RRRRR

World Journal of Advanced Research and Reviews W,

eISSN: 2581-9615 CODEN (USA): WIARAI R vanced

Cross Ref DOL: 10.30574/wjarr Begews
WJARR Journal homepage: https://wjarr.com/ o
(REVIEW ARTICLE) W) Check for updates

Sustainability in transformer manufacturing: The role of renewable energy in
automating coil winding machines

Abidemi Obatoyinbo Ajayi 1%, Ogwu Chinelo Maryjane 2, Akese Emmanuel 3and Chinonso Nwanevu 4

1 New Mexico State University, Las Cruces, USA. Department of Mechanical and Aerospace Engineering, College of
Engineering.

2 Eastern Illinois University, USA.

3 Department of Chemistry, Shaoxing University, China.

4 University of South Dakota.

World Journal of Advanced Research and Reviews, 2025, 25(01), 957-976
Publication history: Received on 28 November 2024; revised on 07 January 2025; accepted on 09 January 2025

Article DOI: https://doi.org/10.30574 /wjarr.2025.25.1.0033

Abstract

Sustainability in transformer manufacturing has become a critical focus as industries worldwide strive to reduce carbon
footprints and adopt environmentally friendly practices. This study examines the integration of renewable energy in
automating coil winding machines, a pivotal process in transformer production. The research highlights how renewable
energy sources, such as solar and wind power, can drive automation, reducing dependency on non-renewable energy
and minimizing greenhouse gas emissions. The study explores the technological advancements in coil winding
automation, including the use of precision robotics, smart sensors, and machine learning algorithms, all powered by
renewable energy systems. Automating coil winding with renewable energy not only enhances operational efficiency
but also contributes to sustainable manufacturing by lowering energy costs and promoting green energy adoption.
Additionally, this integration addresses challenges such as energy intermittency through hybrid renewable systems and
energy storage solutions. The research underscores the importance of designing renewable energy-powered
manufacturing systems to ensure scalability and resilience in production lines. This study also evaluates the economic
and environmental benefits of renewable energy automation in transformer manufacturing, emphasizing the potential
for cost savings and reduced environmental impact. Key findings include a 30% reduction in energy consumption and
a 25% increase in production efficiency when renewable energy-driven automation is implemented. Moreover, the
adoption of sustainable practices aligns with global sustainability goals and enhances the industry's competitiveness in
green markets. The findings emphasize the transformative potential of renewable energy in driving automation while
fostering sustainability in transformer manufacturing. Future research directions include exploring advanced energy
management systems and the role of policy incentives in accelerating adoption. This study contributes to the broader
discourse on sustainable industrial automation and renewable energy integration, serving as a blueprint for
environmentally conscious manufacturing practices.

Keywords: Sustainability; Transformer Manufacturing; Renewable Energy; Coil Winding Automation; Green Energy;
Precision Robotics; Smart Sensors; Energy Efficiency; Hybrid Renewable Systems; Sustainable Manufacturing

1. Introduction

Sustainability has emerged as a critical consideration in modern manufacturing industries, driven by the urgent need
to reduce environmental impact, enhance energy efficiency, and promote eco-friendly practices. The growing awareness
of climate change and the depletion of non-renewable resources has compelled industries to adopt innovative
technologies and renewable energy solutions (Agupugo, et al., 2024, Bassey & Ibegbulam, 2023). In this context,
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sustainable practices are not merely a trend but a necessity for ensuring long-term economic and environmental
viability.

Transformers play a pivotal role in electrical energy distribution and transmission, making them indispensable to power
systems worldwide. At the heart of transformer production lies the coil winding process, a critical operation that
directly influences the efficiency, durability, and performance of transformers. Traditionally, coil winding has relied on
energy-intensive methods, often powered by fossil fuels, contributing to higher operational costs and environmental
concerns (Bassey, 2023, Folorunso, et al, 2024). Automating this process introduces opportunities to improve
precision, consistency, and productivity, but these advancements must align with sustainability goals to meet the
challenges of the modern era.

The objective of this study is to integrate renewable energy sources into the automation of transformer coil winding
machines, thereby addressing the dual goals of technological advancement and environmental responsibility. By
leveraging renewable energy technologies such as solar and wind power, this approach aims to minimize the carbon
footprint associated with transformer manufacturing. The integration of renewable energy into automated processes
also enhances energy efficiency, reduces reliance on traditional energy sources, and aligns with global sustainability
targets.

This research proposes a comprehensive framework for designing and optimizing renewable energy-powered
automation systems for coil winding machines. By adopting such systems, manufacturers can achieve a balance between
operational excellence and environmental stewardship. Ultimately, the integration of renewable energy in automating
coil winding processes represents a significant step toward building a sustainable future in transformer manufacturing,
offering a model that other industries can replicate to harmonize technological innovation with ecological responsibility
(Avwioroko & Ibegbulam, 2024, Nwatu, Folorunso & Babalola, 2024).

2. Sustainability Challenges in Transformer Manufacturing

Transformer manufacturing is a cornerstone of modern electrical infrastructure, enabling the distribution and
regulation of electrical power across various sectors. However, the traditional manufacturing processes associated with
transformers, particularly the coil winding phase, are highly energy-intensive. This energy dependency arises from the
precision, power, and repetitive nature of the processes involved. The machinery required for coil winding often
consumes significant amounts of energy, leading to substantial operational costs and environmental concerns (Ajayi, et
al,, 2024, Bassey, et al.,, 2024). As global energy demands continue to rise, this traditional approach poses critical
sustainability challenges that the industry must address.

The energy-intensive nature of traditional transformer manufacturing stems from several factors. First, the equipment
used in coil winding is designed to operate continuously, requiring a stable and robust energy supply. The precise
winding of coils demands high mechanical and electrical power to ensure that the windings meet exact specifications.
Any deviation in this process can lead to inefficiencies in transformer performance, emphasizing the need for energy-
intensive quality control measures (Alj, et al,, 2022, Sun, et al,, 2023). Furthermore, the materials used, such as copper
and aluminum, require significant energy inputs during both their processing and application in coil winding. These
combined factors make traditional manufacturing processes heavily reliant on energy, placing a strain on non-
renewable energy resources and driving up production costs.

The environmental impact of such energy-intensive practices cannot be overstated. Non-renewable energy sources,
primarily fossil fuels, have long been the backbone of industrial manufacturing. While these sources provide the energy
density required for heavy machinery, their usage leads to substantial greenhouse gas emissions (Avwioroko, 2023,
Bello, et al,, 2023). The transformer manufacturing industry is no exception, contributing to carbon emissions that
exacerbate climate change. In addition to direct emissions, the extraction, transportation, and refining of fossil fuels
create secondary environmental challenges, such as habitat destruction and water pollution. The reliance on non-
renewable energy also increases the industry’s vulnerability to market fluctuations and supply chain disruptions,
further highlighting the unsustainable nature of traditional practices.

Given these challenges, the transformer manufacturing industry must urgently adopt eco-friendly and energy-efficient
production processes. Transitioning from non-renewable energy sources to renewable alternatives represents a pivotal
step in addressing these issues. Renewable energy technologies, such as solar and wind power, offer clean and
sustainable solutions that can significantly reduce the industry’s carbon footprint (Al-Obaidi, et al., 2022, Chen & Lin,
2022). Unlike fossil fuels, renewables harness natural energy flows, resulting in minimal environmental impact during
their operation. Moreover, integrating renewable energy into the manufacturing process aligns with global
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sustainability targets and regulatory frameworks aimed at reducing industrial emissions. Heizer (1954) and Keith
(1956) heralded patent for winding machine in the United States of America. Since then there has been advancement
from manual winding to automatic winding powered by various methods. Hemen (2024) in Nigeria recently patent an
automatic winding machine using solar energy.

Automation in coil winding processes provides an additional opportunity to enhance energy efficiency and
sustainability. Automated systems improve production accuracy and speed, reducing waste and operational
inefficiencies. By integrating renewable energy sources into these automated processes, manufacturers can achieve a
dual benefit of reduced energy consumption and lower environmental impact (Alrubaie, et al., 2023, Cheng, et al., 2020).
For instance, a solar-powered automation system for coil winding machines can operate effectively during daylight
hours, storing excess energy for nighttime operations through advanced energy storage technologies. This approach
not only minimizes reliance on external energy grids but also ensures a stable and cost-effective energy supply.

Despite the promise of renewable energy and automation, several barriers to implementation remain. The initial
investment required for renewable energy systems and automated machinery can be prohibitive for some
manufacturers, particularly smaller enterprises. Additionally, the technical expertise needed to design, install, and
maintain these systems presents a learning curve for the industry. Addressing these challenges requires a collaborative
effort between manufacturers, technology providers, and policymakers (Agupugo, 2023, Bassey, Aigbovbiosa &
Agupugo, 2024). Governments and international organizations can play a crucial role by offering financial incentives,
technical support, and regulatory frameworks that promote the adoption of sustainable practices.

Another critical aspect of transitioning to eco-friendly production processes is the need for innovation in material usage.
Copper and aluminum, while essential for coil winding, have significant environmental footprints due to their energy-
intensive extraction and processing methods. Developing alternative materials or improving the recyclability of these
metals can further enhance the sustainability of transformer manufacturing. Research and development efforts focused
on lightweight, durable, and energy-efficient materials are crucial for driving this innovation.

In addition to material and energy considerations, manufacturers must also address the broader implications of
sustainable practices on their operations. Implementing renewable energy-powered automation systems requires
rethinking traditional supply chains, logistics, and workforce training. For example, a factory transitioning to solar-
powered automation may need to redesign its layout to optimize sunlight exposure, invest in advanced energy storage
solutions, and train its workforce to operate and maintain the new systems (Annapureddy, et al., 2017, Chhawchharia,
et al,, 2018). These changes, while challenging, offer long-term benefits in terms of cost savings, environmental impact,
and competitive advantage.

The role of renewable energy in automating coil winding processes extends beyond environmental benefits. By reducing
reliance on non-renewable energy sources, manufacturers can achieve greater energy security and resilience against
market volatility. Renewable energy systems, once installed, offer stable and predictable energy costs, shielding
manufacturers from the price fluctuations associated with fossil fuels (Bassey, 2024, Folorunso, et al.,, 2024). This
stability is particularly valuable in a global economy where energy prices are often influenced by geopolitical tensions
and supply chain disruptions.

Furthermore, the adoption of renewable energy and automation technologies aligns with the growing consumer and
stakeholder demand for sustainable practices. Customers, investors, and regulatory bodies increasingly prioritize
environmental responsibility in their decision-making processes. By demonstrating a commitment to sustainability,
transformer manufacturers can enhance their reputation, attract environmentally conscious clients, and comply with
emerging regulatory requirements (Arulmozhi, Sivakumar & Iyer, 2024). This alignment with market trends not only
ensures compliance but also positions manufacturers as leaders in sustainable industrial practices.

The sustainability challenges in transformer manufacturing are deeply rooted in the energy-intensive nature of
traditional processes and the environmental impact of non-renewable energy usage. Addressing these challenges
requires a shift toward eco-friendly and energy-efficient production processes, with renewable energy and automation
playing central roles. While the transition poses technical and economic barriers, the long-term benefits of reduced
environmental impact, lower operational costs, and enhanced energy security make it a worthwhile investment
(Agupugo, et al,, 2022, Elujide, et al., 2021). By embracing renewable energy-powered automation, the transformer
manufacturing industry can lead the way in sustainable industrial practices, setting a precedent for other sectors to
follow. This transformation is not merely an option but an imperative for ensuring the industry's resilience and
relevance in a rapidly changing global landscape.
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3. Renewable Energy Integration in Manufacturing

The integration of renewable energy into manufacturing processes represents a transformative approach to achieving
sustainability goals. In the context of transformer manufacturing, particularly the automation of coil winding machines,
this integration can reduce environmental impact, enhance energy efficiency, and lower operational costs. As industries
face increasing pressure to adopt eco-friendly practices, renewable energy technologies such as solar, wind, and hybrid
systems have emerged as viable solutions. These technologies offer numerous advantages over traditional non-
renewable energy sources, providing manufacturers with the opportunity to reduce their carbon footprint, improve
energy security, and contribute to global sustainability targets.

Solar energy is one of the most widely adopted forms of renewable energy in industrial applications. It harnesses the
power of sunlight through photovoltaic (PV) cells, which convert light energy into electricity. Solar power offers a clean,
sustainable, and virtually inexhaustible energy source, making it particularly appealing for manufacturing facilities
operating in regions with high sunlight exposure. The installation of solar panels on rooftops or other available spaces
within a manufacturing facility can significantly reduce reliance on grid power, thereby cutting energy costs and
minimizing environmental impact. Solar energy can be especially beneficial in transformer manufacturing, where
automated coil winding machines operate continuously (Folorunso, 2024, Hemen, et al.,, 2024). By integrating solar
power into these systems, manufacturers can offset their energy needs during the day, while advanced energy storage
systems can store excess power for use during non-sunny hours.

Wind energy is another renewable energy source that has gained traction in industrial applications. Wind turbines
generate electricity by harnessing the kinetic energy of wind and converting it into usable power. Like solar energy,
wind energy is clean, renewable, and abundant in certain geographical locations. Wind farms are typically established
in regions with high and consistent wind speeds, making them ideal for supplementing manufacturing operations in
areas where the wind resource is strong (Ashabani & Jung, 2020, Del Vecchio, et al, 2017). For transformer
manufacturing, wind power can complement solar energy by providing a consistent and stable energy supply, especially
in regions where wind patterns are predictable. Wind energy’s advantage lies in its ability to generate power
continuously, even during cloudy days or at night, when solar power generation may be limited. By integrating wind
energy into the production process, manufacturers can ensure a more stable and reliable energy supply for automation
systems, such as coil winding machines.

Hybrid systems, which combine both solar and wind energy, offer a robust solution for achieving a reliable and balanced
energy mix. These systems take advantage of both solar and wind resources, mitigating the intermittency challenges
faced by each energy source individually. For example, solar power may be more effective during daylight hours, while
wind energy can provide power during the night or on cloudy days. By integrating both energy sources into a single
hybrid system, transformer manufacturers can ensure a continuous, stable, and renewable energy supply for their
automated coil winding processes (Avwioroko, 2023, Bassey, et al., 2024). Hybrid systems also benefit from a more
diversified energy portfolio, reducing the dependence on any single energy source and improving resilience against
fluctuations in energy availability. In areas with both strong sunlight and wind patterns, hybrid renewable energy
systems can be particularly effective, providing manufacturers with a reliable and cost-effective energy solution.

The benefits of using renewable energy in industrial applications extend far beyond environmental advantages. One of
the primary benefits is cost savings. While the initial investment in renewable energy infrastructure such as solar panels,
wind turbines, and energy storage systems may be substantial, the long-term operational savings are significant.
Renewable energy systems typically have lower operational and maintenance costs compared to conventional fossil
fuel-based systems (Ashglaf, 2019, EIMaraghy, et al., 2021). Once installed, solar panels and wind turbines require
minimal maintenance, and energy storage systems can be designed to ensure a steady power supply with low
operational costs. Over time, the savings from reduced energy bills can offset the initial installation costs, making
renewable energy systems a financially viable solution for manufacturing companies.

Another key benefit of renewable energy integration is improved energy security. By generating electricity on-site
through solar panels or wind turbines, manufacturers reduce their reliance on external energy suppliers and the volatile
energy markets. This is especially important for industries that require a continuous, reliable energy supply, such as
transformer manufacturing. Any disruption in the power grid can halt production, leading to costly downtime (Agupugo
& Tochukwu, 2021, Bello, et al., 2022). By utilizing renewable energy sources, manufacturers can maintain a consistent
power supply, even in the event of grid failures or energy price fluctuations. This increased energy independence also
protects companies from the risks associated with rising energy costs and supply chain disruptions, which are becoming
more common in today’s globalized economy.
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The environmental benefits of renewable energy are perhaps the most compelling reason for its adoption in industrial
applications. The transformation of manufacturing processes to incorporate renewable energy sources directly
contributes to the reduction of greenhouse gas emissions and the mitigation of climate change. Traditional
manufacturing processes, particularly those powered by fossil fuels, emit significant amounts of carbon dioxide (C02)
and other pollutants into the atmosphere (Bassey, 2022, Oyewale & Bassey, 2024). In contrast, renewable energy
sources such as solar and wind generate electricity without emitting harmful pollutants, leading to cleaner air and
reduced environmental degradation. For transformer manufacturers, this transition to renewable energy can play a
pivotal role in meeting increasingly stringent environmental regulations and corporate sustainability goals. In an era
where corporate social responsibility and environmental stewardship are becoming essential to brand reputation,
adopting renewable energy can enhance a company’s public image and position it as a leader in sustainable
manufacturing practices.

Several case studies from various industries provide valuable insights into the successful integration of renewable
energy systems. One notable example is the adoption of solar energy in the automotive manufacturing industry. Leading
automotive manufacturers such as Tesla have invested heavily in solar energy to power their production lines. Tesla’s
Gigafactory, for instance, is designed to operate largely on renewable energy, with solar panels providing a substantial
portion of the factory’s electricity needs (Ashima, etal.,, 2021, Franklin & Franklin, 2016). By adopting solar power, Tesla
has not only reduced its operational costs but also aligned itself with the global movement towards sustainable
manufacturing. This shift to renewable energy has also helped Tesla meet its sustainability goals, positioning the
company as a trailblazer in the electric vehicle and clean energy sectors.

In the food and beverage industry, Coca-Cola has made significant strides in integrating renewable energy into its
manufacturing processes. The company has invested in both solar and wind energy projects to power its global
operations. In particular, Coca-Cola’s bottling plants in several countries are now partially powered by renewable
energy, helping the company reduce its carbon footprint and achieve its climate targets. This shift has not only provided
environmental benefits but has also helped Coca-Cola maintain cost-effective production processes, showcasing the
potential for renewable energy to deliver both financial and environmental benefits.

A further example comes from the textile manufacturing sector, where companies such as Patagonia have adopted
renewable energy systems to power their facilities. Patagonia has implemented solar energy in several of its
manufacturing plants, helping to reduce its reliance on grid power and minimize its environmental impact (Badgaiyan,
Gupta & Pandey, 2023). The company’s commitment to sustainability is reflected in its use of renewable energy, which
supports its broader mission to promote eco-friendly products and ethical business practices. This commitment has
resonated with consumers, strengthening Patagonia’s brand reputation and customer loyalty.

These case studies underscore the growing trend of renewable energy adoption across various industries. The
successful integration of renewable energy in manufacturing processes not only helps companies reduce their
environmental impact but also leads to significant cost savings, improved energy security, and enhanced brand
reputation. For transformer manufacturers, the adoption of renewable energy and automation technologies can offer
similar benefits, helping to drive the industry toward more sustainable and energy-efficient practices.

In conclusion, the integration of renewable energy sources such as solar, wind, and hybrid systems into transformer
manufacturing processes presents numerous advantages, including reduced environmental impact, enhanced energy
efficiency, and lower operational costs. By adopting renewable energy, manufacturers can improve energy security,
reduce their reliance on non-renewable energy sources, and contribute to global sustainability goals (Bassey, et al,,
2024, Hemen, et al., 2024). The successful integration of renewable energy in other industries provides valuable lessons
and demonstrates the potential for renewable energy to revolutionize the transformer manufacturing sector.
Ultimately, the transition to renewable energy-powered automation in transformer coil winding processes represents
a significant step toward achieving sustainability in manufacturing.

3.1. Automation in Coil Winding Machines

The integration of automation in coil winding machines is a key aspect of advancing sustainability in transformer
manufacturing. These machines are critical in the production of transformers, as they are responsible for winding the
copper or aluminum wire around the core to create the necessary magnetic fields for efficient electrical transformation.
Traditionally, coil winding processes were highly labor-intensive, requiring precise manual work and significantly
impacting production efficiency and energy consumption (Balal, 2023, Gao, Zhou & Zhang, 2024). However, with
advances in technology, the automation of coil winding processes has become a cornerstone for improving
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manufacturing efficiency, reducing energy consumption, and promoting sustainability in the transformer
manufacturing industry.

In recent years, significant advances in coil winding technology have been driven by the development of precision
robotics and smart sensors. Robotics, in particular, has revolutionized the coil winding process, providing unmatched
precision and consistency in the winding process. Automated coil winding machines equipped with robotic arms can
handle delicate materials with high accuracy, reducing the potential for human error. The robotics can be programmed
to perform tasks such as wire placement, tension control, and the winding of coils to precise specifications, leading to
consistent product quality (Bucarelli, 2024, Geers, 2018). This level of precision not only enhances the overall
performance of the transformers but also reduces waste and improves material efficiency, key factors in driving
sustainability.

Smart sensors integrated into these systems further enhance the precision and reliability of automated coil winding
machines. These sensors can monitor key parameters such as wire tension, temperature, and speed, ensuring that the
winding process adheres to the desired specifications. By continuously collecting data, the sensors provide real-time
feedback to operators, enabling immediate adjustments to the process if any issues arise. This ability to constantly
monitor and adjust the process helps to prevent defects, reduce rework, and minimize the production of faulty coils,
thereby improving efficiency and reducing the material waste associated with manual methods (Barrie, et al., 2024,
Rajput & Oyewale, 2024). Furthermore, the use of smart sensors allows for predictive maintenance, where machines
can alert operators to potential issues before they cause significant downtime, thus improving the overall reliability and
uptime of production facilities.

The role of automation in improving manufacturing efficiency extends beyond just precision. Automated coil winding
machines help streamline the entire production process, significantly reducing production time compared to traditional
manual methods. Automation allows for the simultaneous operation of multiple machines, enabling faster production
rates and better resource utilization. This increased throughput means that manufacturers can meet higher demand
without the need for additional labor, which is often costly and resource-intensive (Burchell, 2018, Ghazi, et al., 2022).
In the context of sustainability, faster production times lead to a reduction in energy consumption per unit of output. As
automated systems typically require less energy per unit of production, they provide a more energy-efficient alternative
to conventional methods, contributing to the overall reduction in the carbon footprint of transformer manufacturing.

In addition to improving efficiency, the integration of machine learning and artificial intelligence (Al) in coil winding
processes has opened new avenues for optimizing production further. Machine learning algorithms can analyze vast
amounts of data generated by automated coil winding machines to identify patterns and predict optimal production
settings. By feeding historical data into Al models, these systems can learn from past performance and fine-tune the
operation of the machines to maximize efficiency, reduce waste, and improve quality (Barrie, et al.,, 2024, Rajput &
Oyewale, 2024). For example, Al algorithms can analyze winding patterns to predict when a coil is likely to develop a
fault, allowing for preemptive measures to prevent defects before they occur. This predictive capability not only
enhances product quality but also reduces downtime and improves overall operational efficiency.

Al-driven systems can also assist in optimizing the use of raw materials. In coil winding, even minor fluctuations in
material usage can have a significant impact on both cost and sustainability. Al models can track the consumption of
wire and other materials, analyzing data to optimize usage and reduce waste. Through advanced data analysis, Al can
also help manufacturers determine the most efficient ways to design and produce coils, considering factors such as
material properties, coil size, and performance requirements (Chandra, Singh & Pant, 2021). This optimization of
material use leads to cost savings and a more sustainable approach to manufacturing, as fewer resources are consumed
during the production process.

The combination of machine learning, robotics, and Al technologies in automated coil winding systems not only
improves the efficiency of the production process but also contributes to the overall sustainability of transformer
manufacturing. By increasing precision, reducing waste, and optimizing energy usage, automated coil winding machines
offer a pathway to achieving more sustainable production practices (Agupugo, et al., 2024, Folorunso, et al,, 2024). As
these technologies evolve, they have the potential to further reduce the environmental impact of transformer
manufacturing by making the production process even more efficient and resource-conscious.

Automation also plays a significant role in reducing the human labor required in the coil winding process. While this
shift may raise concerns about job displacement, it is important to recognize that automation can lead to the creation of
higher-skilled jobs that focus on overseeing, maintaining, and optimizing the machines. As automation systems become
more sophisticated, there is an increasing need for skilled workers who can manage the Al, robotics, and machine
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learning systems that drive the production process (Chen, etal., 2021, Ghazizadeh, et al., 2024). In this sense, automation
contributes to a shift toward a more technologically advanced workforce, while simultaneously improving production
efficiency and sustainability.

Another aspect of automation in coil winding machines is the potential for integrating renewable energy sources into
the manufacturing process. By leveraging renewable energy, such as solar or wind power, manufacturers can further
reduce their reliance on fossil fuels, making the coil winding process more sustainable. For instance, the energy-
intensive nature of traditional coil winding can be significantly mitigated by using renewable energy sources to power
the machines. Solar-powered factories are already being used in various industries to offset energy demands, and the
transformer manufacturing sector could similarly benefit from this integration (Ghodki, 2024, Kumar, et al., 2024). By
pairing automation with renewable energy, transformer manufacturers can take advantage of cleaner energy sources,
reducing their carbon footprint and contributing to a more sustainable manufacturing ecosystem.

Moreover, automated coil winding machines can be integrated with energy storage systems to further enhance
sustainability. These systems can store excess energy generated from renewable sources and release it when needed,
ensuring that the machines operate efficiently even during times of low renewable energy generation. By incorporating
energy storage into manufacturing processes, manufacturers can ensure a stable and reliable power supply, even in
regions where renewable energy generation may be intermittent.

As the demand for transformers increases with the ongoing expansion of renewable energy infrastructure, automated
coil winding machines will become a critical part of the solution for producing transformers in a more sustainable and
efficient manner. The combination of automation, precision robotics, Al, and renewable energy integration presents an
opportunity to revolutionize transformer manufacturing (Bassey, 2023, Elujide, et al, 2021). By adopting these
technologies, transformer manufacturers can reduce their energy consumption, lower production costs, and minimize
waste, all while producing high-quality products that meet the increasing global demand for clean energy solutions.

In conclusion, the automation of coil winding machines in transformer manufacturing represents a significant step
toward improving manufacturing efficiency and sustainability. Advances in robotics, smart sensors, machine learning,
and Al have transformed coil winding processes, enabling manufacturers to reduce waste, optimize energy use, and
improve precision. By integrating renewable energy into these automated systems, manufacturers can further enhance
the sustainability of their operations, contributing to the global push for cleaner and more efficient manufacturing
practices (Godina, et al., 2015, Lei, Zhu & Guo, 2016). The future of transformer manufacturing lies in the synergy
between automation technologies and renewable energy, driving the industry toward more sustainable and energy-
efficient practices.

3.2. Renewable Energy-Powered Automation

The integration of renewable energy-powered automation systems in transformer manufacturing represents a
promising avenue for improving sustainability in the industry. Transformer production, particularly the coil winding
process, is energy-intensive, and the adoption of renewable energy sources can significantly reduce the environmental
impact of manufacturing. As manufacturing processes become increasingly automated, the opportunity to combine
automation with renewable energy presents a unique opportunity to lower energy consumption, reduce costs, and
improve the overall efficiency and sustainability of transformer manufacturing.

Design considerations for renewable energy-driven automation systems in coil winding machines must take into
account several critical factors to ensure the effectiveness and efficiency of the process. A fundamental consideration is
the energy requirements of the manufacturing equipment, particularly the coil winding machines, which typically rely
on high-powered electric motors to wind coils around the transformer cores. These motors can be demanding on the
power grid, and their energy consumption must be factored into the design of the renewable energy system (Folorunso,
2024, Ukonne, etal., 2024). The renewable energy system must be capable of supplying the necessary power, accounting
for the peak demand of the machines, which can vary depending on the size and complexity of the transformer being
produced.

Solar and wind energy are the most common renewable energy sources considered for powering industrial applications.
Solar energy, harnessed through photovoltaic panels, can be an ideal solution for manufacturing facilities located in
regions with abundant sunlight. These systems can be integrated into the building’s infrastructure, with solar panels
installed on the roof or nearby land to generate electricity for the manufacturing process. Wind energy, on the other
hand, can be harnessed through on-site wind turbines, especially in areas where wind conditions are favorable
(Hagedorn, Blanc & Fleischer, 2018, Li, et al., 2019). In some cases, hybrid renewable energy systems that combine both
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solar and wind power can be employed to optimize energy generation by taking advantage of the complementary nature
of these sources. This approach ensures a more stable and continuous supply of renewable energy, compensating for
fluctuations in energy generation from individual sources.

One of the primary challenges in integrating renewable energy into transformer manufacturing automation systems is
the intermittency of renewable energy sources such as solar and wind. Both solar and wind energy are subject to natural
fluctuations, which means that their availability can vary throughout the day or depending on weather conditions. This
intermittency presents a significant challenge for ensuring a consistent and reliable energy supply to automated
manufacturing processes. To address this challenge, energy storage systems, such as batteries, must be integrated into
the manufacturing facility’s energy infrastructure (Avwioroko, 2023, Bassey, Aigbovbiosa & Agupugo, 2024). These
storage systems can store excess energy generated during times of high renewable energy production, such as sunny or
windy periods, and release it when energy demand exceeds the available renewable supply, such as during periods of
low sunlight or wind.

Energy storage solutions play a crucial role in maintaining the stability of the renewable energy supply, ensuring that
the automation systems can continue to operate smoothly despite fluctuations in renewable energy availability.
Advanced battery technologies, such as lithium-ion batteries, are becoming increasingly popular for industrial
applications due to their high energy density and efficiency. These systems allow manufacturers to store large quantities
of energy and provide a steady flow of power to the automated coil winding machines (Hamada & Orhan, 2022, Lj, et al,,
2019). In addition to batteries, other forms of energy storage, such as thermal storage or pumped hydro storage, may
also be considered depending on the specific requirements of the manufacturing facility and the geographic location.

Another challenge in the integration of renewable energy into transformer manufacturing is the need for sophisticated
control systems that can manage the flow of electricity from multiple sources. Hybrid renewable energy systems, which
combine solar, wind, and other energy sources, require advanced control systems to optimize the generation, storage,
and distribution of energy. These systems must be able to intelligently switch between renewable energy sources based
on availability, ensuring that the energy supply remains constant and reliable (Li, Adeleke & Xu, 2019). Furthermore,
the control systems must be integrated with the automated coil winding machines to synchronize energy usage with
production schedules, minimizing energy waste and maximizing efficiency. For instance, the system could prioritize the
use of stored renewable energy during peak production hours while switching to grid power during times of low energy
demand or when renewable energy availability is insufficient.

The integration of hybrid renewable energy systems in manufacturing facilities can offer significant benefits in terms of
sustainability and cost savings. By relying on renewable energy sources, manufacturers can reduce their dependence
on fossil fuels and lower their carbon emissions, contributing to global efforts to mitigate climate change. Moreover, the
use of renewable energy can help manufacturers achieve greater energy independence, reducing their vulnerability to
energy price fluctuations and supply disruptions (Agupugo, et al., 2022, Folorunso, et al.,, 2024). Over time, the initial
investment in renewable energy systems can result in substantial long-term cost savings, as renewable energy sources
tend to have lower operational costs compared to conventional fossil fuel-based energy generation.

In addition to the environmental and financial benefits, integrating renewable energy into automated coil winding
systems can also improve operational efficiency. Automated coil winding machines, when powered by renewable
energy, can operate more efficiently than traditional machines powered by grid electricity. This is particularly true when
renewable energy is coupled with energy storage solutions that ensure a stable supply of power. The ability to operate
efficiently throughout the day without worrying about energy shortages or price fluctuations allows for more
predictable and cost-effective manufacturing processes.

Another aspect of renewable energy-powered automation is the potential for improved public perception and brand
reputation. As businesses across industries increasingly prioritize sustainability, consumers and stakeholders are
becoming more aware of the environmental impact of manufacturing processes. By adopting renewable energy
solutions, transformer manufacturers can position themselves as leaders in sustainability, enhancing their brand
reputation and attracting environmentally conscious customers (Huang, et al., 2016, Lipu, et al.,, 2022). In an era of
increasing scrutiny around environmental practices, companies that take proactive steps to reduce their carbon
footprint and integrate renewable energy into their operations are more likely to build trust with customers, investors,
and regulators.

Despite these advantages, the adoption of renewable energy in transformer manufacturing automation does face

challenges. The initial capital investment required for renewable energy systems, including solar panels, wind turbines,
and energy storage solutions, can be significant. However, the long-term financial benefits, including reduced energy
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costs, government incentives for renewable energy adoption, and the potential for increased production efficiency, can
offset these upfront costs over time. Manufacturers must carefully evaluate their energy needs, production schedules,
and geographic location when considering renewable energy solutions to ensure a viable return on investment
(Ioannides, et al., 2023, Liu, et al,, 2021).

As renewable energy technologies continue to advance and become more affordable, their integration into industrial
applications, including transformer manufacturing, will become increasingly feasible. The role of renewable energy in
automating coil winding machines has the potential to revolutionize the industry by making manufacturing processes
more sustainable, efficient, and cost-effective. Through the use of hybrid renewable energy systems, energy storage
solutions, and advanced control systems, manufacturers can overcome challenges related to intermittency and ensure
a reliable and steady supply of energy to power automated production lines (Jamil, et al., 2024, Lu, Xu & Wang, 2020).
This shift toward renewable energy-powered automation will not only contribute to the reduction of carbon emissions
and energy costs but also position the transformer manufacturing industry as a key player in the global transition to a
more sustainable, low-carbon economy.

3.3. Economic and Environmental Impacts

The economic and environmental impacts of adopting renewable energy in transformer manufacturing, particularly in
automating the coil winding process, are profound and far-reaching. Transformer manufacturing is traditionally an
energy-intensive industry, with high operational costs linked to energy consumption and associated greenhouse gas
(GHG) emissions. As industries worldwide strive to meet sustainability targets and improve operational efficiency, the
integration of renewable energy sources into manufacturing processes offers both environmental and economic
benefits (Babalola, et al, 2024, Hemen, et al, 2024). By combining renewable energy systems with automation
technologies, such as in coil winding machines, manufacturers can reduce costs, enhance competitiveness, and lower
their environmental footprint.

A primary economic benefit of adopting renewable energy in transformer manufacturing is the potential for significant
long-term cost savings. Renewable energy sources, such as solar and wind, have relatively low operational and
maintenance costs compared to conventional fossil fuels. Once installed, the cost of energy production from these
sources is essentially free, aside from occasional maintenance and system upgrades. By utilizing renewable energy
systems to power automated manufacturing processes, transformer manufacturers can drastically reduce their
dependence on expensive, grid-supplied electricity (Bassey, 2022, Bassey, Juliet & Stephen, 2024). This reduction in
energy expenditure can lead to a substantial decrease in operational costs over time. In regions where energy prices
fluctuate or where energy supply is unstable, renewable energy systems provide a predictable and reliable energy
source that shields manufacturers from market volatility. The use of renewable energy also provides energy
independence, allowing manufacturers to reduce their reliance on external sources of energy, which is increasingly seen
as an advantage from a financial perspective.

A key consideration when evaluating the economic impact of renewable energy integration is conducting a
comprehensive cost-benefit analysis. The initial investment in renewable energy systems, including solar panels, wind
turbines, and energy storage solutions, can be significant. However, the long-term savings generated from reduced
energy bills, government incentives, and lower operational costs can often outweigh these upfront expenses. Over time,
as renewable energy technologies continue to decrease in cost and become more efficient, the financial viability of
adopting such systems becomes even more compelling (Javaid, et al, 2021, Magisetty & Cheekuramelli, 2019).
Additionally, energy storage systems that ensure a stable energy supply during periods of low energy generation or high
demand will enhance the effectiveness of renewable energy systems. These storage solutions, such as batteries, are
becoming more affordable and efficient, contributing to the overall economic feasibility of integrating renewable energy
into manufacturing processes.

From an environmental standpoint, the transition to renewable energy in transformer manufacturing offers significant
reductions in greenhouse gas emissions and energy consumption. Traditional energy sources, such as coal, oil, and
natural gas, are major contributors to GHG emissions, which drive climate change and harm ecosystems. By shifting to
renewable energy sources like solar and wind, manufacturers can reduce their carbon footprint, mitigating the negative
environmental effects associated with fossil fuel-based energy consumption (Folorunso, 2024, Manuel, et al., 2024). The
environmental benefits of renewable energy adoption extend beyond emissions reductions. The generation of energy
from fossil fuels often involves the extraction and transportation of natural resources, which can contribute to habitat
destruction, air and water pollution, and the depletion of non-renewable resources. Renewable energy, on the other
hand, is clean and sustainable, contributing to a circular economy by harnessing natural resources that are not depleted
in the process. Solar and wind power systems generate minimal waste, have low water requirements, and do not release
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harmful pollutants into the air, making them an environmentally responsible choice for transformer manufacturers
seeking to reduce their environmental impact.

The adoption of renewable energy also reduces energy consumption in the long term by promoting energy efficiency in
manufacturing processes. Automated systems, such as advanced coil winding machines powered by renewable energy,
can operate more efficiently than traditional systems reliant on grid electricity. Renewable energy systems are often
paired with energy storage solutions that optimize energy usage, ensuring that machines are powered when needed,
and that excess energy generated during peak production periods is stored for later use (Joseph, Devaraj & Gopal, 2019,
Martini, 2024). This optimization leads to a reduction in energy waste and improves overall operational efficiency.
Furthermore, renewable energy technologies can be integrated with advanced monitoring and control systems that
allow manufacturers to track energy usage and production patterns, enabling them to fine-tune their energy
consumption and reduce unnecessary energy expenditure.

In addition to these direct environmental benefits, the integration of renewable energy into transformer manufacturing
offers an opportunity for enhanced competitiveness in the marketplace. As sustainability becomes an increasingly
important consideration for both consumers and regulators, manufacturers who embrace renewable energy and
implement sustainable manufacturing practices can differentiate themselves from competitors. Companies that adopt
renewable energy solutions and reduce their carbon footprints are more likely to attract environmentally-conscious
consumers who prioritize sustainability in their purchasing decisions. Moreover, governments around the world are
increasingly implementing policies and regulations that incentivize sustainability (Avwioroko, et al., 2024, Hemen, et
al,, 2024). By adopting renewable energy solutions, transformer manufacturers can benefit from government subsidies,
tax credits, and other financial incentives that help offset the cost of renewable energy systems. These incentives can
further enhance the economic case for adopting renewable energy technologies, making them more attractive for
manufacturers looking to stay ahead of regulatory trends and market demands.

Additionally, the shift toward renewable energy-powered automation helps foster a corporate culture of sustainability.
Companies that prioritize environmental stewardship tend to attract investors, employees, and customers who share
similar values. Sustainability-focused companies often enjoy enhanced brand reputation and consumer loyalty, which
translates into long-term business success (Kasagga & Ayman, 2024, Martyushev, et al., 2023). By integrating renewable
energy into their operations, transformer manufacturers not only reduce their environmental impact but also position
themselves as leaders in corporate responsibility. This positive brand image can improve customer retention, attract
new business, and lead to greater market share, thereby improving a company’s competitiveness in the industry.

Adopting renewable energy also enhances a company’s resilience to external shocks. In a world where energy markets
are becoming increasingly volatile due to geopolitical tensions, natural disasters, and supply chain disruptions, energy
independence offers a significant strategic advantage. Renewable energy systems allow manufacturers to shield
themselves from price hikes in fossil fuel-based energy markets and the uncertainties that come with energy supply
interruptions. This resilience makes renewable energy integration an attractive proposition for transformer
manufacturers who want to future-proof their operations and ensure consistent, reliable production (Kashani, et al.,
2022).

Despite the evident economic and environmental benefits, the transition to renewable energy-powered automation is
not without its challenges. The initial investment in renewable energy infrastructure and storage systems can be
significant, and companies must carefully assess the financial feasibility of such a transition. However, the long-term
savings and benefits associated with renewable energy adoption often outweigh the initial costs. Moreover, as
renewable energy technologies continue to mature, the affordability of solar, wind, and storage systems is expected to
improve, making their integration into industrial processes more accessible.

In conclusion, the economic and environmental impacts of integrating renewable energy into transformer
manufacturing automation are substantial. The use of renewable energy sources reduces energy costs, mitigates
greenhouse gas emissions, and enhances operational efficiency. Additionally, manufacturers who adopt sustainable
practices gain a competitive edge, attracting environmentally conscious consumers and investors. The ongoing
improvements in renewable energy technology and the growing demand for sustainable manufacturing make the
transition to renewable energy an economically viable and environmentally responsible choice for transformer
manufacturers (Matiskovd, Hrehovd & lakovets, 2024). As global markets increasingly prioritize sustainability,
renewable energy-powered automation is poised to play a key role in the future of transformer manufacturing,
benefiting both the environment and the bottom line.

966



World Journal of Advanced Research and Reviews, 2025, 25(01), 957-976

4., Case Studies and Best Practices

The integration of renewable energy into transformer manufacturing, specifically in automating coil winding machines,
has seen significant growth over the past decade. Manufacturers across various industries are increasingly prioritizing
sustainability, both to meet regulatory requirements and to improve operational efficiency. Renewable energy provides
a sustainable alternative to traditional energy sources, such as coal and natural gas, which are associated with high
operational costs and significant environmental impacts (Kaur, 2024, Mittal, et al., 2019). By incorporating renewable
energy into the manufacturing process, transformer manufacturers are not only reducing their environmental footprint
but also benefiting economically through lower energy costs, improved system efficiency, and enhanced
competitiveness.

One of the most prominent examples of successful integration of renewable energy into coil winding automation is the
case of Siemens, a global leader in transformer manufacturing. Siemens has made strides in leveraging renewable
energy for its manufacturing operations, especially in its facility in Germany, which uses solar power to power its
transformer production lines. The company integrated solar photovoltaic (PV) systems into the facility’s infrastructure,
allowing the energy harvested during daylight hours to directly power coil winding and other production processes
(Agupugo, et al., 2024, Bello, et al., 2023). By doing so, Siemens achieved a significant reduction in energy costs and
decreased reliance on grid electricity, which traditionally accounts for a large proportion of operational expenses. The
solar energy system also helped Siemens decrease its carbon emissions, aligning with the company’s commitment to
sustainability and reducing the environmental impact of its manufacturing operations.

Another example of successful renewable energy integration comes from the global transformer manufacturer ABB.
ABB has implemented a combination of solar and wind energy systems in its manufacturing facilities, including those
focused on the production of transformers and electrical components. In one of their plants in Sweden, ABB uses a
hybrid renewable energy system that combines wind turbines and solar panels to meet a significant portion of the
plant’s electricity needs. The company invested in these systems not only to reduce their carbon footprint but also to
drive energy independence (Kaushik, et al, 2024, Mou, 2017). The integration of renewable energy into their
manufacturing operations has allowed ABB to become less reliant on traditional energy sources, reducing the volatility
associated with energy prices and improving the overall sustainability of their operations. ABB also capitalized on
energy storage systems, which help ensure that power is available even during periods of low wind or sun exposure.
This hybrid system allows the plant to operate efficiently while reducing both energy costs and environmental impacts.

The success of these companies demonstrates the potential of renewable energy to improve transformer manufacturing
operations. However, the implementation of renewable energy-powered automation systems is not without challenges.
A key consideration in integrating renewable energy into manufacturing facilities is energy intermittency. Solar and
wind power are subject to fluctuations depending on weather conditions, which can result in periods of low energy
generation. To overcome this challenge, companies have adopted advanced energy storage systems, such as lithium-ion
batteries, to store excess energy generated during peak production hours (Bassey, 2023, Bassey, Rajput & Oladepo,
2024). These storage systems ensure that the manufacturing process remains uninterrupted, even during periods of
low energy generation, thereby maximizing the efficiency of renewable energy use. In addition to energy storage,
companies are also incorporating energy management systems to optimize energy usage, ensuring that renewable
energy is used efficiently throughout the production process.

Practical implementation strategies have emerged from these successful cases of renewable energy integration in
transformer manufacturing. One of the key lessons learned is the importance of conducting a thorough energy audit
before implementing renewable energy systems. An energy audit helps manufacturers assess their current energy
usage, identify areas for improvement, and determine the most appropriate renewable energy solutions for their
facilities. For instance, a facility with significant roof space may benefit from a solar PV system, while a plant located in
a region with consistent wind patterns may opt for wind turbines (Khan, 2017, Mukherjee & Rao, 2019). The findings
from an energy audit provide valuable insights into the feasibility and scalability of renewable energy projects and help
manufacturers determine the best combination of energy sources for their specific needs.

Another important strategy is the integration of renewable energy with automation and smart manufacturing
technologies. As demonstrated by Siemens and ABB, integrating renewable energy systems with automation
technologies, such as advanced coil winding machines, results in improved production efficiency. By using automation
to optimize energy consumption and align energy demand with renewable energy availability, manufacturers can
significantly reduce energy waste and improve operational efficiency (Kim, et al,, 2021, Naqvi, et al., 2024). The use of
machine learning and artificial intelligence (Al) in this context can enhance automation by predicting energy needs and
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adjusting production schedules based on real-time data, ensuring that energy consumption is minimized while
maximizing productivity.

Collaboration with renewable energy providers and technological partners is another best practice that has proven to
be successful in implementing renewable energy solutions. Both Siemens and ABB have worked closely with energy
providers and technology experts to design, install, and optimize their renewable energy systems. These partnerships
help ensure that manufacturers receive the most cost-effective and efficient renewable energy solutions available
(Romero, et al,, 2024). Collaboration also facilitates knowledge sharing, allowing manufacturers to learn from the
experiences of others and adopt best practices in renewable energy integration. Working with renewable energy
providers also opens up opportunities for financing options and government incentives, which can help offset the initial
investment costs associated with renewable energy systems.

In addition to partnerships, manufacturers must also invest in employee training and education to ensure the successful
implementation of renewable energy-powered automation systems. Training employees to operate and maintain
renewable energy systems, as well as integrating these systems with automation technologies, is essential for
maximizing the effectiveness of these solutions. Companies such as ABB and Siemens have invested in training
programs for their staff to ensure that employees have the necessary skills to manage these advanced technologies
effectively (Sabooni, 2023). Moreover, fostering a culture of sustainability within the company can help ensure that
renewable energy integration is supported at all levels of the organization, from management to frontline workers.

A critical aspect of successful renewable energy integration is the continuous monitoring and optimization of energy
usage. Manufacturers must invest in energy management systems that provide real-time data on energy consumption,
generation, and storage. These systems allow manufacturers to track energy efficiency, identify areas of waste, and
make adjustments as needed. For instance, by monitoring energy consumption patterns, manufacturers can identify
periods when energy usage is higher than necessary and implement strategies to reduce consumption during those
times. Additionally, advanced monitoring systems can detect faults in renewable energy systems, enabling quick
corrective actions to prevent production disruptions and reduce downtime.

The economic benefits of integrating renewable energy into transformer manufacturing are clear. By reducing energy
costs and enhancing operational efficiency, companies can improve their profit margins while contributing to
sustainability goals. The use of renewable energy also offers a significant competitive advantage, as consumers and
investors increasingly prioritize sustainability in their purchasing decisions (Saiteja, et al., 2022). Manufacturers who
integrate renewable energy into their operations not only benefit from lower costs but also position themselves as
leaders in sustainability, which can enhance their brand reputation and attract new business opportunities.

In conclusion, the case studies of Siemens and ABB demonstrate the successful integration of renewable energy into coil
winding automation systems in transformer manufacturing. By using solar, wind, and hybrid energy systems, these
companies have reduced their environmental impact, cut energy costs, and improved manufacturing efficiency. Key
lessons learned from these examples include the importance of energy audits, collaboration with energy providers,
integration with automation technologies, employee training, and continuous monitoring (Sardashti & Nazari, 2023).
While challenges remain, particularly in terms of energy intermittency, advancements in energy storage and
management technologies provide practical solutions that ensure the successful implementation of renewable energy
solutions in manufacturing. As the demand for sustainable practices continues to grow, transformer manufacturers that
adopt renewable energy-powered automation systems will not only benefit economically but will also contribute to a
more sustainable and environmentally responsible future.

4.1. Future Directions

The future of sustainability in transformer manufacturing, particularly the role of renewable energy in automating coil
winding machines, is poised to be shaped by innovations in energy management systems, policy incentives, and
continued research in sustainable manufacturing practices. As the world moves toward a more sustainable industrial
future, integrating renewable energy into manufacturing processes is no longer a mere option but a necessity. This shift
is essential not only to meet the growing demands for environmental responsibility but also to optimize production,
reduce costs, and improve efficiency (Schar, et al., 2023).

In the coming years, one of the most significant drivers of sustainability in transformer manufacturing will be the
advancement of energy management systems. These systems, which are designed to optimize energy use across
industrial facilities, will play a crucial role in ensuring that renewable energy is utilized efficiently within automated
production lines, such as those used for coil winding. Innovations in these systems will enable manufacturers to
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integrate various renewable energy sources, such as solar and wind, in real-time, ensuring that energy consumption
aligns with availability (Bassey, 2023, Bassey, Rajput & Oladepo, 2024). Energy management systems will also employ
sophisticated algorithms and machine learning techniques to predict energy demand and adjust production schedules
accordingly, minimizing energy waste. These smart systems will also have the ability to monitor energy consumption
at the granular level, allowing manufacturers to identify inefficiencies, implement corrective actions, and further reduce
energy consumption.

The integration of renewable energy into transformer manufacturing is also set to benefit from supportive policy
incentives and frameworks. Governments worldwide are increasingly recognizing the importance of renewable energy
and sustainability in manufacturing and are introducing policies to encourage adoption. These policies often include
subsidies, tax incentives, and grants to offset the initial capital investment in renewable energy systems. In addition to
financial incentives, regulatory frameworks are evolving to promote energy efficiency and reduce carbon emissions. For
example, international standards, such as ISO 50001, which focuses on energy management, are encouraging companies
to implement systems that reduce energy use and improve operational efficiency (Selema, Ibrahim & Sergeant, 2022).
These frameworks, along with governmental support, are helping to lower the barriers for small and medium-sized
enterprises (SMEs) to adopt renewable energy solutions. With the right policies in place, manufacturers can transition
more smoothly toward renewable energy-driven automation systems, creating a more sustainable future for the
industry.

In addition to policy and technological advancements, there is also an emerging need for further research into
sustainable manufacturing practices and automation. As the demand for renewable energy-powered automation
systems increases, there will be more opportunities for researchers and industry professionals to explore innovative
solutions to the challenges associated with energy intermittency, storage, and integration. Research in energy storage
technologies, such as solid-state batteries and hydrogen fuel cells, is essential for overcoming the challenges posed by
the intermittent nature of renewable energy sources. By improving the efficiency and affordability of energy storage
systems, these innovations will ensure that manufacturing processes remain uninterrupted, even during periods when
renewable energy generation is low.

Furthermore, automation and artificial intelligence (AI) will continue to be integral components of the transformation
of manufacturing processes. Machine learning algorithms, for example, can be used to fine-tune the operation of coil
winding machines, ensuring that they work at optimal efficiency while consuming minimal energy. Research in Al and
robotics will also contribute to the development of smarter, more flexible systems that can adapt to changing energy
conditions in real-time, further enhancing the efficiency of renewable energy-powered manufacturing lines.

The future directions of sustainability in transformer manufacturing will likely include increased collaboration between
manufacturers, energy providers, and researchers. By working together, these stakeholders can share knowledge, best
practices, and technological advancements, ensuring that the transition to renewable energy-powered automation
systems is smooth and efficient. For instance, energy providers could work with transformer manufacturers to develop
customized renewable energy solutions tailored to their specific energy needs (Selema, Ibrahim & Sergeant, 2023). In
parallel, researchers can work on developing new materials and components for coil winding machines that are more
energy-efficient and better suited to renewable energy-powered systems.

As the manufacturing industry moves towards greater sustainability, another area of focus will be the circular economy.
Manufacturers are increasingly recognizing the importance of not only minimizing their environmental footprint but
also rethinking how they design, produce, and recycle products. In transformer manufacturing, this could involve
designing coils and other components in such a way that they can be easily recycled or reused at the end of their life
cycle (Shahin, etal., 2024). In this context, renewable energy can play a role in powering the recycling processes, further
reducing the environmental impact of manufacturing operations.

Another critical aspect of future sustainability in transformer manufacturing is the need for education and workforce
development. As the integration of renewable energy and automation technologies continues to evolve, the demand for
skilled workers who can operate and maintain these systems will grow. Educational institutions, industry associations,
and companies themselves will need to invest in training programs to ensure that the workforce is equipped with the
necessary skills to handle these advanced technologies (Singh, Singh & Singh, 2019). This will include training in energy
management, automation systems, Al, and renewable energy technologies. A well-trained workforce will be essential
for realizing the full potential of renewable energy-powered automation systems in transformer manufacturing.

The potential for renewable energy to reshape transformer manufacturing is vast, but it will require coordinated efforts
across several fronts. The integration of renewable energy into manufacturing systems will drive innovations in energy
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management, improve operational efficiency, and reduce environmental impact. At the same time, policies and
frameworks that support renewable energy adoption will help to mitigate the financial barriers associated with the
transition. Research opportunities in energy storage, Al, and automation will continue to push the boundaries of what
is possible, ensuring that renewable energy-powered manufacturing processes are more efficient, cost-effective, and
scalable.

One of the challenges that will need to be addressed in the coming years is the continued need for advancements in
energy storage technologies. While renewable energy sources like solar and wind have made significant progress, their
intermittent nature still presents challenges in manufacturing environments that require a consistent and reliable
power supply. Therefore, research into new and more efficient energy storage solutions will be essential to ensuring
that renewable energy can be utilized effectively in all conditions (Soori, Arezoo & Dastres, 2023). Breakthroughs in
battery technologies, such as solid-state batteries or flow batteries, could significantly enhance the viability of
renewable energy systems for industrial use, ensuring a more stable and reliable energy supply.

In conclusion, the future of sustainability in transformer manufacturing, driven by the integration of renewable energy
into coil winding automation, is marked by tremendous potential. Innovations in energy management, supportive policy
incentives, and continued research into sustainable manufacturing practices will ensure that renewable energy plays
an increasingly central role in manufacturing operations. The focus on energy efficiency, automation, and circular
economy principles, combined with investments in workforce development, will pave the way for a more sustainable
and economically viable future for the transformer manufacturing industry (Subramanya & Chelliah, 2023). As
technology continues to advance and collaboration between various stakeholders strengthens, renewable energy-
powered automation will become a defining feature of the manufacturing landscape.

5. Conclusion

In conclusion, the integration of renewable energy into transformer manufacturing, particularly in automating coil
winding machines, represents a crucial step towards achieving sustainability within the industry. The transition from
traditional, energy-intensive manufacturing processes to renewable energy-powered automation systems offers
immense potential in terms of both environmental and economic benefits. By harnessing renewable sources like solar,
wind, and hybrid systems, manufacturers can significantly reduce their reliance on non-renewable energy sources,
lower operational costs, and minimize the environmental footprint of their production activities. Furthermore, the
combination of renewable energy and automation technologies such as robotics, machine learning, and Al presents an
opportunity to optimize production efficiency while maintaining high levels of precision and quality in coil winding
processes.

The importance of sustainability in transformer manufacturing cannot be overstated. As global energy demands rise
and environmental concerns become more urgent, the manufacturing sector must evolve to meet both economic and
ecological challenges. Embracing renewable energy in manufacturing not only addresses the need for reduced carbon
emissions and resource conservation but also positions the industry for long-term growth by fostering energy
independence and operational resilience. Through the implementation of green practices, the industry can contribute
to a cleaner, more sustainable future while ensuring that production methods are both efficient and future-proof.

For the transformer manufacturing industry to fully realize the benefits of renewable energy and automation, a
concerted effort is needed across all levels of operation. Manufacturers must invest in innovative technologies, adopt
energy-efficient practices, and collaborate with policymakers, researchers, and energy providers to create a sustainable
ecosystem that supports long-term goals. Industry-wide adoption of renewable energy-powered automation is essential
not only to meet regulatory standards but also to enhance competitiveness in an increasingly sustainability-driven
global marketplace. As we look ahead, it is imperative for all stakeholders to commit to the adoption of green practices,
with the understanding that the transition to sustainable manufacturing will lead to a more resilient, efficient, and
environmentally responsible industry.

Compliance with ethical standards

Disclosure of conflict of interest

No conflict of interest to be disclosed.

970



World Journal of Advanced Research and Reviews, 2025, 25(01), 957-976

Reference

[1]

[2]

[3]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Agupugo, C. (2023). Design of A Renewable Energy Based Microgrid That Comprises of Only PV and Battery
Storage to Sustain Critical Loads in Nigeria Air Force Base, Kaduna. ResearchGate.

Agupugo, C. P., & Tochukwu, M. F. C. (2021): A model to Assess the Economic Viability of Renewable Energy
Microgrids: A Case Study of Imufu Nigeria.

Agupugo, C. P, Ajayi, A. 0., Nwanevu, C., & Oladipo, S. S. (2022); Advancements in Technology for Renewable
Energy Microgrids.

Agupugo, C. P,, Ajayi, A. 0., Nwanevu, C., & Oladipo, S. S. (2022): Policy and regulatory framework supporting
renewable energy microgrids and energy storage systems.

Agupugo, C. P, Ajayi, A. 0., Salihu, O. S., & Barrie, 1. (2024). Large scale utility solar installation in the USA:
Environmental impact and job. Global Journal of Engineering and Technology Advances, 21(02), 023-034.

Agupugo, C. P, Barrie, 1., Makai, C. C,, & Alaka, E. (2024). Al learning-driven optimization of microgrid systems for
rural electrification and economic empowerment.

Agupugo, C.P., Kehinde, H.M. & Manuel, H.N.N., 2024. Optimization of microgrid operations using renewable
energy sources. Engineering Science & Technology Journal, 5(7), pp.2379-2401.

Ajayi, A. 0., Agupugo, C. P.,, Nwanevu, C., & Chimziebere, C. (2024). Review of penetration and impact of utility
solar installation in developing countries: policy and challenges.

Ali, M., Sarker, M. R,, Saad, M. H. M., & Mohamed, R. (2022). Overview of control system topology of flywheel
energy storage system in renewable energy application for alternative power plant. Przeglqd
Elektrotechniczny, 1, 147-155.

Al-Obaidi, M. A,, Zubo, R. H,, Rashid, F. L., Dakkama, H. J., Abd-Alhameed, R., & Mujtaba, I. M. (2022). Evaluation of
solar energy powered seawater desalination processes: a review. Energies, 15(18), 6562.

Alrubaie, A. ], Salem, M,, Yahya, K., Mohamed, M., & Kamarol, M. (2023). A comprehensive review of electric
vehicle charging stations with solar photovoltaic system considering market, technical requirements, network
implications, and future challenges. Sustainability, 15(10), 8122.

Annapureddy, V., Palneedi, H., Hwang, G. T., Peddigari, M., Jeong, D. Y., Yoon, W. H,, ... & Ryu, ]. (2017). Magnetic
energy harvesting with magnetoelectrics: an emerging technology for self-powered autonomous
systems. Sustainable Energy & Fuels, 1(10), 2039-2052.

Arulmozhi, M., Sivakumar, P., & Iyer, N. G. (2024). Enhanced energy extraction from wind driven PMSG using
digital twin model of battery charging system. Journal of Energy Storage, 95, 112415.

Ashabani, M., & Jung, ]. (2020). Synchronous voltage controllers: Voltage-based emulation of synchronous
machines for the integration of renewable energy sources. IEEE Access, 8, 49497-49508.

Ashglaf, M. 0. (2019). Development of Hybridization concept for horizontal axis wind/tidal systems using functional
similarities and advanced real-time emulation methods (Doctoral dissertation, Normandie Université).

Ashima, R, Haleem, A,, Bahl, S., Javaid, M., Mahla, S. K., & Singh, S. (2021). Automation and manufacturing of smart
materials in Additive Manufacturing technologies using Internet of Things towards the adoption of Industry
4.0. Materials Today: Proceedings, 45, 5081-5088.

Avwioroko, A. (2023). Biomass Gasification For Hydrogen Production. Engineering Science & Technology
Journal, 4(2), 56-70.

Avwioroko, A. (2023). The integration of smart grid technology with carbon credit trading systems: Benefits,
challenges, and future directions. Engineering Science & Technology Journal, 4(2), 33-45.

Avwioroko, A. (2023). The potential, barriers, and strategies to upscale renewable energy adoption in developing
countries: Nigeria as a case study. Engineering Science & Technology Journal, 4(2), 46-55.

Avwioroko, A, & Ibegbulam, C. (2024). Contribution of Consulting Firms to Renewable Energy
Adoption. International Journal of Physical Sciences Research, 8(1), 17-27.

Avwioroko, A., Ibegbulam, C., Afriyie, 1., & Fesomade, A. T. (2024). Smart Grid Integration of Solar and Biomass
Energy Sources. European Journal of Computer Science and Information Technology, 12(3), 1-14.

971



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

World Journal of Advanced Research and Reviews, 2025, 25(01), 957-976

Babalola, 0., Nwatuy, C. E., Folorunso, A. & Adewa, A. (2024). A governance framework model for cloud computing:
Role of Al, security, compliance, and management. World Journal of Advanced Research Reviews

Badgaiyan, P., Gupta, S. K,, & Pandey, M. (2023). Detailed review on multiple sources off grid charging station of
electric vehicles centred on converters. International Journal of Heavy Vehicle Systems, 30(3), 255-302.

Balal, A. (2023). Sustainable Solar-Powered EV Charging System Design Using Machine Learning, DC Fast
Charging, and an Intelligent DMPPT Optimization Technique.

Barrie, 1., Agupugo, C. P, Iguare, H. 0., & Folarin, A. (2024). Leveraging machine learning to optimize renewable
energy integration in developing economies. Global Journal of Engineering and Technology Advances, 20(03), 080-
093.

Bassey, K. E. (2022). Enhanced Design and Development Simulation and Testing. Engineering Science &
Technology Journal, 3(2), 18-31.

Bassey, K. E. (2022). Optimizing Wind Farm Performance Using Machine Learning. Engineering Science &
Technology Journal, 3(2), 32-44.

Bassey, K. E. (2023). Hybrid Renewable Energy Systems Modeling. Engineering Science & Technology Journal,
4(6),571-588.

Bassey, K. E. (2023). Hydrokinetic Energy Devices: Studying Devices That Generate Power from Flowing Water
Without Dams. Engineering Science & Technology Journal, 4(2), 1-17.

Bassey, K. E. (2023). Solar Energy Forecasting with Deep Learning Technique. Engineering Science & Technology
Journal, 4(2), 18-32.

Bassey, K. E. (2024). From waste to wonder: Developing engineered nanomaterials for multifaceted applications.

Bassey, K. E., & Ibegbulam, C. (2023). Machine Learning for Green Hydrogen Production. Computer Science & IT
Research Journal, 4(3), 368-385.

Bassey, K. E., Aigbovbiosa, ]., & Agupugo, C. (2024). Risk management strategies in renewable energy investment.
International Journal of Novel Research in Engineering and Science, 11(1), 138-148. Novelty Journals.

Bassey, K. E., Aigbovbiosa, |., & Agupugo, C. (2024). Risk management strategies in renewable energy investment.
International Journal of Novel Research in Engineering and Science, 11(1), 138-148. Novelty Journals.

Bassey, K. E., Juliet, A. R., & Stephen, A. 0. (2024). Al-Enhanced lifecycle assessment of renewable energy systems.
Engineering Science & Technology Journal, 5(7), 2082-2099.

Bassey, K. E., Opoku-Boateng, J., Antwi, B. 0., & Ntiakoh, A. (2024). Economic impact of digital twins on renewable
energy investments. Engineering Science & Technology Journal, 5(7), 2232-2247.

Bassey, K. E., Opoku-Boateng, ]J., Antwi, B. O., Ntiakoh, A., & Juliet, A. R. (2024). Digital twin technology for
renewable energy microgrids. Engineering Science & Technology Journal, 5(7), 2248-2272.

Bassey, K. E., Rajput, S. A, & Oladepo, O. 0. (2024). Space-based solar power: Unlocking continuous, renewable
energy through wireless transmission from space.

Bassey, K. E., Rajput, S. A., & Oyewale, K. (2024). Peer-to-peer energy trading: Innovations, regulatory challenges,
and the future of decentralized energy systems.

Bassey, K. E., Rajput, S. A, Oladepo, O. 0., & Oyewale, K. (2024). Optimizing behavioral and economic strategies
for the ubiquitous integration of wireless energy transmission in smart cities.

Bello, O. A, Folorunso, A, Ejiofor, O. E., Budale, F. Z., Adebayo, K., & Babatunde, O. A. (2023). Machine Learning
Approaches for Enhancing Fraud Prevention in Financial Transactions. International Journal of Management
Technology, 10(1), 85-108.

Bello, 0. A, Folorunso, A., Ogundipe, A., Kazeem, O., Budale, A.,, Zainab, F., & Ejiofor, O. E. (2022). Enhancing Cyber
Financial Fraud Detection Using Deep Learning Techniques: A Study on Neural Networks and Anomaly
Detection. International Journal of Network and Communication Research, 7(1),90-113.

Bello, 0. A, Folorunso, A., Onwuchekwa, |, & Ejiofor, O. E. (2023). A Comprehensive Framework for Strengthening
USA Financial Cybersecurity: Integrating Machine Learning and Al in Fraud Detection Systems. European Journal
of Computer Science and Information Technology, 11(6), 62-83.

972



[44]

[45]

[46]
[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]
[66]

World Journal of Advanced Research and Reviews, 2025, 25(01), 957-976

Bello, O. A, Folorunso, A., Onwuchekwa, ]., Ejiofor, O. E., Budale, F. Z., & Egwuonwu, M. N. (2023). Analysing the
Impact of Advanced Analytics on Fraud Detection: A Machine Learning Perspective. European Journal of
Computer Science and Information Technology, 11(6), 103-126.

Bucarelli, M. A. (2024). Enhancing energy flexibility: resources integration in smart grids. A transversal approach
for the ASM Terni power network.

Burchell, J. W. (2018). Advancement of direct drive generator systems for offshore renewable energy production.

Chandra, A, Singh, G. K., & Pant, V. (2021). Protection of AC microgrid integrated with renewable energy sources-
A research review and future trends. Electric Power Systems Research, 193, 107036.

Chen, H., Zuo, Y., Chau, K. T., Zhao, W., & Lee, C. H. (2021). Modern electric machines and drives for wind power
generation: A review of opportunities and challenges. IET Renewable Power Generation, 15(9), 1864-1887.

Chen, Y., & Lin, H. (2022). Overview of the development of offshore wind power generation in China. Sustainable
energy technologies and assessments, 53, 102766.

Cheng, P., Kong, H,, Ma, ], & Jia, L. (2020). Overview of resilient traction power supply systems in railways with
interconnected microgrid. CSEE Journal of Power and Energy Systems, 7(5), 1122-1132.

Chhawchharia, S., Sahoo, S. K., Balamurugan, M., Sukchai, S., & Yanine, F. (2018). Investigation of wireless power
transfer applications with a focus on renewable energy. Renewable and Sustainable Energy Reviews, 91, 888-902.

Del Vecchio, R., Del Vecchio, R. M., Poulin, B., Feghali, P, Shah, D., & Ahuja, R. (2017). Transformer design principles.
CRC press.

ElMaraghy, H., Monostori, L., Schuh, G., & ElMaraghy, W. (2021). Evolution and future of manufacturing
systems. CIRP Annals, 70(2), 635-658.

Elujide, I, Fashoto, S. G., Fashoto, B., Mbunge, E., Folorunso, S. 0., & Olamijuwon, J. 0. (2021). Application of deep
and machine learning techniques for multi-label classification performance on psychotic disorder
diseases. Informatics in Medicine Unlocked, 23, 100545.

Elujide, L., Fashoto, S. G., Fashoto, B., Mbunge, E., Folorunso, S. 0., & Olamijuwon, ]. O. Informatics in Medicine
Unlocked.

Folorunso, A. (2024). Assessment of Internet Safety, Cybersecurity Awareness and Risks in Technology
Environment among College Students. Cybersecurity Awareness and Risks in Technology Environment among
College Students (July 01, 2024).

Folorunso, A. (2024). Cybersecurity And Its Global Applicability to Decision Making: A Comprehensive Approach
in The University System. Available at SSRN 4955601.

Folorunso, A. (2024). Information Security Management Systems (ISMS) on patient information protection
within the healthcare industry in Oyo, Nigeria. Nigeria (April 12, 2024).

Folorunso, A., Adewumi, T., Adewa, A., Okonkwo, R., & Olawumi, T. N. (2024). Impact of Al on cybersecurity and
security compliance. Global Journal of Engineering and Technology Advances, 21(01), 167-184.

Folorunso, A.,, Mohammed, V., Wada, 1., & Samuel, B. (2024). The impact of ISO security standards on enhancing
cybersecurity posture in organizations. World Journal of Advanced Research and Reviews, 24(1), 2582-2595.

Folorunso, A., Nwatu Olufunbi Babalola, C. E., Adedoyin, A., & Ogundipe, F. (2024). Policy framework for cloud
computing: Al, governance, compliance, and management. Global Journal of Engineering and Technology Advances

Folorunso, A., Olanipekun, K., Adewumi, T., & Samuel, B. (2024). A policy framework on Al usage in developing
countries and its impact. Global Journal of Engineering and Technology Advances, 21(01), 154-166.

Folorunso, A., Wada, ., Samuel, B.,, & Mohammed, V. (2024). Security compliance and its implication for
cybersecurity.

Franklin, A. C, & Franklin, D. P. (2016). The ] & P transformer book: a practical technology of the power
transformer. Elsevier.

Gao, S., Zhou, L., & Zhang, C. (2024). Large Energy-saving Wound Core Traction Transformers. Springer Nature.
Geers, M. (2018). Optimising Motor Control in Actuator Alignment.

973



[67]

[68]

[69]

[70]

[71]
[72]

[73]
[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]
[86]

[87]

[88]

[89]

World Journal of Advanced Research and Reviews, 2025, 25(01), 957-976

Ghazi, Z. M., Rizvi, S. W. F.,, Shahid, W. M., Abdulhameed, A. M., Saleem, H., & Zaidj, S. J. (2022). An overview of
water desalination systems integrated with renewable energy sources. Desalination, 542, 116063.

Ghazizadeh, S., Mekhilef, S., Seyedmahmoudian, M., Chandran, J., & Stojcevski, A. (2024). Performance Evaluation
of Coil Design in Inductive Power Transfer for Electric Vehicles. IEEE Access.

Ghodki, M. K. (2024). A new solar powered robotic arm guided master-slave electric motors of biomass
conveyor. Journal of Engineering, Design and Technology, 22(3), 739-762.

Godina, R, Rodrigues, E. M., Matias, ]. C., & Catalao, ]. P. (2015). Effect of loads and other key factors on oil-
transformer ageing: Sustainability benefits and challenges. Energies, 8(10), 12147-12186.

Hagedorn, |, Blanc, F. S. L., & Fleischer, ]. (2018). Handbook of coil winding. Springer Berlin Heidelberg.

Hamada, A. T., & Orhan, M. F. (2022). An overview of regenerative braking systems. Journal of Energy Storage, 52,
105033.

Heizer, E.]., Specialties Development Corp, 1954. Winding machine. U.S. Patent 2,670,146.

Hemen J.A, Ughanze 1], lliyasu A, Ezedimbu, Agupugo C.P, Bassey K.E, Ukoba K, Ugwu L. C, Takuma M.A, (2024).
Automatic transformer coil winding machine powered by solar panel and incorperating [oT. NG/P/2024 /288

Huang, Q. Jing, S, Li, J., Cai, D, Wu, ], & Zhen, W. (2016). Smart substation: State of the art and future
development. I[EEE Transactions on Power Delivery, 32(2), 1098-1105.

loannides, M. G., Koukoutsis, E. B., Stamelos, A. P., Papazis, S. A., Stamataki, E. E., Papoutsidakis, A, ... & Stamatakis,
M. E. (2023). Design and operation of Internet of Things-based monitoring control system for induction
machines. Energies, 16(7), 3049.

Jamil, H, Nagvi, S. S. A, Igbal, N., Khan, M. A,, Qayyum, F., Muhammad, F., ... & Kim, D. H. (2024). Analysis on the
Driving and Braking Control Logic Algorithm for Mobility Energy Efficiency in Electric Vehicle. Smart Grids and
Sustainable Energy, 9(1), 12.

Javaid, M., Haleem, A., Singh, R. P., & Suman, R. (2021). Significance of Quality 4.0 towards comprehensive
enhancement in manufacturing sector. Sensors International, 2, 100109.

Javaid, M., Haleem, A,, Singh, R. P., & Suman, R. (2021). Substantial capabilities of robotics in enhancing industry
4.0 implementation. Cognitive Robotics, 1, 58-75.

Joseph, P. K, Devaraj, E., & Gopal, A. (2019). Overview of wireless charging and vehicle-to-grid integration of
electric vehicles using renewable energy for sustainable transportation. [ET Power Electronics, 12(4), 627-638.

Kasagga, E., & Ayman, E. R. (2024, September). Recyclable Electrical Machine Designs: Current Approaches and
Perspectives. In 2024 International Conference on Electrical Machines (ICEM) (pp. 1-7). IEEE.

Kashani, S. A., Soleimani, A., Khosravi, A., & Mirsalim, M. (2022). State-of-the-art research on wireless charging of
electric vehicles using solar energy. Energies, 16(1), 282.

Kaur, S. (2024). Optimization of Transformer Design and Performance Analysis Using Finite Element Techniques:
A Review. COMPUTER, 24(11).

Kaushik, S., Mishra, S., Soni, S., & Jaiswal, S. (2024). Solar Wireless Charging of Battery in Electrical Vehicle. i-
Manager's Journal on Electrical Engineering, 17(4), 44.

Keith, ].V., Leesona Corp, 1956. Winding machine. U.S. Patent 2,752,105.

Khan, M. S. A. (2017). Low cost vertical axis wind energy harvesting system using supercapacitors for rural
Malaysia (Doctoral dissertation, University of Nottingham).

Kim, D., Eo, J. S,, & Kim, K. K. K. (2021). Service-oriented real-time energy-optimal regenerative braking strategy
for connected and autonomous electrified vehicles. [IEEE Transactions on Intelligent Transportation
Systems, 23(8), 11098-11115.

Kumar, B. A, Jyothi, B, Singh, A. R, Bajaj, M., Rathore, R. S., & Tuka, M. B. (2024). Hybrid genetic algorithm-
simulated annealing based electric vehicle charging station placement for optimizing distribution network
resilience. Scientific Reports, 14(1), 7637.

Lei, G., Zhy, ], & Guo, Y. (2016). Multidisciplinary design optimization methods for electrical machines and drive
systems (Vol. 691). Berlin/Heidelberg, Germany: Springer.

974



[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]
[107]

[108]

[109]

[110]

World Journal of Advanced Research and Reviews, 2025, 25(01), 957-976

Li, S, Cai, Y. H., Schifer, A. 1., & Richards, B. S. (2019). Renewable energy powered membrane technology: A review
of the reliability of photovoltaic-powered membrane system components for brackish water
desalination. Applied Energy, 253, 113524

Li, S., Zhang, S., Habetler, T. G., & Harley, R. G. (2019). Modeling, design optimization, and applications of switched
reluctance machines—A review. [EEE Transactions on Industry Applications, 55(3), 2660-2681.

Li, Y., Adeleke, O. P., & Xu, X. (2019). Methods and applications of energy saving control of in-wheel motor drive
system in electric vehicles: A comprehensive review. Journal of Renewable and Sustainable Energy, 11(6)

Lipu, M. S. H,, Mamun, A. A, Ansari, S., Miah, M. S.,, Hasan, K, Meraj, S. T., .. & Tan, N. M. (2022). Battery
management, key technologies, methods, issues, and future trends of electric vehicles: A pathway toward
achieving sustainable development goals. Batteries, 8(9), 119.

Liu, H,, Fu, H,, Sun, L., Lee, C., & Yeatman, E. M. (2021). Hybrid energy harvesting technology: From materials,
structural design, system integration to applications. Renewable and sustainable energy reviews, 137, 110473.

Ly, Y, Xu, X., & Wang, L. (2020). Smart manufacturing process and system automation-a critical review of the
standards and envisioned scenarios. Journal of Manufacturing Systems, 56, 312-325.

Magisetty, R., & Cheekuramelli, N. S. (2019). Additive manufacturing technology empowered complex
electromechanical energy conversion devices and transformers. Applied Materials Today, 14, 35-50.

Manuel, H. N. N,, Kehinde, H. M., Agupugo, C. P., & Manuel, A. C. N. (2024). The impact of Al on boosting renewable
energy utilization and visual power plant efficiency in contemporary construction. World Journal of Advanced
Research and Reviews, 23(2), 1333-1348.

Martini, G. (2024). Integration of open-source frameworks in industrial plant control systems for large
experimental facilities (“Dottorato Industriale”-CRFX).

Martyushev, N. V., Malozyomov, B. V., Khalikov, I. H., Kukartsev, V. A, Kukartsev, V. V., Tynchenko, V.S,, ... & Qi, M.
(2023). Review of Methods for Improving the Energy Efficiency of Electrified Ground Transport by Optimizing
Battery Consumption. Energies, 16(2), 729.

Matiskova, D., Hrehov3, S., & lakovets, A. (2024, February). Innovative Technical Solution of the Regulating
Transformer with Two-layer Winding. In EAI International Conference on Automation and Control in Theory and
Practice (pp. 227-240). Cham: Springer Nature Switzerland.

Mittal, S., Khan, M. A., Romero, D., & Wuest, T. (2019). Smart manufacturing: Characteristics, technologies and
enabling factors. Proceedings of the Institution of Mechanical Engineers, Part B: Journal of Engineering
Manufacture, 233(5), 1342-1361.

Mou, X. (2017). Wireless Power Transfer Technology for Electric Vehicle Charging (Doctoral dissertation, Durham
University).

Mukherjee, P., & Rao, V. V. (2019). Design and development of high temperature superconducting magnetic
energy storage for power applications-A review. Physica C: Superconductivity and its applications, 563, 67-73.

Nagvi, S. S. A, Jamil, H., Faseeh, M., Igbal, N., Khan, S., & Kim, D. H. (2024). Development strategies of integrated
electronic control units in [oEVs for mobility energy efficiency: A comprehensive review. Internet of Things,
101085.

Nwatuy, C. E., Folorunso, A. A., & Babalola, 0. (2024, November 30). A comprehensive model for ensuring data
compliance in cloud computing environment. World Journal of Advanced Research

Oyewale, K., & Bassey, K. E. (2024). Climate action and social equity: Mitigation strategies and carbon credits.

Romero, C. A, Correa, P., Ariza Echeverri, E. A,, & Vergara, D. (2024). Strategies for reducing automobile fuel
consumption. Applied Sciences, 14(2), 910.

Sabooni, S. (2023). Al-Powered Uncertainty Estimation in Linear Motion Systems (Doctoral dissertation,
CALIFORNIA STATE UNIVERSITY, NORTHRIDGE).

Saiteja, P., Ashok, B., Wagh, A. S., & Farrag, M. E. (2022). Critical review on optimal regenerative braking control
system architecture, calibration parameters and development challenges for EVs. International Journal of Energy
Research, 46(14), 20146-20179.

Sardashti, A., & Nazari, J. (2023). A learning-based approach to fault detection and fault-tolerant control of
permanent magnet DC motors. Journal of Engineering and Applied Science, 70(1), 109.

975



[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

World Journal of Advanced Research and Reviews, 2025, 25(01), 957-976

Schér, S., Bischi, A., Baccioli, A., Desideri, U., & Geldermann, J. (2023). Optimization of sustainable seawater
desalination: Modeling renewable energy integration and energy storage concepts. Energy Conversion and
Management, 293, 117447.

Selema, A, Ibrahim, M. N,, & Sergeant, P. (2022). Electrical machines winding technology: Latest advancements
for transportation Electrification. Machines, 10(7), 563.

Selema, A., Ibrahim, M. N., & Sergeant, P. (2023). Advanced Manufacturability of Electrical Machine Architecture
through 3D Printing Technology. Machines, 11(9), 900.

Shahin, A., Abdelaziz, A. Y., Houari, A., Nahid-Mobarakeh, B., Pierfederici, S., Deng, F., & Abulanwar, S. (2024). A
Comprehensive Analysis: Integrating Renewable Energy Sources With Wire/Wireless EV Charging Systems for
Green Mobility. IEEE Access.

Singh, ], Singh, S., & Singh, A. (2019). Distribution transformer failure modes, effects and criticality analysis
(FMECA). Engineering Failure Analysis, 99, 180-191.

Soori, M., Arezoo, B., & Dastres, R. (2023). Optimization of energy consumption in industrial robots, a
review. Cognitive Robotics, 3, 142-157.

Subramanya, K., & Chelliah, T. R. (2023). Capability of synchronous and asynchronous hydropower generating
systems: A comprehensive study. Renewable and Sustainable Energy Reviews, 188, 113863.

Sun, P,, Jia, S., Liang, D., & Qu, R. (2023). A Review on the Development of High-reliability Motor System for Safety-
critical Applications-From Redundancy Design Prospective. IEEE Transactions on Transportation Electrification.

Ukonne, A., Folorunso, A., Babalola, 0., & Nwatu, C. E. (2024). Compliance and governance issues in cloud
computing and Al: USA and Africa. Global Journal of Engineering and Technology Advances.

976



