF
GF is related to commercial FlIs, corporations, FDI,
philanthropy,  bilateral DFI, multilateral DFI,
public-sector undertakings, and government (union and
state) budgets. Green investments require substantial
initial capital and yield returns over the long term [11].

V1. CONCLUSIONS

Managers need to respond to environmental, financial
and social challenges which organizations are facing
today. GF can be used for facing the challenges and
creating value. GF is related to environment friendly
investments, investors’ confidence, lenders’ confidence,
economic growth, green energy, renewable energy
development and climate-related financial policies.
Identification and removal of financial, legal and
regulatory barriers can help in advancing GF concept.
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Abstract— Market research can be treated as a critical catalyst in
modern business operations. By conducting proper market
research, businesses can gain insights into consumer's needs and
belaviour, stay competitive, make informed decisions, manage
risk, and measure success.

This research paper states the importance, methods, and
challenges of market research, providing a detailed explanation &
the role in strategic decision-making. Economy is changing
platform where consumer’s reaction and purchasing pattern also
differ time to time. With a focus on both qualitative and
quantitative approaches, the paper highlights the growing
influence of technology in market research, providing valuable
information for organizations looking to remain compeltitive in an
ever-changing business landscape.

Keywords: Market Research, Consumer Behavior, Strategic
decision making.

I. INTRODUCTION

Business is one of the pillars of development. It has been
progressed from  self-sufficiency stage to modern
technological premises. Business environment has its own
distinctive features. This dynamic economic environment
brings competitive business vibes. The companies are
demanding more information and data to understand the need
& choice of customers for framing smooth strategic decision.
One of the most powerful tools available to businesses for
informed decision-making is market research. Market
rescarch cnables businesses to identify consumer taste &
preferences [1]. evaluate market conditions. and forecast
future trends. The role of market research has evolved
significantly over time, from simple surveys and interviews
to more complex data-driven methodologies. This paper has
tried to point out the importance of market research. its
methodologies, the challenges faced by business houses and
its evolving role in modern business strategies. By examining
the evolution of market research and analyzing the business
challenges & opportunities, this paper will offer insights into
how businesses can leverage research findings to drive
competitive advantages and inform strategic decision-
making.

II. LITERATURE REVIEW

Market research as a tool that provides insights into customer
behaviors. preferences, and unmet needs, enabling
organizations to adapt to changing market conditions [2].
There is an understanding market dynamics through research
is particularly important in sectors where new product
development is key to competitive advantage, as it helps
predict consumer responses to innovation [1].
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Market research broader definition emphasizes stressing that
market research encompasses a wide range of methods and
techniques, including both qualitative and quantitative
research. to gather and analyze data. Market research is not
only concerned with assessing consumer preferences, but it
also extends to understanding the competitive landscape [2]
[3]. identifying market trends, and forecasting future
developments. This broader scope of market research helps
businesses make better decisions about product development,
marketing strategies. and pricing, ensuring alignment with
consumer expectations.

III.LROLE OF MARKET RESEARCH

Market research can also play an important role in the process
of developing the products and services, bringing them to the
marketplace, and marketing them to consumers. Here are a
few ways that market research can help for framing business

strategy:

i. It can give us an accurate view of business and
the marketplace.

ii. It can help us to determine who are the
customers are. and which customers are most
likely to do transact with the business.

iii. It can reveal how customers and prospects view
the existing business and products.

iv. It can help you decide whether a new idea for a
business or product will fly — that is, if
customers will find it appealing — based on how
similar products have performed in the
marketplace.

V. It can help us make wise product packaging and

promotional decisions, as well as effective
marketing messages.

The primary importance of market research lies in its ability
to reduce uncertainty. By providing accurate and timely
information. market research enables companics to make
well-informed decisions, whether it's launching a new
product. expanding into new markets, or revising marketing
strategies

Additionally, market research promotes business customer
relationships. Through research, companies can better
understand their customers' pain points, taste & preferences,
and expectations, enabling them to create more personalized
and targeted marketing campaigns [3][4]. This alignment
with customer needs fosters loyalty. strengthens brand
reputation, and drives customer retention.
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III. MARKET RESEARCH PROCESS

The first step in the research process is defining the problem.
This stage is vital. as it determines the direction for the entire
research effort.

A distinctive idea helps to justify the concise & core problem
address by the help of market research. Once the problem is
defined. the next step is designing the research methodology.
which involves identifying the qualitative and quantitative
techniques. as well as determining the research instruments,
sample size. and data collection methods [3]. After data
collection, the research team analyses the findings using
statistical tools and technmiques. This stage involves
interpreting the data to draw meaningful conclusions and
insights. The final step is presenting the research findings in
a way that is clear, actionable, goal oriented and relevant to
decision-makers. This may involve writing detailed reports,
creating visualizations, or conducting presentations to share
insights with key stakeholders. Basically. the market research
process involves several key steps that guide researchers from
identifying the problem to analyzing and reporting the results.

IV.METHODOLOGIES OF MARKET
RESEARCH

Market research methodologies can be broadly categorized
into qualitative and quantitative research. both different
purposes and offering with unique features. Qualitative
research, as explained by Malhotra (2009), is primarily
focused on understanding consumer motivations, attitudes,
and behaviors. Techniques such as focus groups. in-depth
interviews. and ethnographic studies allow researchers to
procure resourceful detailed insights into the underlying
reasons behind consumer taste & preferences [3]. This
method helps business to explore the socio- psychological
factors associated of consumer that cannot be possible to
estimate by numerical data.

On the other hand, quantitative research is focused on
collecting numerical data that can be statistically analyzed.
Common methods of quantitative research include surveys,
experiments, and observational studies. These approaches are
used to quantify consumer behaviour, measure attitudes, and
track changes in preferences over time, Quantitative data can
be analyses to identify patterns and correlations, helping
businesses make data-driven decisions based on a broader
sample size. The quantitative research provides the statistical
backbone for market research, offering clear and measurable
insights that can be wused for segmentation, market
forecasting. and performance analysis [2]. While qualitative
research helps understand the "why" behind consumer
actions. quantitative research answers the "what" and "how
much." The integration of both approaches. often referred to
as mixed-methods research. allows businesses to gather a
holistic view of the market and make more comprehensive
decisions [3]. By combining the strengths of both methods.
companies can create research strategies that address both the
emotional and rational aspects of consumer behaviour.

V.CHALLENGES IN MARKET RESEARCH

Despite its importance, market research faces several
challenges that can hinder its cffectiveness. One major
challenge is the ever-changing nature of consumer behaviour.
Study reveals that consumer’s taste & preferences can shift
frequently, making it difficult to forecast future trends with
certainty. The advancement of digital technologies and social
media has further accelerated these drastic changes. making
it difficult for businesses to ascertain a proper framework.
Another challenge is the complexity of human behaviour.
Traditional market research techmiques often struggle to
capture the full range of consumer motivations, beliefs, and
preferences. For example, factors such as cultural influences,
social pressures. and psychological biases can significantly
impact consumer decision-making but may not always be
reflected in survey responses or focus group discussions [5].
Consumer research study emphasizes the need for more
advanced techniques. such as behavioral data analysis and
sentiment analysis. to uncover the deeper drivers of consumer
behaviour. Data quality is another significant concern in
market research. Inaccurate or incomplete data can lead to
erroncous conclusions and misguided business decisions.
Researchers must ensure that data collection methods are
reliable and that sample sizes are large enough to provide
statistically significant results. Additionally, ensuring that
respondents provide honest and accurate feedback is a
common challenge in consumer research, particularly when
dealing with self-reported data.

VL INNOVATION IN BUILDS IN MARKET
RESEARCH

Market research plays an essential role in fostering
innovation within organizations. By providing insights into
consumer taste & preferences, market research helps
businesses identify gaps in the market and unexplored
opportunities for new product development. Different studies
highlight the role of market research in the development of
innovative products, market research inclines to test new
ideas. validate concepts. and refine product designs before
launching them to the market. However, the role of market
research in innovation is not always straightforward. The
traditional market research methods may not always be
suitable for evaluating radical or discontinuous innovations,
as consumers may have difficulty articulating their needs for
products that do not vet exist [1]. This is particularly true for
disruptive innovations that challenge established norms and
create entirely new markets [6]. In these cases. companies
must balance market research with creativity and vision.
relying on intuition and visionary thinking to drive product
development.

VII. ETHICAL CONSIDERATIONS IN
MARKET RESEARCH

Ethical considerations are crucial in ensuring the integrity and
credibility of market research. Researchers must adhere to
ethical guidelines that protect the rights of participants and
ensure that research findings are accurate and unbiased.
Informed consent means that participants must be fully aware
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of the purpose of the research and how their data will be used.
Researchers must also ensure that participants' identities and
responses are kept confidential. particularly when dealing
with sensitive information [ 7]. Additionally, researchers must
avoid any form of deception or manipulation in their data
collection methods. By maintaining high ethical standards,
researchers can build trust with consumers and ensure that
their findings are reliable and valid.

VIII. FUTURE TRENDS IN MARKET
RESEARCH

The future of market research is being shaped by
technological advancements and new methodologies. One of
the most significant developments in recent years has been
the advancement of big data analytics, which allows
companies to process and analyze vast amounts of consumer
data in real time. It is noted that big data offers businesses
the ability to track consumer behavior across multiple
platforms. providing deeper insights into consumer taste &
preferences [2]. Furthermore, the integration of artificial
intelligence (AI) and machine learning into market research
is transforming how businesses collect and interpret data. Al-
powered tools can identify patterns and correlations that
would be difficult for humans to detect, enabling businesses
to make more accurate predictions about market trends and
consumer behavior [8]. Additionally, machine learning
algorithms can continuously improve over time, making them
more effective at analyzing.

The future of market research will also see a greater emphasis
on understanding the customer journey as a whole. rather than
focusing solely on individual touchpoints. Malhotra (2009)
discusses the shift toward experience-based research. which
takes into account the entire customer experience. from initial
awareness to post-purchase evaluation [3]. This holistic
approach will allow businesses to create more personalized
and engaging experiences for their customers.
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IX.CONCLUSION

Market research is a fundamental aspect of business strategy
that enables organizations to understand consumer behaviour,
identify market opportunities. and stay competitive in a
rapidly changing environment. By employing both
qualitative and quantitative research methods. businesses can
gather valuable insights that inform decision-making and
drive innovation. While challenges such as evolving
consumer behaviour. data quality, and ethical concerns
persist, advancements in technology and data analytics offer
new opportunities for businesses to enhance their research
efforts. As market research continues to evolve. companies
must embrace new tools and methodologies to stay ahead in
an increasingly complex and data-driven world.
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Abstract— Water gquality degradation has emerged as a critical
concern in India due to increasing pollution levels, rapid
urbanisation, and climate variability. Conventional water quality
monitoring technigues primarily rely on manual sampling and
laboratory analysis, making them time-consuming,
resource-intensive, and unsuitable for real-time assessment.
Moreover, existing approaches suffer from limited scalability,
responsiveness, and adaptability. This study proposes an optimised
machine learning framework, termed the Optimised Stacked
Ensemble-based Water Quality Index (OSE-WQI). to enhance water
quality evaluation. The proposed system employs ensemble
regression models 1o estimate missing water quality parameters,
followed by the computation of a comprehensive Water Quality
Index (WQI) to assess overall gquality. Subsequently, a stacked
ensemble classifier is wsed 1o categorise water guality levels.
Experimental validation using real-world data collected from the
Ganga River in the Varanasi region demonstrates superior
perfermance, achieving a classification accuracy of 95.81%. The
proposed framework outperforms conventional machine learning
models, including Support Vector Machines, K-Nearest Neighbours,
Random Forests, and Neural Networks, in both regression and
classification tasks. The results indicate that the proposed approach
is well-suited to applications in environmental monitoring, public
health assessment, and policy formulation in India.

Keywords—Environmental Monitoring, Water Quality, Machine
Learning, Stacked Blending, Classification, Regression, WQI.

[. INTRODUCTION

Water is fundamental to sustaining ecosystems, agriculture, industrial
activities, and human health. However, increasing anthropogenic
activities have significantly deteriorated freshwater resources
worldwide. Although freshwater constitutes approximately 2.5% of the
Earth’s total water, only about 1% is readily accessible for human use.
Industrial effluents, agricultural runoff, and untreated urban
wastewater have collectively intensified water pollution, necessitating
continuous monitoring of water quality.

The Ganga River, particularly in the Varanasi region, is among the
most polluted river stretches in India. Given its immense cultural,
social, and economic significance, reliable and continuous monitoring
of water quality is essential. Traditional manual assessment methods
are not only labour-intensive but also prone to human error and delays.
These challenges have driven rescarchers toward artificial intelligence
(AI) and machine learning (ML)-based data-driven solutions.

Machine learning techniques enable automated analysis of large-scale
datasets, prediction of missing values, and near real-time classification
of water quality levels. As illustrated in Fig. |, ML models can
efficiently analyse multiple physicochemical parameters and categorise

water quality into meaningful classes, thereby enhancing

decision-making processes.

Water

Sample Data Preprocessing

Repression for
Missing Values

Ensemble
classifier

(-

Fig.1: General Overview of the Water Quality Index model

Figure 1 presents a detailed depiction of the water Quality
Index (WQI) modelling pipeline developed in this study for
evaluating river water quality using machine leaming
methods. The procedure commences with the acquisition of
water-sample  data from diverse sites, followed by
preprocessing to address missing or inconsistent values.
Regression models are subsequently used to predict missing
water quality metrics from inter-parameter correlations. The
comprehensive datasets—consisting of both observed and
projected values—are used to calculate the WQI, a
composite metric indicative of overall water quality. This
indicator is subsequently employed to classify water quality
into  established categories. The annotated dataset
subsequently serves as input to an ensemble classification
framework that automates the classification process. The
ensemble comprises base classifiers (KNN, SVM, RF, and
NN), whose outputs are aggregated by a meta-classifier to
produce final predictions. This comprehensive, phased
methodology guarantees enhanced precision, resilience, and
scalability in  real-time water quality evaluation,
implemented explicitly for the Ganga River in the Varanasi
area.

This paper details recent advances in water quality evaluation
through a comprehensive literature review, emphasizing the
limitations and opportunities that informed the development
of the proposed framework. The methodology section
delineates the whole OSE-WQI model, encompassing data
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preparation, regression-based forecasting, WQI calculation,
and the development of a stacked ensemble classifier. The
following section assesses the model’s performance using
empirical data from the Ganga River, examining both
regression and classification results. The practical application
of the system for real-time environmental monitoring is
reviewed, concluding with a summary of significant
contributions and a delineation of future research directions
to improve the model’s scalability and adaptability.

II. LITERATURE REVIEW

In recent years, various methods for tracking water quality
have evolved significantly, particularly through the use of
machine learning (ML). One of the most essential factors
examined in these studies is the Water Quality Index (WQI).
It enables in-depth evaluations based on physicochemical
parameters, including Biological Oxygen Demand (BOD),
Chemical Oxygen Demand (COD), pH, and Total Dissolved
Solids (TDS). Even though people often employ standard
WQI approaches, they usually have problems with weighting
parameters in a way that isn’t objective, dealing with missing
or noisy data, and making generalisations across different
geographic areas.

Much research has sought to address these challenges
through various approaches. For example, P. Sudarshan et al.
examined TDS, DO, Nitrate, BOD, and hardness to assess the
water quality of Hebbal Lake, India [1]. This study showed
that some regions were contaminated, but it couldn’t be
applied elsewhere. In this paper [2], the authors used a deep
learning-based Bi-LSTM model to assess the cleanliness of
the water in the Ganga River. They demonstrated that
applying optimised loss functions improved prediction
accuracy. In this work, the authors sought to achieve the
same by combining ensemble classification with Relief
feature selection [3]. This improved classification accuracy
but also made the model harder to interpret.

This paper builds on this work by suggesting a fuzzy
logic-based wQI method that uses triangular and trapezoidal
membership functions to deal with uncertainty in water
quality measures. On the other hand, the fuzzy method relies
on an expert who understands the subject well and may be
difficult to interpret [4]. In this paper, the authors developed a
system that employs artificial neural networks (ANNSs) to
determine the current water quality. This shows that it is
feasible to monitor the surroundings without people present.
However, the ANN method requires substantial processing
power and depends heavily on the quality of the training data
[5].

In 2024, Kirui examined how machine learning could help
us learn more about the water’s condition. With decision
trees, XG Boost, and Bi-LSTM, they were able to guess the
WQI with an accuracy of roughly 96%. This paper also used
explainable Al (XAI) and ensemble models, such as
Gradient Boosting, Random Forest, and XGBoost, to
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improve the accuracy of WQI predictions. The investigation
showed that Gradient Boosting was the most accurate,
achieving 96% accuracy [6].

In this paper, the authors examined how outliers affected
the Irish Environmental Water Quality Index (IEWQI)
model to ensure data reliability. Their results showed that
robust frameworks are needed to operate with imperfect
data. This combined approach is practical, but you need to
know a lot about both machine learning and fluid simulation
to use it [7]. The data were analyzed using a range of
regression and classification methods, including Random
Forest, XGBoost, AdaBoost, and Gradient Boosting, to
identify the optimal algorithm for predicting the Water
Quality Index (WQI) and Water Quality Category (WQC).
The top model achieved an R? score of 99.8% [8].

This paper describes a model that employs support vector
machines and tree-based classifiers to assess water quality
in real time. They made it evident that it could be used to
help manage the environment. Although the arithmetic was
complex, their investigation showed that ensemble
techniques can aid in sifting water [9].

In this paper, the authors employed machine learning to
analyse water samples from Ayodhya, India, with a focus on
groundwater contamination. Their work focused on how
ML may be used to identify and remediate groundwater
pollution; it was conducted only in a specific area [10].
Finally, the researcher developed attention-based
CNN-LSTM models that improved the accuracy of
multi-parameter water quality data by employing spatial and
temporal attention mechanisms to focus on key factors [11].

These combined efforts demonstrate how water quality
assessment systems are shifting away from traditional WQI
methodologies toward data-driven, ML-enabled solutions.
Although these methods differ, they share the same goals:
improving prediction accuracy and reliability, handling
missing or outlier data effectively, and enabling real-time
decision-making. This paper builds on these ideas by
proposing the WQI model, an optimized stacked ensemble
classifier that combines KNN, SVM, Neural Networks, and
Random Forests with a meta-classifier to produce the final
prediction. This method not only addresses problems
identified in previous studies but also establishes a new
standard for classifying and predicting water quality,
achieving over 95% classification accuracy and improved
forecasting metrics (RMSE and MAPE) across a variety of
water parameters.

We identify several research gaps in current methods for
assessing water quality. Traditional WQI models are complex
to adapt and struggle with missing or incomplete data,
reducing prediction accuracy. Most prior research does not
use forecasting to identify missing factors, which makes WQI
less reliable. Additionally, integrated frameworks for
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classifying water have not fully exploited ensemble learning.
There aren’t many region-specific models that use localised
datasets, especially for contaminated rivers like India’s
Ganga.

1. METHODOLOGY
The proposed framework for water quality assessment along
the Ganga River comprises four essential stages, as shown in
Fig. 2.

Data Collection and Preprocessing

4

Parameter Forecasting

L]

WQI Calculation (Water Quality Index)

|
Stacked Ensemble Classification

Fig. 2: Architecture of Proposed WQI Model

A. Data Collection and Preprocessing

In this stage, we first collect data from the Central Pollution
Control Board (CPCB), obtaining a total of 6598 samples
from various monitoring stations. These data include
physicochemical and biological attributes, such as
Biochemical Oxygen Demand (BOD), pH, Dissolved
Oxygen (DO), Conductivity (CND), coliforms, and Total
Dissolved Solids (TDS). Data preprocessing was applied to
remove outliers, normalise parameter scales, handle missing
values to improve data reliability and readiness, and prepare
the dataset for machine learning analysis.

B. Parameter Forecasting

This stage addresses incomplete or missing values in the
dataset. Various regression algorithms were employed,
namely Random Forest (RF), K-Nearest Neighbours (KNN),
Neural Networks (NN), and Support Vector Machine (SVM).
This methodology was used to evaluate unknown attribute
values and to increase the dataset's completeness.
Performance metrics used include Root Mean Squared Error
(RMSE), Accuracy, precision, recall, and F-score to evaluate
the regression models' accuracy. In subsequent computations,
this step ensures that predictions are statistically usable and
reliable.

C. WQI Calculation (Water Quality Index)

In this phase, we calculate the Water Quality Index (WQI), a
composite metric. It condenses complex multi-parameter
WQD into a single numerical score. It facilitated more
comprehensive and consistent interpretation  across
timeframes and locations.

The evaluation process began by converting each attribute
into a sub-index using established quality rating curves
derived from environmental standards (e.g., CPCB, WHO,
or BIS guidelines).

Every attribute was assigned a weight (Wi) based on its
impact on aquatic life and public health. For example,
Dissolved Oxygen and BOD were given higher weights due
to their importance in calculating the biological integrity of
water. The quality rating (Qi) for individual attributes was
calculated and combined using a weighted arithmetic
formula:

(4]

D. Stacked Ensemble Classification

In this phase, the overall water quality level is predicted
using an ensemble learning methodology. First, we trained
multiple base learners as SVM, RF, KNN, and NN
independently on the dataset. To produce the final
classification result, their outputs were fed into a
meta-classifier, which synthesised the predictions. This
stacked model leverages the significance of several models,
enhancing overall robustness and accuracy. For
environmental monitoring and policy decision-making, this
model ensures that the final water quality label reflects
consensus across diverse perspectives, thereby improving
system reliability.

IV. REGRESSION PERFORMANCE ANALYSIS
Regression plays a key role in estimating missing water
parameters, particularly in scenarios where sensors fail or
data are missing. The ensemble regression model performed
best across all metrics:

+  BODRMSE: 0.5143

« COD RMSE: 0.6242

¢ R-value (BOD): 0.9887

Compared with standalone repressors, the ensemble model
minimised error and improved generalisation.

V. PERFORMANCE EVALUATION
The water Quality Index (WQI) values were divided into
three different classes representing water quality levels to
assess the effectiveness of the proposed framework, as
shown in Table I:

TABLE 1. WQI RANGE FOR DIFFERENT CLASSES

Class WQI Range Water Quality Status
Class | 24-49 Good

Class 2 50-74 Moderate

Class 3 75-100 Poor

To predict these classes, a stacked ensemble classifier was
applied using water quality attributes and calculated WQI
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values. This model integrates multiple base learners (KNN,
SVM, RF, and NN) and uses a meta-classifier for final
predictions. The ensemble learning technique improved
classification performance by leveraging the strengths of all
individual classifiers.
B. Performance Metrics
The performance of the stacked model was evaluated using
The standard classification metrics are given below in Table
1

TABLE 2. PERFORMANCE VALUES OF PROPOSED WQl

MODEL
Metric Value
Accuracy 95.83%
Precision 91.66%
Recall 92.31%
F1-Score 92.05%

These results indicate that the stacked model achieves high
predictive precision and recall, as well as strong overall
generalisation. When we compared this approach with
individual classifiers (e.g., SVM, KNN), the stacked
ensemble demonstrated the best performance across all
metrics, thereby confirming its reliability and robustness for
environmental categorisation tasks.

Confusion Matrix

This matrix provides deeper insight into the model's
predictions by comparing the real labels with the predicted
class labels. For the classification task, there are three
hypothetical classes of confusion matrix given below in Table
II:

TABLE 3. CONFUSION MATRIX

Actual\ Predicted fl‘“‘s (M(f]':::;e) ‘;"’“
(Good) (Poor)
Class 1 (Good) 163 6 2
Class 2 (Moderate) 5 151 7
Class 3 (Poor) 3 8 152

The stacked ensemble classifier was better than all the other maodels
when it came to classifying, with an accuracy rate of 95.83%. It
achieves balanced precision (91.66%), recall (92.31%), and F1-score
(92.05%), indicating consistent performance across all WQI-based
water quality classes. This suggests that the model can be used in
real-world water quality monitoring systems, where accurate
decision-making and environmental management depend on precise
categorisation.

VI. APPLICATIONS OF WQI

The optimised Score-Based Water Quality Index (OSB
WQI) is a valuable imstrument that simplifies complex water
quality data by providing a single score. People in authority,
stakeholders, and decision-makers can readily identify and
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address water-quality problems as a result. We can utilize it
in many different ways:

A. Urban Planning

The optimized Score-Based Water Quality Index (WQI) is
beneficial for city planning, as it indicates to municipal
officials where water pollution is a problem. People can use
this information to determine how to manage waste,
construct new roads and buildings, and establish zoning
regulations. It helps planners use resources wisely and
ensure that urban growth doesn’t put people’s health and
safety, or the safety of water, at risk.

B. Agriculture

The WQI is highly useful in agriculture for preventing the
use of contaminated water in crop irrigation. Poor-quality
water can damage crops, degrade soil health, and introduce
harmful substances into the food supply. Farmers and
agricultural officials can use the index to monitor water
resources and ensure that farming is conducted in an
environmentally sustainable manner. This will help them
save crops.

C. Industrial monitoring

In industry monitoring, the indicator helps identify
companies and factories that are emitting pollutants
abnormally. Regulatory organisations can monitor
enterprises that contravene environmental regulations and
ensure compliance with wastewater regulations. It also helps
identify sources of pollution, thereby facilitating targeted
enforcement actions,

D. Public health

From a public health perspective, the WQI is an early-warning
indicator for detecting unsafe drinking water. Finding Sources
of contamination immediately limit the spread of diseases that
cause watery stools, such as cholera, dysentery, and typhoid.
This information can help officials warn people, provide clean
water, and take other measures to keep people healthy.

L. To figure out the Water Quality Index

when you connect WQI to [oT devices, you can gather and
Real-time data monitoring is much more helpful. Sensors can
continuously report water quality data, enabling the triggering
of alerts and predictive analysis. This smart link helps water
resources managers make decisions more quickly and
effectively.
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VII. CONCLUSION AND FUTURE DIRECTIONS

This paper describes WQL, a comprehensive machine learning
system that can independently assess the quality ol river
water. It 1s highly accurate and reliable, as it uses regression
to impute missing data and a stacked ensemble classification
method to determine quality. The Water Quality Index (WQI)
1s a4 valuable tool because it considers both observed and
expected values. This means that datasets that don’t have all
the information can nevertheless be valuable. When used
an optimised ensemble, classifiers such as KNN, SVM. RF,
and more than one classifier are used in more than one place.
Adding new environmental elements to judgments about
policy. It might be preferable in the future if used on its own.
We tested the algorithm on real data from the Ganga River in
Varanasi, achieving an accuracy of 95.83% in predicting
outcomes. These results demonstrate that it has significant
potential for real-world applications in environmental
monitoring and for integrating loT devices mto the model to
obtain real-time data.
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Abstract: India generates more than 160,000 tonnes of
municipal solid waste per day, much of which contains
high moisture content ranging from 45-60%. This
severely lowers its net calorific value, making the waste
unsuitable for use as refuse-derived fuel in cement
kilns and waste-to-energy facilities. Traditional
centralized processing plants fail due to inconsistent
feed quality and high operating costs. This paper
proposes a Municipal Solid Waste Dryer, a
decentralized, low-cost thermal drying system that
utilizes waste heat from nearby industries to reduce
moisture levels. Using controlled forced-air convection,
the dryer can bring moisture down from ~55% to
<20%, increasing firom ~1000 kcal/kg to ~2500 keal/kg.
The paper discusses system architecture, theoretical
heat transfer principles, design equations, sample
calculations, feasibility, and expected outcomes. The
goal is to present a technically feasible, scalable
solution to India’s municipal solid waste moisture
problem without relying on high-energy mechanical
dryers.

Keywords: Municipal Solid Waste, Net Calorific Value,
Refuse-Derived Fuel, Hybrid Dryer System, Waste Heat
Recovery

Nomenclature:

hg, - Latent heat of vaporization of water
m,, _ Initial water

My, - Final wet mass

m,,;- Final water mass

Am,, - Water removed after drying

Qpuenc - Latent energy ideal

Qprcical - Latent energy practical

E orpp - Energy for A 10 Tpd (Tonnes Per Day)
Module

MSW - Municipal Solid Waste

WIE - Waste to Energy

NCV - Net calorific Value

RDF -Reuse Derived Fuel

L. INTRODUCTION

India faces a growing MSW management crisis.
Urban municipalities are burdened by:

e Unsegregated waste streams

e High moisture content

e Low calorific value

e Insufficient treatment infrastructure
Most thermochemical conversion
methods—incineration, gasification, RDF
co-processing—depend on adequately dry waste.
However, Indian waste is typically wet, with food
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waste constituting 40-60% of the municipal stream
[1].
NCV is the actual energy available from burning
waste. For effective power generation, MSW
should ideally have NCV > 1700 kcal’kg. Below
that, waste doesn’t sustain combustion and needs
auxiliary fuel (like diesel or coal), making projects
unviable.
This moisture drastically reduces NCV, causing
repeated failures of WtE plants (e.g., Delhi, Pune,
Hyderabad) [9]. High-moisture waste leads to:

e Poor combustion efficiency

e High auxiliary fuel consumption

e Excess emissions

e  Operational instability
Therefore, pre-drying MSW s critical. This paper
introduces a decentralized waste-heat-based dryer,
designed to operate near industrial clusters where
waste heat is abundantly available.

II. PROPOSED SOLUTION
2.1 Municipal Solid Waste (MSW) Dryer

It is a portable, compact, container-sized drying
unit that removes excess moisture from municipal
waste before it is sent for processing.

An MSW Dryer system uses hybrid drying:

e Solar thermal collectors - rooftop solar
thermal or photovoltaic-driven air heaters
which will supply low-grade heat to
incoming air in daytime. Even a small
thermal rise of air by 10-20°C reduces
auxiliary energy dramatically [3].

e Forced-air circulation for faster drying
- pushes warm air (solar-heated or
waste-heat ducted) through waste.

e  Waste heat recovery ducts from nearby
industries - Instead of wusing fresh
fuel/electricity to heat the air for drying,
the Dryer captures low-grade heat
(40-150 °C) that is normally thrown away
from nearby facilities. That heat is then
used to pre-heat the airflow [8]. Typical
sources include: Diesel generator exhausts
(common in  markets, apartments,
hospitals), Crematoria & small industrial



boilers, brick kilns, small foundries, etc.
Waste heat sources such as brick kilns,
foundries, boilers, food processing units
often release temperatures between
120-250°C into the atmosphere.

Main ways to transfer the waste heat:

Indirect air-to-air heat exchange (warm air
ducting)

Hot-water loop (water as heat carrier)
Thermal oil loop (higher temp, longer
reach)

And also, shorter the distance, simpler is the
ducting, which results in lower losses and lower

cost.

2.2 System Architecture

The dryer consists of:

Heat Collection Duct — captures hot air
from chimneys/exhaust.

2. Blower Unit — pushes hot air into the
chamber at controlled velocity.
3. Drying Chamber — stainless steel or MS
structure with perforated trays.
4. Air Recirculation System — improves heat
utilization.
5. Filtration System — activated carbon filter
+ cyclone separator.
RDF Output Section — conveyor or manual
removal.

The figure below provides with basic structure of
the Dryer.

LOADING
BAY

MIXED MSW

BIOCHAR

N

Fig 1 A basic structure of the MSW Dryer

2.3 Working Principle

AERATION
AERATION FLOOR
WITH FANS FILRS

e Hot air from an industrial waste heat
source is ducted to the dryer.

e A blower forces the heated air through
waste layers.

e Moisture evaporates through heat transfer

and airflow.

e Humid air exits through controlled vents
and filters.

e Dried waste is discharged as RDF
feedstock.

The figure below provides with the flow process of
the Dryer.

Municipal Solid Waste
(MSW) Collected

l

Waste Segregation /
Drying/Mixing

T S
Dry Waste Fed
qP ‘ to HCV Dryer \ AP
Heat Supplied from Heat Supplied from
Solar Thermal Waste Heat
Collector Source

A

— Moisture Reduction

(_)

N

Desired High-CV
Output

[ Desired High-CV Qutput ]

Fig 2 Flowchart representing the process

2.4 Case Studies Related to Waste Heat Usage

1. Power Plants near Delhi & Maharashtra:
NTPC Dadri (UP) and Koradi Thermal
Plant (Nagpur) already use dump heat to
dry high-moisture coal. If coal (which has
similar moisture issues as MSW) can be
dried by waste heat, MSW can too [4].

2. Brick Kilns in Uttar Pradesh & Bihar :
Traditional brick kilns release huge
amount of waste heat (>200 °C) from flue
gases. Some kilns are drying raw bricks
using flue gas ducts. In the same way this
heat can be insulated through ducts into
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the MSD dryer to dry municipal waste [5 -
6].
3. Sugar Mills & Bagasse Drying:

Sugar mills in Maharashtra use flue gases
from boilers to dry bagasse before reusing
it as boiler fuel. Bagasse has around 50%
moisture, almost same as MSW. Hence
same drying approach can be applied [7].

We are not inventing heat transfer, industries
already use waste heat to dry coal, bagasse, and
bricks. Our innovation is applying the same proven
principle to municipal waste, closing a crucial gap
in India’s waste-to-energy ecosystem.

2.5 Novelty

What makes this solution unique is that no such
modular, decentralized dryer for MSW currently
exists in the Indian market. Existing systems are
large, centralized, and energy-hungry.

While this system is:

¢ Decentralized & Modular - installed at
ward-level in compact units.

*  Hybrid Energy Use - Combines multiple
low-cost heat sources (solar and industrial
waste heat)

*  Containerized modular design for easy

deployment

* Integrated IoT monitoring for moisture
levels

+ Lower energy use compared to electric
dryers.

2.6 Marine Applications of MSW Dryer

An MSW Dryer has strong relevance in
the marine industry, where space, hygiene, and
environmental compliance are critical. It can
significantly improve shipboard waste management
by reducing waste moisture, volume, and odours,
helping wvessels meet MARPOL  Annex V
requirements. Offshore platforms also benefit from
reduced storage needs and safer handling of waste
during long deployment cycles. In ports and
harbours, MSW dryers enhance waste-processing
efficiency, improve calorific value before RDF
production, and support cleaner “Smart Port”
operations. Additionally, coastal and island cities
use dryers as pre-treatment for waste-to-energy
systems, while fish-processing industries near ports
rely on drying to stabilize highly wet organic waste.
Cruise terminals and shipyards also gain
advantages in odour control, volume reduction, and
improved environmental performance. Overall,
integrating an MSW Dryer into marine sector
operations  enhances  sustainability, reduces
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logistical burdens, and aligns with modern
maritime waste-management standards.

2.7 Energy Conversions (Sample Calculations)
Assumptions

e Inlet MSW moisture = 55% (wet basis).

e Target outlet moisture = 20%.

e Latent heat of vaporization of water hy, =
2257 kJ/kg = 0.627 kWh/kg.

e Practical heat multiplier (losses) = 1.6
(typical design margin).

e Solar insolation (average usable) = 5
kWh/m?/day (India average).

e Solar collector thermal efficiency (typical
flat-plate/air) = 50%, useful = 2.5
kWh/m?/day.

e Continuous operation over 24 hrs is
assumed for waste-heat; solar provides
daytime energy only (we count daily
totals).

Step 1: Water To Remove Per Tonne Of MSW
Raw mass = 1000 kg.

[nitial water = 55% — m,;= 550 kg.

Solids = 450 kg.

We want the MSW to have 20% moisture after
drying.

Let the final wet mass be myg,,

Moisture content definition:

Moisture fraction = water mass\total wet mass
Thus, solids fraction = 1-0.20 = 0.80

Solids remain unchanged during drying, so:

Mg, = solids/0.80 = 450/0.8 = 562.5 kg

The final water mass (m,,,) is:

My = Mgy—solids = 562.5-450 = 112.5 kg

Water removed after drying:
Am,=m,—m,=550-112.5=437.5 kg

Step 2: Thermal Energy to Evaporate That
Water (Ideal & Practical)

Latent energy (ideal):

Quem = Am, x hg = 4375x0.627 =
274.3 kWh/tonne

Apply practical multiplier (1.6):

Qpraciica = 274.3%1.6 =439 kWh/tonne

(So we’ll use =439 kWh/tonne as the working
figure.)

Step 3: Energy For A 10 Tpd (Tonnes Per Day)
Module

Daily energy need:

E grep = 10%43 = 4,390 kWh/day

Continuous thermal power:

P =4390/24 = 83 kW (thermal continuous)

Step 4: What A Waste Heat Source Provides
Example | — 200 kW continuous waste heat

Daily = 200x24 = 4,800 kWh/day.

Tons supported = 4800/439 = 10.9 TPD.
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Example 2 — 150 kW continuous
Daily = 150%x24 = 3600 kWh/day.
Tons supported = 3600/439 = 8.2 TPD.
Example 3 — 100 kW continuous
Daily = 2400 kWh/day= 2400/439 = 5.5 TPD.
Findings: A 100-200 kW continuous waste-heat
source maps to ~ 5—-11 TPD capacity (matching a
modular sized dryer).
Step 5: Solar Thermal Contribution (Daily
Total)
Useful solar thermal per m? (assumption): 2.5
kWh/m?*/day.
Solar area needed to supply the whole 10-TPD
requirement alone:
Area=4390/2.5= 1,756 m*
(That’s large — solar alone is usually impractical
for full load, but excellent as supplement.)
Solar area per tonne:
Area/ton = 439/2.5 = 176 m*/ton
Step 6: Realistic Combined Scenarios (Waste
Heat and Solar Heat)
When normally combined, here are example mixes:
Scenario | — 150 kW waste heat + 500 m? solar
e  Waste heat daily: 150x24 = 3,600 kWh.
e Solar daily: 500x2.5 = 1,250 kWh.
e Combined = 3,600+1250
4,850 kWh/day.
e Requirement for 10 TPD = 4390
kWh/day — surplus margin.
Outcome: comfortably supports 10 TPD
with headroom.
Scenario 2 — 100 kW waste heat + 300 m? solar
e  Waste heat: 100x24 = 2,400 kWh.
e Solar: 300x2.5 =750 kWh.
& Combined = 3,150 kWh/day
e supports 3150/439 = 7.2 TPD.
Outcome: ~7 TPD capacity — still useful
for smaller wards.
Scenario 3 — 200 kW waste heat + 200 m? solar
e  Waste heat: 4,800 kWh/day. Solar: 500
kWh/day.
& Combined = 5,300 kWh/day
e supports 5300/439 = 12.1 TPD.
Outcome: supports ~12 TPD; good safety
margin.

2.8 Feasibility:

e Per-ton thermal need = 439 kWh (55 —
20% moisture).

e Waste heat: small industrial sources in
many Indian clusters routinely release
100-300 kW available to capture —
enough for 5-15 TPD depending on size.

e Solar thermal: provides useful daytime
energy (~2.5 kWh/m?/day) — large area
needed to cover full load but excellent as
support.

e Combined: moderate waste heat (100-200
kW) + moderate solar area (200-500 m?)

reliably meets a 10 TPD dryer’s daily
demand with reasonable buffers.
® So energy-wise the concept is feasible

2.9 Expected Outcome:

2.9.1 Moisture % vs Dring Time (Hours):

Drying Time vs Moisture %
i

w
=]

Moisture %

.
=

0

0 ] 7 3 i 5 5
Drying Time {hours)

Fig. 3 Drying Time vs Moisture %

2.9.2 Temperature profile inside Dryer:

Drying Time vs Temperature

& 8 w8 &

Temperature (°C)

s

2 3 4 5
Drying time (hours)

Fig. 4 Temperature Profile Inside Dryer

TABLE 1: COMPARISON BETWEEN BEFORE

DRYING AND AFTER DRYING
Before 5
Parameter Diviiig After Drying

Moisture 50-60% 15-20%

800-1000 2300-2800
NEX kcal/kg kcal’kg
Weight 100% 60-70%
Odor High Very low

; Reduced by
Transport High 30-40%
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2.10 Competitors / Alternatives & How Is MSW
Dryer Better:

*+ Large-Scale  Waste-to-Energy  (WtE)
Plants — e.g., Jindal ITF, Ramky Enviro.
The are centralized, require a heavy
capital and also provides low efficiency.
WtE fails on wet, low-NCV waste. MSW
Dryer pre-dries waste locally, ensuring
WILE plants get high-calorific feedstock.
Also MSW Dryer is more efficient,
requires less capital, and decentralized
while being compared to Large scale WtE.

* Composting & Biomethanation Units —
small decentralized plants for organic
waste. It works well for pure wet/food
waste, but cannot handle mixed MSW
with plastics.The Dryer handles mixed
MSW (wet + plastics).

*  Imported Mechanical Dryers
(European/Japanese models) — large rotary
dryers used in cement plants. They very
costly, have a high power demand, and are
not modular or designed for Indian mixed
MSW.

2.11 Market Size

Buyers will include Municipal corporations
(4,000+ ULBs across India), Waste management
companies (e.g., Ramky, Jindal, Essel, private
contractors), Cement plants (250+ across India) and
Waste-to-Energy plants.

Market Size Estimate in India:

+ India generates around 160,000 TPD of
MSW, of which around 80,000 TPD is wet
and low-NCV [1].

* Even if 10% of this waste (8,000 TPD) is
targeted, it needs 800-1,000 modular
dryers (at 10 TPD capacity each).

At an estimated 4060 lakh per unit, this is a
%4,000-6,000 crores potential domestic
market.

III. CONCLUSIONS

This study demonstrates that integrating waste-heat
recovery and solar thermal energy offers a practical
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and energy-efficient method for drying Municipal
Solid Waste (MSW) before processing. By utilizing

heat that would otherwise be lost from small
industries and supplementing it with solar
collectors, the system significantly reduces the
energy demand traditionally associated with MSW

drying.

Overall, the proposed model presents a low-cost,
scalable, and sustainable solution for decentralized
waste processing. It minimizes fuel consumption,
lowers emissions, and increases the calorific value
of  processed  waste—creating a  strong
technological foundation for further development,
prototyping, and practical deployment.

The Dryer increases the calorific value of the waste
by 1500 — 1800 kcal/kg, by reducing the moisture
upto 35-40%. It decreases the weight of the waste
by 30-40%, and hence also reduces the transport
cost by 30-40%.
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