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Abstract

Wind energy systems have become one of the most significant contributors to the renewable energy transition, driven by
global energy demand and the urgent need for decarbonization. Continuous innovations in turbine design, such as aerodynamic
optimization, lightweight composite materials, advanced control systems, and predictive maintenance technologies, have
substantially increased efficiency and reliability. Offshore wind energy has emerged as a key application area, with access to
stronger and more consistent wind resources, deployment of large-scale floating turbines, and advances in installation,
monitoring, and transmission technologies. However, grid integration remains a persistent challenge due to the variability and
intermittency of wind, requiring enhanced forecasting, energy storage, smart grid solutions, and policy support. This paper
reviews the state-of-the-art advancements in wind turbine technology, offshore applications, and grid integration approaches,
along with case studies that illustrate the successful deployment of large-scale projects. It highlights the opportunities and
challenges in scaling up wind energy as a cornerstone of global clean energy strategies, emphasizing the need for technological
innovation, environmental stewardship, and international cooperation to ensure a sustainable and resilient energy future.
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Introduction Advanced diagnostics and an approach towards predictive
Wind energy systems have become the main player in the maintenance not only reduce downtime but makes the
transition to renewable energy, with global demand for equipment available at all times. These developments
energy and pressing environmental issues pushing this account not only for the efficiency of wind turbine
change. Technological developments in wind turbine technology and its scalability but also for the challenges that
technology have continuously increased efficiency, existed while operating the technology, both onshore and
scalability, and operational reliability. This has brought the offshore. The technological progress allows the wind energy
wind industry to this pivotal moment. The conversion of systems to be adapted for use in all environments, taking
wind energy applications to offshore sites also has wider into consideration the unique challenges each presents.
applications, as the offshore environment has access to wind On this basis, also a major advance in the use of lightweight
resources that are higher and more consistent than onshore composite materials provided a direct contribution to the
sites. However, with technological developments for demonstrable developments in turbine -efficiency and
integration into the existing electricity grid, wind energy reliability. The composites used in the construction of rotor
systems also provide operational challenges that must be blades that are both longer and structurally stronger,
addressed through innovation to ensure stability and grid allowing for larger rotor diameters and tower heights. The
reliability. This paper reviews the recent progress in wind material’s design to optimize strength-to-weight ratios
turbines, the development of offshore wind applications, and offers manufacturers the ability to produce turbines with
the challenges of grid integration of wind energy systems to greater wind energy capture, enhanced fatigue resistance
provide an overview of the state-of-the-art wind energy and reduced loading effects on the foundations (Elkelawy et
systems. al., 2024) U1, Such designs lead to greater directly to highest
capacity models, some of which are now rated at 15 MW, a
Advances in Wind Turbine Technology discernible advance in total system efficiency. The use of
In terms of technological progress, modern systems strive to these specialized materials by the industry has also
improve turbine blades and systems in terms of efficiency expanded the potential productivity of wind energy systems
(aerodynamic and material benefits) and continuing and their actual capabilities, both for onshore and almost
innovations, such as CFD and artificial intelligence enabled exclusively for offshore installations (Elkelawy et al., 2024)
optimization of rotor blade profile, combination of variable 1. As equipment reliability and aerodynamic efficiency are
pitch and twist, and focusing on energy capture as well as key to both maximizing output and minimizing operational
reducing structural loads during operation (Firoozi et al., risk.
2024) Bl The evolution of advanced materials and active Additionally, smart technology has also enhanced the
rotor blade control allowed the development of larger and turbine operation due to advanced sensor networks and big
more reliable wind turbines, which translates into larger data analytics platform. It provides real-time monitoring of
power output and reliability (Bosnjakovié et al., 2022) M. various operational parameters such as vibration, stress,
Progress was also made in the area of system maintenance. temperature, and wind speed to facilitate the early
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identification of these turbines components’ deterioration or
failures (Bo$njakovi¢ er al., 2022) M. When operators
monitor large data-set, they will be able to detect underlying
patterns and proactively address the required maintenance
before faults occur, which helps to plan maintenance more
efficiently and lower maintenance expenditures.
Applications of artificial intelligence and machine learning
also greatly aid in condition monitoring and fault diagnosis,
particularly for remote offshore wind turbine installations.
Conditions in offshore turbines make them difficult to
access (Rinaldi et al., 2021) [ therefore effective
predictive maintenance highly benefits from predictive
analysis via Al-based technologies. Through these advances
in digital technology, wind turbine operations optimized
efficiency and reliability. They are able to prolong
equipment life and significantly eliminate the need for
proactive resource-intensive repair, which now characterize
today’s exceptionally high standard of wind farm
operations.

Notably, recently introduced models of new wind turbines,
the Haliade-X from GE and the SG 14-222 DD by Siemens
Gamesa feature rotor diameters above 200 m and outputs of
12 to 14 MW respectively, and are already operating in key
wind power projects. Such values imply a significant energy
gain over relatively small areas for wind turbine installation.
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Their implementation in large offshore wind farms such as
the Dogger Bank and Hollandse Kust shows the shift
towards the use of innovative materials and advanced
control systems for wind turbines, operation in harsh marine
conditions. Advanced wind turbine computational modeling
tools used in design and operational monitoring allow for
effective adaptation to changes in wind conditions and
resultant performance optimization and asset longevity in-
field (Veers et al., 2019) [, Incorporation of cutting-edge
models in recent projects helps the wind power industry
move forward along the path of meeting the technical and
environmental requirements for producing an increasing
share of global electricity. Wind energy systems embody a
balance of remarkable opportunities and persistent
challenges. As summarized in Table 1, turbine
innovations—ranging from aerodynamic blade profiles and
lightweight composites to smart sensors and Al-enabled
optimization—have driven higher efficiency, greater
reliability, and larger-scale offshore deployment, with
floating turbines opening access to deep-water wind
resources. Offshore projects benefit from stronger and
steadier winds, absence of land-use conflicts, and digital
innovations such as predictive maintenance and robotics, all
of which make wind energy increasingly central to global
decarbonization efforts

Table 1: Advantages and Opportunities of Wind Energy Systems

Category Key Advantages
Turbine Technology Aerodynamic blade design, lightweight composites, higher capacity turbines (12—15 MW), Al optimization
Offshore Deployment Stronger/more stable winds, larger turbines, no land-use conflicts, floating platforms for deep waters

Digital Innovation

Smart sensors, predictive maintenance, AI/ML condition monitoring, robotics for offshore O&M

Environmental Impact

Zero emissions during operation, supports climate goals, enhances energy security

Economic & Social

Job creation, long-term energy cost reduction, scalable utility-scale applications

Developments in Offshore Wind Energy

Concurrently with the development of turbine technologies,
offshore wind energy applications have skyrocketed
historically due to advances in scale and deployment.
Departing from traditional smaller projects in nearshore
areas, lately offshore initiatives opt for larger wind farms
deployed further-out, where wind is stronger and more
constant, increasing energy production and allowing the
capacity targets set by policy-makers to be reached or
exceeded (Soares-Ramos et al., 2020) ['2l. Also, innovations
in installation allow deeper water projects, the scaling of
turbine size is matched by advances in foundation concepts,
where developers are using modern structures that resist the
harshest marine conditions (Diaz & Soares, 2020) & 2],
Evidence of such improvements include lower installation
and servicing costs, the use of direct current transmission
systems for electricity transportation to the mainland grid
over larger distances (Soares-Ramos et al., 2020) ['2. As an
alternative to larger scale, more dependable power
production, current offshore wind energy projects lay the
ground in the ongoing effort to widen the portfolio of
renewable energies and achieve climate goals.

In addition, several notable characteristics of offshore wind
farms pose significant benefits opportunities in attaining
their increasing influence in renewable energy applications.
Foremost of these characteristics is the higher wind speeds
at sea, which, as compared to most onshore sites, equates to
higher energy production capabilities. These conditions at
sea not only contribute to higher capacity factors; it also
allows for an increased size of the wind turbine and wind
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farm layouts, which ultimately contribute to better overall
system performance (Diaz & Soares, 2020) © 21, Another
significant characteristic is the absence of land use concerns
due to competing between agricultural, industrial, or
residential use for onshore installations. As such, this allows
policymakers and developers to pursue aggressive growth
without the threat of displacing current land use activities.
In combination, these characteristics come together to create
the possibility for utility-scale applications capable of
providing substantial energy to coastal communities, a
highly strategic characteristic of offshore wind as part of
sustainable energy portfolios (Diaz & Soares, 2020) [6 121,

In this context, the latest offshore wind projects reveal an
unprecedented scale and technological potential, which
already consider them a pillar of global renewable
infrastructure. Especially, floating wind turbine technology
makes it possible to place wind farms in deeper waters,
within the reach of this energy promotion, not just at the
continental shelf and without the coastal limitations
(Darwish & Al-Dabbagh, 2020) Bl. At the same time,
offshore projects installed the latest generations of digital
monitoring, robotic fleet for maintenance, and predictive
analysis, which reduces operational costs and increases asset
service life under complex marine conditions (Rinaldi ef al.,
2021) "', For example, the new offshore wind farm projects
apply one of the four main Industry 4.0 plans at the initial
stage (project management and construction) to improve
energy production and address innovations to a number of
maintenance problems (Rinaldi et al., 2021) 1. It justifies
the forecasts that offshore wind will provide a significant
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part of the planned global electricity supply by 2030.
Technological trends and drive give the offshore wind its
development momentum (Darwish & Al-Dabbagh, 2020) 5],
Nonetheless, the growth of offshore wind energy systems
continues to face several challenges, particularly regarding
the environmental impact, as well as major logistical
complications. The marine environment is harsh and
requires enhanced fault tolerance of the equipment, while
unpredictable weather demands continuous monitoring and
adaptation that calls for the usage of predictive maintenance
and intelligent monitoring platforms to ensure project
success and operation (Kou et al., 2022) "%, In addition,
projects that threaten to affect marine habitats during both
installation and operation periods raise environmental issues
that reinforce the need to deepen research into
environmental monitoring and mitigation technologies.
Finally, the increasingly deployment of floating turbines in
deep waters, which expose them to more severe weather and
sea conditions, will lead to the need to design, install, and
maintain a reliable mooring system, thereby creating further
logistical issues to be addressed (Yang et al., 2022) [4],
These concerns must motivate a multidisciplinary effort in
technological evolution, marine ecology, and strong
offshore engineering for sustainable deployment of offshore
wind energy on a large scale.

The offshore wind industry has harnessed a mix of
technological innovations and policy interventions to
respond to these risks. Technologically, floating turbine
platforms have rapidly evolved as a solution secure
installation at deeper sites with larger wind resources,
bypassing the site restrictions of fixed-bottom turbines
(Darwish & Al-Dabbagh, 2020) Bl. Digital monitoring and
automatic maintenance technologies have been refined to
enable continuous operations on the challenging offshore
environment, minimizing disruptions and their incurred
costs. In terms of policy, governments have established
specific  regulatory processes covering permitting,
environmental assessments, and long-term power purchase
agreements, among others, to lower risk perception and
facilitate  coordinated  planning for infrastructure
investments. Together, the policy and technological
response measures enable the large-scale scaling up of
offshore wind while addressing the risks posed by
environmental concerns, logistical challenges, and
vulnerability to extreme weather events (Darwish & Al-
Dabbagh, 2020) B,

Grid Integration of Wind Energy

At the same time, connecting wind generation with the
existing power system raises numerous technical,
operational, and regulatory issues that require further
consideration to provide reliable power supply. Because of
its nature, wind generation is variable and leads to short-
term output fluctuations, which have implications for grid
stability, voltage regulation, and frequency control, and
require sophisticated forecasting and management tools to
minimize their impact (Ahmed et al., 2020) [, In addition,
accommodating wind resources on a significant scale may
entail considerable investments in upgrades to the existing
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transmission infrastructure as well as the deployment of
distributed energy storage systems designed to reconcile
intermittently supplied power with fluctuating demand.
Some of the more promising solutions under development
today include the use of advanced grid codes, automation,
digitalization through intelligent grid management, and
greater attention to interoperability standards that will
support grid operation that is both responsive and resilient
(Khalid, 2024) P1. As the penetration of wind power grows,
the contributions of grid operators, policymakers, and
technology developers will become critical in establishing
secure electric networks capable of accommodating
renewable variability and providing a consistent level of
service.

The variable and stochastic nature of wind resources poses a
significant barrier towards the integration of wind energy as
a source of supply into electricity grids. The uncertainties
associated with the variability of generation possess a
challenge to the grid operators to manage the continuous
balancing of the output against a share of demand for which
stability of frequency and voltage must be achieved.
Moreover, the grid performance and operation could be
undermined by strong and irregular variations of output in
the wind energy conversion system (WECS) so that issues
of power quality, reactive power support or reliability of
operation could be adversely impacted, rendering the large-
scale integration of wind energy a complex technical
challenge (Ahmed et al., 2020) [, In this regard, the ability
of conventional power systems to absorb the wind energy
variability is limited without sophisticated coordination or
control techniques under the current settings. As a result,
investments are required for the enhancement of energy
storage and energy managing systems and allocation of
other resources to maintain performance under the demands
of high wind energy integration (Ahmed et al., 2020) [,

An assortment of technological advancements have also
been proposed to further mitigate these challenges and allow
for the effective integration of wind energy into electrical
grids, with energy storage systems and smart grid
technologies leading the charge. Energy storage systems are
integral in mitigating the imbalance of time associated with
the generation of wind power, with technologies such as
battery systems, pumped hydro storage and next-generation
flywheels capable of capturing excess supply when
available and discharging during wind-deficient periods to
equalize supply. Smart grid technology supports energy
storage systems to further enhance the effectiveness of wind
generation supply/demand matching with optimization of
grid reliability and operational responsiveness through real-
time data acquisition, automation and intelligent control
(Khalid, 2024) ®). Smart grid technology also allows for
effective dynamic demand-side management and advanced
interoperability, where grid operators can better integrate
variable generation supply with system demands for greater
operational adaptability. The integration of these
technologies provides grid systems with the flexibility and
resiliency necessary to ensure consistent reliability of wind
generation, supporting both system and renewable
generation capacity stability (Khalid, 2024) P,

Table 2: Challenges and Barriers of Wind Energy Systems

Category Challenges
Technological Intermittency, power quality issues (voltage/frequency), complex offshore logistics
Grid Integration Variability, need for storage, costly transmission upgrades, balancing demand/supply
Economic High capital costs, financing risks, dependence on subsidies or policy incentives
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Environmental Impacts on marine habitats, noise, visual impact, seabed/mooring system reliability
Operational Harsh offshore conditions, maintenance access difficulties, reliability of floating systems
Policy/Market Regulatory uncertainty, slow permitting, need for standardized grid codes

However, as highlighted in Table 2, the sector continues to
face technological and operational barriers, including
intermittency, grid instability, and harsh offshore conditions
that complicate maintenance and logistics. Environmental
concerns, high capital costs, and regulatory uncertainty
further constrain large-scale adoption. Together, these tables
underscore that while wind energy offers transformative
potential for sustainable power generation, its success
depends on addressing integration challenges through
innovation,  supportive  policies, and coordinated
international strategies Moreover, policy interventions and
incentivization schemes are pivotal in ensuring the
economic feasibility of the smooth grid integration of wind
energy. Market-driven instruments such as feed-in tariffs,
tax incentives, and long-term guaranteed contracts have
significantly been adopted to mitigate the risks of
investment and promote the diffusion of novel grid
technology. Within regulated markets, grid managers are
often mandated by hierarchy dispatching rules to give
priority to renewable generation, thus enhancing the demand
for its cognitive automation and flexibility (Khalid, 2024)
Pl These policies interface the technologies and the
economic market structures to expedite the transformation
to smart grids while simultaneously enhance the grid’s
resilience to increased renewable penetration. They ensure
that the innovation in grid operations is economically
feasible and contributes directly to the sustainability effort
by linking the economic, technical, and regulatory
dimensions (Khalid, 2024).

As a case in point, solutions for grid integration of large
offshore wind power plants in networks in the North Sea
perform successfully. Power electronic converters and
offshore transmission infrastructures have made it possible
to implement these projects, ensuring stable power delivery,
and solving power quality issues associated with
intermittent wind energy sources (Ali et al., 2021) 12!, Use of
FACTS based filters and DFIG based control algorithms in
the Projects help maintaining system stability from fault
induced voltage instability, and compliance with grid code
requirements. Acceptance of custom power components and
adaptive control methods help reducing negative impact on
stability, improve over-voltage and under-voltage
conditions, and frequency variations in high penetration
conditions (Ali et al., 2021) P Such grid integration
projects have supported reliable system operation, while
allowing for greater renewable energy penetration in
national grid networks, providing examples and guidance
for wind energy development path.

Case Studies and Examples

Recent case studies on the practical successes and lessons
learned in wind energy have illustrated how new
technologies and integrated management practices
interrelate. One of the promising examples is the smart
offshore wind farm. It has shown the advantage of
monitoring technologies and preventive maintenance that
are used to optimize the performance of power generation
and reduce equipment failures, especially in extreme marine
conditions (Kou et al., 2022) 19, Integrated collaborations
have been essential for this project as sophisticated
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networks of sensors, data analyses, and marine environment
monitoring are linked to prolong assets’ operational life and
cost benefits. The project also has used axiomatic
developments in atmospheric flow modeling, materials
engineering, and plant-wide optimization to produce the
best system dynamics and adaptive control in the electric
grid context (Veers et al., 2019) 131, These related projects
emphasize that wind energy systems must continue to
innovate and operate intelligently while exchanging
information to enhance their promise and address the need
for electricity generation worldwide.

A case in point relates to a deployment of a massive
offshore wind energy plant, which deploys the latest-
generation turbines fitted with cutting-edge monitoring
systems and aerodynamic blades. The project’s rotor
diameters reaches 220 meters and its towers can soar as high
as 160 meters, directly influencing reported improvements
of energy capture and turbine capacity increases to 15 MW
(Elkelawy et al., 2024) [l Artificial intelligence and
variable pitch blades allow operators to fine-tune turbine
operation based on real-time data from environment,
increasing efficiency and lowering maintenance-related
expenses through predictive analytics (Firoozi et al., 2024)
Bl When combined with smart materials and improved
aerodynamic efficiency of turbine blades, data-enhanced
analytics ensures 30-40% increase in the operational
efficiency as compared to previous generations of turbines
(Elkelawy et al., 2024) U], In this regard, the case illustrates
the industry’s strides in extending offshore wind’s technical
capabilities and associated efficiency while indicating the
continuing requirement for a viable energy storage
infrastructure to mitigate the variability associated with
wind energy projects.

Likewise, The Hywind Scotland project highlights the quick
development and scale of current offshore wind projects,
becoming the first commercial floating wind farm in the
world. This project utilizes floating foundations based on
the spar-buoy concept that was first employed in the
offshore oil industry and allows deploying large turbines in
deep waters, above 100-meters of depth number (Barooni et
al., 2022) Bl Each wind turbine is characterized by novel
aerodynamic designs and located farther from the coast,
capturing stronger and more consistent wind resources to
increase uptime and energy production. Besides, advances
in technology are also showcased in DC transmission
systems and internal complex voltage arrays incorporated to
transport the power modify efficiently from distant offshore
projects to the mainland grid, facilitating project scalability
and development (Soares-Ramos et al., 2020) 112l As a
result, the proposed Hywind Scotland project confirms the
technical viability for floating offshore wind turbines and
represents an applicable example for the deep-water
installations to be developed in other countries.

Similarly, wind energy integration in the Danish grid is a
promising instance of the successful strategy and technology
implementation. With automated control and widespread
digital monitoring, the integration of wind energy in Danish
grid allows for quickly responding to fluctuations while
matching demand and supply in real-time (Khalid, 2024) P,
Combined with energy storage investments, flexible
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dispatch orders, sector coupling (e.g. using excess wind
generation for district heating), the ability to integrate a high
share of variable wind energy into the grid without
disrupting its operation is achieved (Ahmed et al, 2020) [11,
Standardized grid codes that established technical
specifications for wind farm connection to the grid also
facilitate compliance with grid frequency, voltage and fault
ride-through requirements. The successful operation of such
automated policies is a result of the national alignment of
direction and investment in interoperable smart grid
infrastructure. Therefore, Denmark has normalized its
maintenance procedures and operational approach while
implementing the promising technical solutions to not only
solve but also tackle the issues, setting the standards for
successful renewable energy adoption in modern electricity
networks.

Emerging Technologies and Future Trends

In the long term, wind energy systems will change
dramatically due to sustained research and the
implementation of innovative design strategies. Floating
wind turbines are expected to be deployed offshore to
dominate the extension of total capacity and provide at least
20% of the global electricity demand by 2030 (Darwish &
Al-Dabbagh, 2020) 1. To this end, current research focuses
on three key issues, namely, atmospheric flow modeling, the
behavior of new materials in the turbine system, and wind
plant optimization to interact smoothly with existing grids
(Veers et al., 2019) 1131, Successful research in these areas
will require cross-disciplinary collaboration and shared
understanding of the necessary computing, data analysis,
and operational control approaches to enable the optimal
performance of future wind farms. As the industry matures,
information ~ sharing and new  cross-disciplinary
collaborations will be increasingly relevant to overcoming
challenging engineering issues related to technical barriers,
accelerating deployment, and making wind energy a strong
player in the clean energy future (Veers et al., 2019) [3],
Finally, floating wind turbine technology promises to
unlock the next level of deployment and scalability for
offshore wind energy systems. With floating platforms,
turbines can be deployed further offshore to harness better
and more stable winds, and these systems also present fewer
visual and noise impacts associated with land and near-
shore wind farms (Barooni et al., 2022) B). New floating
support systems — spar-buoys, semisubmersibles, and
tension leg platforms — are borrowing heavily from
engineering techniques and advancements sourced from the
offshore oil and gas industry, where similar platforms are
highly deployed in deep waters and harsh marine conditions
(Barooni et al., 2022) B, One of the main challenges posed
by floating systems will be the design and optimization of
mooring technologies that provide reliable station-keeping
for vessels, resist environmental loads, and ensure safe
operation under varying conditions imposed by waves and
wind (Yang et al., 2022) 4], With continued research that
aims to improve models of dynamic mooring response and
installation procedures, floating wind turbines will continue
to broaden the reach of offshore wind energy generation
worldwide, and thus the potential for offshore energy
streams.

In addition, increased international cooperation and
coordinated policy structures are an important driver to
boost the advancement of wind energy technologies.
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International research programs, cross-border demonstration
activities, and standardization agreements promote
knowledge flow and the implementation of best practices,
thus limiting efforts’ replication and fast-tracking new
solutions’ diffusion in different markets. International
cooperation is vital to achieve common technical standards,
tackle complex regulatory frameworks and allow the smooth
integration of cutting-edge digital technologies (robotics,
artificial intelligence, fault diagnosis and condition
monitoring systems, etc.) in offshore wind projects around
the world (Rinaldi et al., 2021) "1, Coordinated policies -
such as replicable incentives and parallel regulatory
pathways - secure investment certainty and stimulate
deployment at a level that can significantly impact emission
reductions. Thus, global cooperation and coordinated
policies in the wind sector can be considered not only as
vehicles for knowledge sharing but also as facilitators for
the wide diffusion and successful deployment of innovative
wind energy technologies (Rinaldi et al., 2021) ',

Conclusion

To summarize, technological progress in the field of wind
energy systems has led to significant improvements in
turbine design, offshore deployment, and innovative
integration techniques for variable energy into existing
grids. The advent of smart turbines, secure floating
platforms, and smart grid technologies have allowed for
further wind energy system capacity gains and increased
reliability across diverse operation conditions. However,
critical challenges with environmental impacts, operational
and grid reliability, and reliable deployment across the
broad set of conditions remain. Success in the sector
future’s relies on focused research, development of
dedicated materials and algorithms, advanced analytic
implementation, and worldwide cooperation. Innovative and
integrative approaches are the cornerstone to guarantee the
importance of wind energy in the world decarbonization
agenda and the long-term sustainable electricity supply for
future generations.

References

1.  Ahmed SD, Al-Ismail FSM, Shafiullah M, Al-Sulaiman
FA, El-Amin IM. Grid integration challenges of wind
energy: A review. IEEE Access,2020:8:10857—10878.
https://doi.org/10.1109/ACCESS.2020.2964896

2. Ali SW, Sadiq M, Terriche Y, Naqvi SAR, Hoang LQ
N, Mutarraf MU, et al. Offshore wind farm-grid
integration: A review on infrastructure, challenges, and
grid solutions. IEEE Access,2021:9:102811-102827.
https://doi.org/10.1109/ACCESS.2021.3098705

3. Barooni M, Ashuri T, Velioglu Sogut D, Wood S,
Ghaderpour Taleghani S, et al. Floating offshore wind
turbines: Current status and future prospects.
Mdpi.Com,2022:16(1):2.
https://doi.org/10.3390/en16010002

4. Bosnjakovi¢ M, Katini¢ M, Santa R, Mari¢ D. Wind
turbine technology trends. Applied
Sciences,2022:12(17):8653.
https://doi.org/10.3390/app12178653

5. Darwish AS, Al-Dabbagh R. Wind energy state of the
art: present and future technology advancements. Rees-
Journal.Org,2020:5:7.
https://doi.org/https://doi.org/10.1051/rees/2020003



International Journal of Advanced Scientific Research www.allscientificjournal.com

6. Diaz H, Soares CG. Review of the current status,
technology and future trends of offshore wind farms.
Ocean Engineering,2020:209:107381.
https://doi.org/10.1016/j.oceaneng.2020.107381

7. Elkelawy M, Atta ZA, Seleem H. Technological
advances, efficiency optimization, and challenges in
wind power plants: A comprehensive review.
Pesj.Journals.Ekb.Eg,2024:1(1):57-65.
https://doi.org/10.21608/pesj.2025.344906.1006

8. Firoozi AA, Hejazi F, Firoozi AA. Advancing wind
energy efficiency: A systematic review of aerodynamic
optimization in wind turbine blade design.
Journal,2024:17(12):2919.
https://doi.org/10.3390/en17122919

9. Khalid M. Smart grids and renewable energy systems:
Perspectives and grid integration challenges. Energy
Strategy Reviews,2024:51:101299.
https://doi.org/10.1016/j.esr.2024.101299

10. Kou L, Li Y, Zhang F, Gong X, Hu Y, Yuan Q, ef al.
Review on monitoring, operation and maintenance of
smart offshore wind farms. Sensors,2022:22(8):2822.
https://doi.org/10.3390/s22082822

11. Rinaldi G, Thies PR, Johanning L. Current status and
future trends in the operation and maintenance of
offshore wind turbines: A review. Energies,2021:14(9):
2484. https://doi.org/10.3390/en14092484

12. Soares-Ramos EPP, de Oliveira-Assis L, Sarrias-Mena
R, Fernandez-Ramirez LM. Current status and future
trends of offshore wind power in Europe.
Energy,2020:202:117787.
https://doi.org/https://doi.org/10.1016/j.energy.2020.11
7787

13. Veers P, Dykes K, Lantz E, Barth S, Bottasso CL,
Carlson O, et al. Grand challenges in the science of
wind energy. Science.Org, 2019, 366(6464).
https://doi.org/10.1126/science.aau2027

14. Yang R, Zheng X, Chen J, Wu Y. Current status and
future trends for mooring systems of floating offshore
wind turbines. Sustainable Marine
Structures,2022:4(2):40-54.
https://doi.org/10.36956/sms.v4i2.617

61



