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Abstract: Wind power has emerged as a vital component of the global transition to renewable energy, 

leveraging the kinetic energy of wind to generate electricity with minimal environmental impact. 
Technological advances in wind power have significantly improved efficiency, reliability, and cost-

effectiveness. Efficiency of wind power refers to how effectively wind turbines convert kinetic energy from 

the wind into electrical energy. There are various types of wind turbines, including horizontal axis wind 

turbines and vertical axis wind turbines and their respective efficiencies, applications, and technological 

advancements. Horizontal axis dominates utility-scale energy production, while vertical axis presents unique 

advantages for urban and small-scale applications. Its advantages make wind power a key player in the 

transition to a more sustainable and resilient energy system. The state of the art in wind power plants is 

marked by ongoing technological improvements in turbine design, floating wind farms, energy storage, and 

grid integration. Innovations in digitalization, materials, and wake management are further optimizing the 

performance and sustainability of wind energy. Moreover, the latest advancements in wind power technology 

are transforming the industry by significantly enhancing efficiency, reliability, and sustainability. Larger, 
next-generation turbines, such as GE’s 15 MW Haliade-X, are pushing the boundaries of energy capture, 

while floating offshore wind farms are opening up deeper water locations with stronger, more consistent wind 

resources. The integration of advanced energy storage solutions improves grid stability were enabling more 

effective management of wind's intermittent nature. 

Keywords: Wind Power Technology; Next-Generation Turbines; Floating Offshore Wind Farms; Energy 

Storage Integration; AI and Digital Twin Technology; Predictive Maintenance 

1. Introduction  

Wind turbines are devices designed to convert kinetic 

energy from wind into electrical energy, playing a crucial 

role in renewable energy generation. Historically, wind 

energy has been harnessed for various purposes, evolving 

from traditional windmills to modern turbines that 

significantly contribute to global energy consumption while 

reducing reliance on fossil fuels. A wind turbine consists of 

several components, presented in Figure 1, which work 

together to capture wind energy efficiently [1-8]. Recent 
advancements in turbine technology, such as ducted designs 

and innovative blade geometries inspired by marine life, 

have enhanced energy yield and operational efficiency, even 

surpassing traditional limits[9]. Overall, wind turbines are 

integral to sustainable energy strategies, providing a cleaner 

alternative to conventional energy sources. Wind turbines 

play a crucial role in reducing reliance on fossil fuels and 

facilitating the transition to renewable energy sources. As 

one of the cleanest and most efficient forms of energy 

generation, wind energy significantly mitigates 

environmental issues associated with fossil fuel 
consumption, such as greenhouse gas emissions and air 

pollution[10].The global demand for energy, driven by 

population growth, necessitates sustainable solutions that 

wind energy can provide, given its negligible carbon 

footprint and vast availability [11]. 

Advancements in wind turbine technology, including 

various designs and control strategies, enhance their 

efficiency and energy output, making them a cost-effective 

alternative to traditional energy sources. As the share of 
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wind-generated electricity continues to rise, it is expected to 

play an increasingly vital role in achieving energy 
independence and security while addressing climate change 

challenges [10]. Wind turbines play a crucial role in 

reducing greenhouse gas emissions and combating climate 

change, primarily by generating renewable energy that 

displaces fossil fuel reliance. The life cycle assessment of 

wind turbines indicates that they produce significantly 

lower CO2-equivalent emissions compared to traditional 

energy sources, with a 1% increase in energy cost 

potentially yielding a 5% reduction in environmental 

impact [12-20].  

Furthermore, the construction and operation of wind 

turbines can lead to a substantial decrease in greenhouse 

gas emissions, with estimates suggesting that the emissions 

displaced by wind energy are an order of magnitude greater 

than those produced during turbine manufacturing [12]. 
Additionally, the recycling of turbine materials at the end of 

their life cycle can mitigate environmental impacts by up to 

49%, emphasizing the importance of sustainable practices 

in wind energy deployment [21].Wind turbines are typically 

installed in two primary locations: onshore and offshore, 

each significantly influencing their efficiency and energy 

output. Offshore wind turbines (OWTs) generally capture 

more wind due to their larger structures and favorable 

locations, often situated in areas with higher average wind 

speeds (6.0–7.0 m/s) and greater energy density, which can 

be over 40% higher than onshore sites [22]. The effective 
wind speed hours for OWTs can reach up to 7,850 hours 

annually, contributing to a substantial increase in power 

production, nearly double that of onshore installations [22]. 

However, the higher installation and maintenance costs 

associated with offshore sites, including complex support 

structures like monopiles and floating platforms, can offset 

some of these efficiency gains [22].Therefore, while 

offshore locations offer superior wind resources, careful 

planning and site selection are crucial to maximize power 

generation and manage costs effectively [22]. Ongoing 

advancements in wind turbine technology significantly 

enhance their efficiency and adaptability, making them 

integral to modern energy production.  

Recent innovations in aerodynamic optimization, 

particularly in blade design, utilize advanced materials and 
computational techniques such as Computational Fluid 

Dynamics (CFD) and Artificial Intelligence (AI) to improve 

performance under varying wind conditions [23]. The 

integration of active and passive flow control devices, along 

with biomimetic adaptations, further minimizes flow 

separation and stall losses, thereby increasing overall 

efficiency [23]. Additionally, the application of digital 

technologies, including simulation engines, allows for a 

deeper understanding of wake flow effects on turbine 

performance, facilitating better design and operational 

strategies. However, challenges such as leading-edge 

erosion remain critical, as they can significantly impact 
aerodynamic efficiency and energy production, 

necessitating ongoing research and predictive maintenance 

strategies [24]. It contains 2 types (1) Horizontal-Axis 
Turbines (HAWT)the most common design featuring a 

horizontal axis of rotation is exemplified in various 

applications, including machinery and energy systems. For 

instance, a centrifugal casting machine utilizes a horizontal 

axis to facilitate the rotation of a spindle, enhancing the 

casting process's efficiency. Similarly, horizontal type 

conveying devices for cylindrical work pieces employ a 

horizontal axis to enable the axial movement and rotation of 

rollers, ensuring safe and efficient operation in renewable 

energy [25-28].  

Wind power plants also adopt a horizontal rotation axis 

for their turbines, optimizing energy capture from wind. 

Furthermore, horizontal ground heat exchangers leverage 

this design to effectively utilize ground thermal inertia for 

heating and cooling applications [9]. Collectively, these 
examples illustrate the versatility and effectiveness of 

horizontal axis designs across different fields.  

Figure 2 elucidate the shape of horizontal, Vertical-

Axis Turbines (VAWT) tilted axis hydrokinetic turbines are 
fewer common technologies suited for specific urban or off-

grid applications, characterized by their axis being 

perpendicular to the ground. VAWTs are particularly 

advantageous in urban settings due to their compact design 

and lower maintenance costs, as the rotor assembly is 

located at the base, enhancing static stability and reducing 

aerodynamic losses [10]. They can be effectively utilized in 

floating offshore applications, providing energy to isolated 

locations like islands or oil platforms [10]. Similarly, tilted 

axis hydrokinetic turbines are designed for shallow water 

environments, generating electricity from river surface 
runoff, demonstrating significant efficiency across varying 

flow velocities. Both technologies highlight the potential 

for renewable energy solutions in niche applications, 

addressing energy needs in areas lacking grid connectivity, 

as it shows on Figure 3, the shape of vertical.  

On this paper, we will discuss the environmental 

Impact, as it is crucial for reducing greenhouse gas 

emissions, as it replaces fossil fuel power plants with a 

clean, renewable source that does not produce air pollution. 

By 2100, it could reduce CO₂ emissions by up to 32,864 

megatons and lower global temperatures. Technological 

advances, like Malta’s Pumped Heat Energy Storage, 

enhance wind energy's efficiency, further decreasing 

reliance on coal. However, wind farms impact wildlife, 

especially birds and bats, necessitating mitigation measures 
such as strategic siting and pollution control. Land use and 

aesthetics also pose challenges, but careful management 

and innovations, like noise-reducing materials, help balance 

energy production with community and environmental 

needs. In addition, the technological advancements in wind 

turbines Advancements in blade design and materials, like 

lightweight composites and carbon-glass fiber 

reinforcements, have enabled stronger, longer, and more 
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efficient wind turbine blades without excessive weight 

increases. Offshore wind turbines are also evolving, with 

larger, floating designs reaching capacities up to 22 MW to 

harness stronger winds and reduce visual and land impacts. 

Integrating these turbines with smart grid systems further 

enhances energy efficiency, allowing for adaptive control of 
supply and demand through technologies like machine 

learning and IoT. Together, these innovations are critical for 

building a stable and sustainable energy infrastructure. In 

addition, the cost of wind energy has declined significantly 

due to government subsidies, economies of scale, and 

technological advances that have increased turbine 

efficiency.  

Government policies like tax credits, feed-in 

tariffs, and renewable portfolio standards play a crucial role 

in supporting wind energy development, though policy 

stability is vital for sustained growth. Wind energy also 

drives substantial job creation across manufacturing, 

installation, and maintenance, though challenges remain, 

such as workforce gaps and the temporary nature of some 

roles [29-34]. Altogether, these factors make wind energy 
economically viable, environmentally beneficial, and a 

source of significant job growth. It is Challenges and 

Limitations Wind energy’s intermittency requires robust 

energy storage solutions, such as lithium-ion and flow 

batteries, to provide a stable power supply. Battery energy 

storage systems (BESS) are especially critical for balancing 

the grid, given their quick response times. Selecting suitable 

sites for wind farms is complex, often involving remote or 

offshore areas, which complicates grid connection and 

raises costs.  

Site selection also relies on environmental and 

logistical assessments, as only a small percentage of land is 

highly suitable for wind farms. Additionally, the reliance on 

rare earth elements (REEs) for turbine production poses 

supply chain risks. Efforts to localize production, recycle 
materials, and secure supply chains are essential for 

sustainable wind energy expansion. At the end its Future 

Prospects Emerging technologies like floating offshore 

wind turbines and hybrid wind-solar systems are 

transforming renewable energy, enabling access to more 

remote areas and reducing variability in output. Innovations 

such as integrating hydrogen production and wave energy 

with offshore wind turbines enhance energy security and 

efficiency. Global expansion of wind energy is underway, 

especially in Asia, Africa, and South America, where 

countries aim to meet climate goals and reduce reliance on 
fossil fuels. International cooperation and supportive 

policies, inspired by agreements like the Paris Agreement, 

are crucial for scaling wind energy, with coordinated 

investments needed to bridge energy access disparities and 

foster a sustainable, low-carbon future. 

 

Figure 1: The illustration of wind turbine several components 
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Figure 2: The illustration of the shape of horizontal wind turbine 
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Figure 3: Different kinds of vertical axis wind turbines (VAWT): (a) 

Savonius; (b) Darrieus with “egg beater” design rotor; (c) H-shape 

blades; (d) helix shape blades. 

2. Environmental Impact 

Wind energy plays a crucial role in reducing 

greenhouse gas emissions and mitigating climate change by 

replacing fossil fuel power plants [35-41]. The global 

installed wind capacity has significantly contributed to CO2 

mitigation [42-48], with estimates suggesting that it could 

reduce emissions by up to 32,864 Mt by 2100, thereby 
potentially lowering global temperatures by 0.64 °C. 

Additionally, innovative technologies, such as Malta's 

Pumped Heat Energy Storage, can optimize the use of wind 

energy, further decreasing reliance on coal-fired plants and 

reducing annual CO2 emissions by over 101,000 tones. 

Overall, the integration of wind energy into power systems 

is essential for a sustainable, low-carbon future [49-53]. 

 The impact of wind energy production on wildlife, 

particularly birds and bats has raised significant 

environmental concerns, prompting the development of 

modern mitigation strategies. Effective measures include 

siting regulations that avoid ecologically sensitive areas and 

operational restrictions during peak wildlife activity 
periods, which have proven to significantly reduce bat 

fatalities at turbines[54]. Additionally, the broader context 

of environmental contaminants, such as pesticides and 

heavy metals, further complicates wildlife conservation 

efforts, as these pollutants can lead to acute and chronic 

health issues in various species[55]. Innovative approaches, 

such as the use of chlorine dioxide to manage 

environmental reservoirs of pathogens like 

Pseudogymnoascus destructions, demonstrate the potential 

for targeted interventions to mitigate disease impacts on bat 

populations. Overall, a combination of strategic siting, 
operational adjustments, and innovative pollution 

management is essential for reconciling renewable energy 

production with wildlife conservation goals. 

 

Figure 4: The illustration on the impact of wind energy on wildlife, featuring birds, bats, and mitigation elements near wind turbines.  

 Wind farms necessitate substantial land use, which 

can lead to habitat loss and ecological disturbances; 

however, they also allow for concurrent agricultural 

activities, thereby providing potential economic benefits to 

rural communities [25-27, 56]. Aesthetic concerns and 
noise pollution are significant issues for nearby residents, 

particularly with onshore installations, as evidenced by the 

health and environmental impacts associated with turbine 

noise. Innovative solutions, such as acoustic metamaterials, 

have been proposed to mitigate noise while enhancing 

energy output, facilitating the placement of wind farms 
closer to urban areas. Furthermore, the selection of wind 
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farm sites must consider various factors, including 

environmental impacts and land use compatibility, to 
optimize both energy production and community 

acceptance [57]. Overall, while wind farms present 

challenges, they also offer opportunities for sustainable land 

use and economic development when managed effectively. 

3. Technological Advancements in Wind Turbines 

 Modern blades constructed from lightweight composite 

materials significantly enhance performance by allowing 
for longer designs without substantial weight increases. 

These blades typically feature advanced fiber 

reinforcements, such as three-dimensional weaving 

combined with short fibers, which contribute to their 
structural integrity and aerodynamic efficiency[58]. For 

instance, the integration of carbon and glass fibers in the 

blade's girder not only reduces weight but also maintains 

strength, meeting the demands of larger blade applications. 

Improved aerodynamics, characterized by optimized 

profiles and integrated platforms, further increase energy 

output and efficiency, particularly in applications like 

aircraft turbine engines. Overall, the advancements in 

composite materials and design methodologies underscore a 

significant evolution in blade technology, enhancing both 

performance and operational efficiency[59].  

 

Figure 5: The illustration focusing on wind turbine blade design and materials, with details on the structure and composition of the blade 

 

Offshore wind turbines are increasingly being 

designed with larger capacities, reaching up to 22 MW, 

which enhances their ability to capture higher wind speeds 

and provide more consistent energy production[60]. The 

transition to floating turbine systems is particularly 

advantageous, as over 80% of the optimal offshore wind 

resources require such technology due to deep water 

conditions[61]. These floating systems not only minimize 

land use and visual impact but also facilitate easier 

maintenance and potentially higher energy yields when 
combined with wave energy converters[61]. Moreover, 

optimizing turbine layout and design is crucial for 

maximizing efficiency and reducing the Levelized Cost of 

Electricity (LCoE), with studies indicating that larger 

turbines can significantly lower costs. Overall, while the 

complexity and initial costs of offshore installations are 

notable, their long-term benefits in energy production and 

environmental impact make them a compelling choice for 

future energy strategies. 

The integration of wind turbines with smart grid 

systems is essential for optimizing energy supply and 

demand, enhancing grid stability, and promoting 

sustainability. As it shows on figure 6 .Intelligent control 

strategies, such as those utilizing adaptive neuro-fuzzy 

inference systems (ANFIS), have been shown to effectively 

manage the dynamic output of hybrid renewable energy 

systems, including wind and solar, thereby improving 

power management and grid reliability[62]. Additionally, 

advancements in smart grid technologies, including 
machine learning and IoT applications, facilitate real-time 

monitoring and automation, which are crucial for load 

management and energy storage solutions. These 

technologies not only address the challenges of intermittent 

energy supply but also enhance the operational efficiency of 

wind turbine systems, particularly through predictive 

diagnostics and performance optimization. Overall, the 

synergy between smart grids and renewable energy sources 

is pivotal for achieving a resilient and sustainable energy 

infrastructure. 
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Figure 6: The illustration for the integration of wind turbines with smart grid systems, grid stability, and sustainability. 

4. Economic Analysis 

The levelized cost of energy (LCOE) for wind power 

has significantly decreased over the past decade, driven by 

several key factors including government subsidies, 

economies of scale, and advancements in turbine efficiency. 

Government incentives have played a crucial role in making 

wind energy more competitive against fossil fuels, as they 

help offset initial investment costs and enhance returns on 
investment[63]. Economies of scale have also contributed 

to lower costs, as larger projects benefit from reduced per-

unit costs. 

Governments worldwide utilize tax credits, subsidies, 
and incentives to stimulate wind energy development, with 

policies like feed-in tariffs (FiTs) and renewable portfolio 

standards (RPS) playing crucial roles. FiTs have been 

shown to significantly enhance renewable energy 

investments, particularly in large state-owned firms, by 

improving cash flow and profitability, although economic 

policy uncertainty can dampen these effects[64]. adoption 

of these policies varies globally, influenced by factors such 

as economic development, environmental pressures, and 

governance structures, with high-income countries often 

leading the way. Additionally, a combination of carbon 
taxes and RPS has been found to be particularly effective in 

promoting renewable energy investments and reducing 

carbon emissions, suggesting that mixed policy approaches 

yield the best outcomes for social welfare. However, in the 

early stages of industry development, the impact of 

subsidies on innovation and R&D investments may be 

limited, indicating the need for carefully designed policies 

to foster growth. Overall, a balanced approach integrating 

various incentives is essential for maximizing the benefits 

of renewable energy investments[65]. 

  The wind energy sector is a significant contributor 

to job creation across various industries, including 

manufacturing, installation, maintenance, and research. 

Recent assessments indicate that the global wind industry 
supports hundreds of thousands of jobs, with projections for 

continued growth as demand for renewable energy rises. 

For instance, the Global Wind Energy Council reported that 

in 2017, the wind sector created approximately 262,712 

jobs in Europe alone[66]. However, challenges persist, such 

as a workforce gap where employers struggle to find 

qualified candidates, while potential workers face barriers 

to entry. Moreover, the nature of jobs in this sector can vary, 

with many positions being temporary and project-based, 

particularly in offshore wind initiatives. Overall, the 

transition to wind energy not only promises environmental 

benefits but also significant economic opportunities through 

job creation[67]. 

5. Challenges and Limitations 

Wind energy's inherent variability necessitates 

supplementary systems to ensure consistent power supply, 

with energy storage solutions playing a pivotal role in this 

context. Wind Energy Storage Systems (WESS), including 

lithium-ion and flow batteries, are essential for capturing 
excess energy generated during peak production periods, 

thereby stabilizing the grid during low production 

times[68]. The integration of these storage technologies 

enhances the reliability of renewable energy sources, 

addressing challenges posed by their intermittent nature. 

Specifically, battery energy storage systems (BESS) are 

noted for their rapid response capabilities, which are crucial 

for frequency regulation in power systems heavily reliant 

on wind energy. Furthermore, optimizing the interaction 

between wind power and storage systems is vital for 
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maintaining grid stability and economic efficiency, as 

demonstrated through various modeling approaches[69]. 
Thus, effective energy storage solutions are indispensable 

for maximizing the potential of wind energy in modern 

power grids. 

Optimal sites for wind farms are often located in 

remote or offshore areas, which complicate grid connection 

and increases costs. Research indicates that effective site 

selection must consider various factors, including wind 

speed, proximity to infrastructure, and environmental 

impacts, utilizing methodologies such as Geographic 

Information Systems (GIS) and multi-criteria decision 

analysis (MCDA)[70]. For instance, a study in Turkey 

identified that only 2.34% of the area was classified as 

highly suitable for wind farms, emphasizing the scarcity of 

optimal locations. Additionally, integrating life cycle 

assessments into site selection processes highlights the 
importance of environmental considerations, revealing that 

areas near urban centers can reduce emissions while still 

providing adequate wind resources. Thus, while remote 

sites may offer high wind potential, logistical challenges 

necessitate a comprehensive approach to site selection that 

balances technical, economic, and environmental factors 

[71]. 

The production of wind turbines heavily relies on rare 

earth elements (REEs), which are finite and often sourced 

from geopolitically unstable regions, raising concerns about 

supply chain vulnerabilities. Sustainable sourcing 

initiatives, including local manufacturing and strategic 

reserves, are essential to mitigate these risks and enhance 

energy security. Recycling efforts, such as the innovative 

methods for extracting REEs from end-of-life magnets, are 
gaining traction to improve material circularity and reduce 

dependence on primary resources. For instance, techniques 

like liquid magnesium leaching have shown promise in 

efficiently recovering REEs from discarded magnets, 
thereby supporting a more sustainable supply chain[72]. 

However, challenges remain, including the need for 

improved traceability and recycling capacity, particularly in 

countries like the UK, which is developing its REE 

recycling infrastructure [73].Addressing these issues is 

crucial for the long-term viability of wind energy 

technologies. 

6. Future Prospects 

Innovations such as floating offshore wind turbines and 

hybrid systems combining wind and solar energy are 

pivotal in enhancing the efficiency and reach of renewable 

energy systems. Floating offshore wind turbines can access 

vast ocean areas, producing significant energy while 

integrating hydrogen production and storage to mitigate 

wind energy's variability, thus promoting energy security 

and decentralization[74]. As it shows on figure 7. The trend 

towards larger turbines, with power ratings expected to 

reach 22 MW, further emphasizes the need for advanced 

materials and designs to optimize performance and reduce 
costs. Additionally, hybrid systems that combine offshore 

wind and solar resources can effectively reduce output 

variability, as evidenced by studies showing significant 

complementarily in energy generation, particularly in 

regions like the Canary Islands[75]. Furthermore, 

integrating floating photovoltaic with existing offshore 

wind farms can enhance power generation density and 

reliability, with potential annual outputs significantly 

exceeding current capacities. Lastly, hybrid systems that 

incorporate wave energy converters alongside wind turbines 

demonstrate improved cost-effectiveness and energy output, 
showcasing the benefits of multi-resource approaches in 

offshore energy production[76]. 

 

Figure 7: The illustration of Underwater turbines [generated by AI] 
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Underwater turbines, also known as tidal or marine 

turbines, operate on similar principles to wind turbines but 

are designed to harness energy from ocean currents, tides, 

and even river flows. These systems have considerable 

potential due to the consistency and power density of 

underwater currents compared to wind. 

7. Technology and Operation 

Underwater turbines, akin to wind turbines but 

typically smaller and constructed from corrosion-resistant 

materials, are strategically deployed on the seafloor or 

anchored to submerged platforms in regions with robust 

currents [52, 53, 77-79]. These turbines harness the kinetic 

energy from tidal streams, with the potential to generate 

approximately 615 TWh of harvestable energy annually, 
significantly exceeding the average electricity needs of 

countries like Ireland[80].The design of underwater 

turbines incorporates advanced fault-tolerant control 

systems to ensure operational stability despite potential 

failures, utilizing techniques such as active and passive 

fault tolerance. Additionally, innovative structural designs, 

such as trimaran-type support structures, enhance stability 

and efficiency in high-current environments, demonstrating 

the adaptability of these systems to various marine 

conditions. Overall, underwater turbines represent a 

promising avenue for sustainable energy production, 

addressing both energy and climate crises. 

Tidal energy, derived from the predictable movements 

of water caused by gravitational forces, presents a reliable 

alternative to other renewable sources like wind. Its high 
load factor and consistent resource characteristics make it 

particularly attractive for power generation, as evidenced by 

the increasing maturity and competitiveness of tidal power 

technologies[81]. The development of advanced marine 

energy conversion systems, such as Multi-Degree Wave 

Energy Converters (MDWEC), enhances energy capture 

and efficiency, demonstrating significant potential for large-

scale implementation[82]. Furthermore, innovations like 

passive pitch systems for tidal turbines mitigate fluctuations 

in power output, thereby improving operational stability 

and longevity. Overall, tidal energy not only contributes to 

reducing reliance on fossil fuels but also supports regional 
economic growth through sustainable energy 

development[81]. 

8. Advantages of Underwater Turbines 

Underwater turbines advantage the significantly higher 

density of water compared to air, allowing them to harness 

kinetic energy more effectively than wind turbines of 

similar size. Research indicates that hydrokinetic turbines 
can convert the kinetic energy from water currents into 

electrical power, with studies demonstrating that these 

turbines can achieve power coefficients exceeding the Betz 

limit, particularly under optimal flow conditions.  

Tidal energy presents a reliable and predictable 

renewable energy source, distinguishing itself from 

intermittent sources like wind. The theoretical potential for 

tidal energy generation is substantial, with estimates 

suggesting up to 2,051 TWh per year, and even 

conservative estimates indicate 615 TWh is practically 
extractable, significantly exceeding the average electricity 

needs of countries like Ireland[80]. Tidal range schemes 

(TRSs) utilize the predictable tidal movements to generate 

electricity, offering a dispatchable energy source that can 

help balance supply and demand in the energy 

grid[83]Moreover, advancements in turbine technology and 

forecasting methods enhance the efficiency and reliability 

of tidal energy systems, making them increasingly viable 

for commercial power generation. As research progresses, 

the integration of tidal energy into the energy mix could 

play a crucial role in achieving net-zero emissions 

targets[83] 

Underwater turbines present a significant advantage 

over offshore wind farms regarding visual impact, as they 

are submerged and thus largely invisible from coastal 
landscapes. These characteristic addresses public concerns 

about the aesthetic implications of renewable energy 

installations, which are often heightened in regions with 

substantial wind power development. Studies indicate that 

the visibility of offshore wind turbines can lead to 

decreased property values and public opposition due to their 

visual intrusion on scenic views[84]. In contrast, 

underwater turbines, such as those studied in Northern 

Ireland's Strangford Lough, have shown that stakeholder 

perceptions regarding their environmental impacts can 

evolve positively over time, suggesting a more favorable 

public reception.  Furthermore, while underwater turbines 
do affect local hydrodynamics and sediment transport, these 

changes are less visually intrusive compared to the towering 

structures of wind farms[85]Thus, underwater turbines may 

offer a more socially acceptable alternative for harnessing 

renewable energy without compromising coastal aesthetics. 

Underwater energy generation, particularly through 

tidal and wave energy, presents a viable solution to balance 

the variability of wind and solar power, thereby enhancing 

grid stability. Tidal energy, harnessed via systems like tidal 

barrage plants, turbines, can provide substantial and 

consistent power output, especially in coastal regions where 

solar, and wind resources may be insufficient during certain 

periods. For instance, the Dublar Char site in Bangladesh 

has been estimated to generate approximately 120.17 

megawatts (MW) from tidal energy, showcasing its 
potential to alleviate local power shortages, integrating 

wave energy into microgrids can improve overall efficiency 

and resilience, reducing reliance on fossil fuels and 

enhancing sustainability during grid outages. The 

development of innovative underwater turbine prototypes 

further supports decentralized energy generation, promoting 

local energy solutions that can adapt to varying 

environmental conditions. Thus, underwater energy 



 
                                                                                                                                                                                                   Medhat Elkelawy Pharos Engineering Science Journal (PESJ) 

 

                                                                                                                                                                                      Pharos Engineering Science Journal (PESJ). VOLUME 02, 2025 152 

generation emerges as a critical component in the transition 

to a more resilient and sustainable energy grid.   

Countries worldwide are increasingly setting ambitious 

targets for wind energy as part of their renewable energy 

strategies, particularly in regions like Asia, Africa, and 
South America, where significant potential exists. However, 

many high-potential countries still lag in wind energy 

development, highlighting the need for investment and 

market entry strategies to close existing gaps. Overall, the 

expansion of wind energy is crucial for achieving climate 

goals and fostering energy self-sufficiency globally[86]. 

Global cooperation, exemplified by the Paris 

Agreement, has significantly influenced countries to 

commit to clean energy targets, particularly in wind energy 

deployment [87-91]. Research indicates that effective 

policy frameworks, such as tax incentives and feed-in 

tariffs, are crucial for driving investment and technological 

advancements in renewable energy, including wind power 

[92]. The Paris Agreement has been shown to positively 

impact renewable energy initiatives, with governance 

quality playing a critical role in moderating this effect, 
particularly in developed nations[11]. Furthermore, the G20 

nations' collaborative efforts highlight the importance of 

shared strategies in promoting renewable energy to meet 

sustainable development goals [93-97]. However, 

challenges remain, such as disparities in energy access and 

the need for increased investment, particularly in 

developing countries, to ensure a robust transition to clean 

energy systems. Continuous policy support is thus essential 

to sustain momentum in wind energy deployment and 

achieve global climate objectives. 

9. Energy Storage Integration and Grid Flexibility 

 Coupling wind farms with advanced battery storage 

systems significantly enhances the ability to balance supply 

and demand, particularly during periods of low wind 

speeds. The integration of Battery Energy Storage Systems 

(BESS) within onshore wind farms addresses the inherent 

intermittency of wind energy, optimizing operational 

efficiency through advanced methodologies such as model 

predictive control and fuzzy logic control. Furthermore, 
innovative capacity allocation strategies, including dual 

operating conditions, improve energy storage utilization and 

reduce wind power load shedding[98]. Hybrid energy 

storage systems (HESS) also play a crucial role by 

managing battery life and optimizing capacity allocation to 

ensure long-term operational stability[99]. Additionally, the 

combination of dynamic thermal rating with BESS 

maximizes power dispatch while minimizing degradation 

costs, thereby enhancing the economic viability of 

expanded wind farms. Overall, these advancements 

underscore the critical role of battery storage in facilitating 

reliable wind energy supply. 

Excess wind energy can indeed be effectively utilized 

to produce green hydrogen through electrolysis, offering a 

sustainable energy storage solution for various applications. 

The integration of electrolysis into wind energy systems 
allows for the conversion of surplus electricity into 

hydrogen, which can be stored and later used for 

transportation, industrial processes, or power generation. 

For instance, a study demonstrated that a 7 kW electrolyze 

could produce up to 235 kg of hydrogen annually without 

affecting the electrical load demand in a community wind 

energy project[100]. Furthermore, advancements in hybrid 

electrolyze systems enhance energy efficiency and reduce 

operational costs, making hydrogen production more 

economically viable. The flexibility of electrolysis systems, 

particularly when combined with battery storage, optimizes 
the utilization of intermittent wind energy, thereby 

minimizing the levelized cost of hydrogen production. 

Overall, the potential of green hydrogen as a clean fuel is 

significant, particularly in decarbonizing various sectors 

and enhancing energy security [101-104]. 

10.  Conclusion 

Wind power turbines represent a crucial solution for 

sustainable energy generation in the 21st century. As one of 
the cleanest and most scalable forms of renewable energy, 

wind power reduces carbon emissions, creates economic 

opportunities, and has minimal environmental impact when 

responsibly implemented. Although challenges such as 

intermittency and resource constraints exist, ongoing 

technological innovations and supportive policies provide 

optimism for overcoming these obstacles. By continuing to 

invest in and advance wind energy, societies can make 

significant strides towards achieving energy security and 

combating climate change. 
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