AOACD African Journal of Advanced Pure and

:j{:_: X @'- Applied Sciences (AJAPAS)
=\r-- Online ISSN: 2957-644X

Volume 3, Issue 3, 2024, Page No: 218-227
AJAPAS Website: https://aaasjournals.com/index.php/ajapas/index

(1.55) :2023 (22l 80N Jalas  SJIFactor 2023: 5.689 I1S1 2022-2023: 0.557
Special issue: First Libyan Conference on Technology and Innovation (LCTI1-2024), Benghazi, Libya

Enhancing Wind Turbine Efficiency through Cooling System
Technologies

Abobaker Alansaryi ! * and Abdulgader Alsharif 2
1 Mechanical & Renewable Energy Engineering Department, Higher Institute of Science and Technology,
Aljofra, Sokna, Libya
2 Department of Electric and Electronic Engineering, College of Technical Sciences Sebha, Sebha, Libya

L ) Al LSS A (e gl ) il ) g8 e S 3y 0l
20l de 5 g jbai¥) Sy s
L (S o 8yl clim o) iS00 shall Tl s} ciaamiall s Al AUl i o |
Ll el Lo 48000 0 lal) 208 e g KI5 AL 54} Ausigh) o 2

“Corresponding author: abubakeralansary@gmail.com

Received: March 01,2024 | Accepted: May 05, 2024 | Published: May 30, 2024

Abstract:

This paper discusses how an optimal thermal management system can reduce energy losses due to electrical
resistance in the components and improve the overall performance of the turbine. Furthermore, the study
investigates the effect of cooling on component life, maintenance time, and performance reliability. The findings
reveal that efficient cooling technologies can significantly increase wind turbine efficiency, leading to increased
efficiency and economic growth. The study highlights the importance of choice emphasizing appropriate cooling
solutions based on specific turbine configurations. The importance of effective cooling methods in wind turbines
to optimize their efficiency, reliability, and lifespan. As wind turbines generate heat during operation, it is crucial
to dissipate this heat to prevent damage to critical components. The paper discusses various cooling techniques,
including direct air cooling, liquid cooling, and hybrid cooling, and Passive, Active Cooling Systems (ACS),
Phase Change Materials (PCMs) in Wind Turbines, Smart Coating for Wind Turbines. The paper also presents
some novel cooling systems and optimal designs for liquid cooling systems for wind turbines. The findings suggest
that implementing the right cooling technique can enhance performance and reduce the maintenance costs of wind
turbines, contributing to a greener energy landscape.

Keywords: Wind Turbine, Cooling Systems, Efficiency, Active Cooling Systems, Phase Change Materials.

uadlall
s Sl 8 Al e S A sliall Capasy 48U (i (e Iy 5 Y 3 ) jall 3 )oY AUkl (Say CaS 48 ) ) 020 il
Alpall ey« Sall oo ol Hdls 3 du el das w@lld e s 0le gusill alall elaV1 Gt
625 Laa (Ll i 5 58U e S IS 3 55 O (S Alladl) 5l il ) il CdSS o 1aY) A8 i ga
2l Aauiall 2l Jsla o 585l e LAY dpaal e ¢ gl Al jall bt galaBV) saill 5 36 1SH B0l 5 )
15k L yae 5 gl 5 5a 5 LgieliS Cppmani] =Ly 5l iy 5 55 8 Alladll oy 5l (350 el iy ) 5l Baame iy S5 e
L Aagall Ol sSall (s wiad 551 jall a2 a5 )5 pall ed il ol 51 ) Al ALl il 55 oY
adall ay ) Aadail g e png) a il g i) &y 5l g o) sl pileall oy pail) U3 8 Loy cdaliaall g i) culuiss 48 ) o))
Gl (LS L)) iyl (SH) ey el i 55 3 (PCMS) skl 8 sl ) sl 5 aud g
6 Gl O ) i) e Ll i )l Jlaal) il el AUl ilapaaill 5 saall 2y yiil) dalail (any
ST A e st B aaley Lae el il 8 Ala CllSS Jlis oY) e o) oS Aagaall )

)5 padl

skl yuad ) se ddadall gy il dadail (3ol ¢y ) dadail 6Ll il ) 5 dpalidal) cilalst)

218 | African Journal of Advanced Pure and Applied Sciences (AJAPAS)


https://aaasjournals.com/index.php/ajapas/index
mailto:abubakeralansary@gmail.com

Introduction

Enhancing wind turbine efficiency through cooling technologies is a critical aspect of maximizing power
generation and ensuring the continued growth of wind energy in the renewable energy landscape [1]. In order to
gain a sustainable and cleaner energy future by using wind turbines, however, wind turbine faces several
limitations such as climatology changes that may be overcome by different techniques as presented in this article
[2]. By improving the efficiency of wind turbines, the benefits of wind energy, such as cost-effectiveness,
sustainability, and energy storage, can be fully realized, contributing to a more sustainable and cleaner energy
future. Overview of the importance of wind energy in the renewable energy landscape conducted various studies
provided in the literature for the area of wind turbine efficiency and using cooling techniques [3]. Wind energy
has gained significant importance in the renewable energy landscape due to its numerous benefits and potential
for sustainable power generation [4].

The main contribution to the knowledge is providing a comprehensive study of enhancing Wind Turbine
Efficiency using Cooling System Techniques. The remaining sections in the paper are structured in different
sections. The Significance of wind turbine efficiency in maximizing power generation is discussed in Section 2.
While the Importance of cooling in wind Turbines is positioned In Section 3. In Section 4, the wind turbine cooling
techniques is discussed. In Section 6 the comparison of old and modern wind turbine cooling systems is presented
followed by the summary conclusion and list of recent references.

Significance of wind turbine efficiency in maximizing power generation

Maximizing the efficiency of wind turbines is crucial for optimizing power generation and ensuring that
the benefits of wind energy are fully realized. Some key aspects of wind turbine efficiency ARE included as listed
in Table 1.

Table 1: Key aspects of Wind Turbine efficiency [5]-[7].

Key aspects Explanation
Energy conversion |e WTs are 20% to 40% efficient at converting wind into energy Improving their
efficiency efficiency.
e |t can lead to increased power generation and reduced energy costs.
Power optimization e Research and development of wind turbine technologies can lead to improved

power performance.

¢ |t can reduce energy costs, making wind energy more competitive with traditional
power generation methods

Environmental benefits | e Enhancing WT efficiency can help reduce the environmental impact of wind
energy systems.

e It is contributing to a more sustainable and cleaner energy future

Some key aspects of wind energy include:

e Sustainability: Wind power is an infinitely sustainable form of energy that does not require any fuel for
operation and generates no harmful air or water pollution, contributing to a cleaner environment .

e Cost-effectiveness: The cost of generating electricity from wind turbines has decreased over time,
making it an economically viable option for energy production [3].

e Energy storage: Wind turbine power output is variable due to fluctuations in wind speed, but when
coupled with an energy storage device, wind power can provide a steady power output [3]

Importance of Cooling in Wind Turbines

Cooling is a crucial aspect of wind turbine operation as it helps maintain the optimal temperature of various
components [8]. The key reasons why cooling is important in wind turbines are listed:

1. Heat Dissipation: Wind turbines generate significant amounts of heat during operation. The mechanical
and electrical components, such as the gearbox, generator, and power electronics, can generate
substantial heat due to friction, electrical resistance, and power losses. Cooling systems are necessary to
dissipate this heat and prevent the components from overheating as illustrated in Figure 1. Excessive heat
can cause premature wear, reduced efficiency, and even failure of critical components.
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Figure 1: Heat Dissipation

Component Reliability and Longevity: By controlling the temperature within acceptable limits, cooling
systems help improve the reliability and longevity of wind turbine components. High temperatures can
accelerate the degradation of materials, lubricants, and electrical insulation, leading to increased wear,
reduced lifespan, and higher maintenance costs. Effective cooling ensures that components operate
within their designed temperature range, minimizing the risk of premature failures and extending the
overall lifespan of the turbine [9].

Power Electronics Efficiency: Power electronics, such as inverters and converters, are essential for
converting the variable output of the wind turbine into grid-compatible electricity. These components are
sensitive to temperature variations, and their efficiency can decrease as the temperature rises. Cooling
systems ensure that power electronics operate at optimal temperatures, maximizing their efficiency and
overall energy conversion performance.

Gearbox Cooling: The gearbox is a critical component in wind turbines, transferring the rotational motion
from the rotor to the generator. It experiences high mechanical stress and generates significant heat due
to friction and gear meshing. Effective cooling of the gearbox helps maintain the lubricant's viscosity,
reducing wear and ensuring smooth operation. It also prevents the gearbox from reaching critical
temperatures that can lead to gear failure and costly repairs.

Icing Prevention: In cold climates, wind turbines are susceptible to icing, which can have adverse effects
on their performance and structural integrity. Cooling systems can be utilized to prevent ice formation
or to remove ice from critical components, such as the blades and sensors. By controlling the temperature,
the risk of ice accumulation can be minimized, ensuring safe and efficient operation.

Wind Turbine Cooling Techniques

The cooling systems in wind turbines play a vital role in maintaining component performance, reliability, and
longevity. They help dissipate heat, prevent overheating, optimize power electronics efficiency, reduce wear and
tear, and prevent icing issues [10]. Effective cooling strategies contribute to the overall efficiency, operational

reliability, and cost-effectiveness of wind turbine systems [8].

Phase Change Materials
(PCMs) in Wind Turbines

Oil Cooling

Active Cooling Systems

Water Cooling

Wind Turbine
Cooling Techniques

Condition Monitoring and
Predictive Maintenance

Passive cooling systems

Aerodynamic Cooling

Figure 2: Wind turbine cooling techniques
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1. Passive cooling systems

Passive cooling techniques are designed to enhance heat dissipation without the need for external energy inputs.
These techniques utilize materials and designs that promote natural convection and radiation to dissipate heat
effectively. One such method is the use of advanced heat-resistant materials with high thermal conductivity,
allowing efficient heat transfer away from critical components. Additionally, incorporating heat sinks or fins in
turbine components helps increase the surface area available for heat dissipation, improving overall cooling
efficiency [11].

2. Water Cooling

Water cooling involves circulating water through various components of the wind turbine, such as the generator
or power electronics, to remove heat. Water has a higher heat capacity than air, making it an effective cooling
medium. Water may be circulated through heat exchangers or directly sprayed onto components in some cases
[12].

3. Active Cooling Systems

One of the most promising approaches to enhance wind turbine efficiency is the implementation of active cooling
systems. These systems use various techniques to dissipate excess heat generated during turbine operation. For
example, liquid cooling systems circulate a coolant, such as water or glycol, through pipes or channels within the
turbine components. This coolant absorbs the heat and carries it away, preventing overheating and maintaining
optimal operating temperatures. Active cooling systems can significantly reduce the risk of component failures
due to excessive heat and improve the overall efficiency of wind turbines [8].

4. Aerodynamic Cooling

Another approach to enhancing wind turbine efficiency is through aerodynamic cooling mechanisms. By
optimizing the turbine's blade design and incorporating cooling channels or ducts, airflow can be directed to
remove excess heat from critical components. This method takes advantage of the natural wind flow around the
turbine to increase cooling effectiveness. Properly designed aerodynamic cooling systems can reduce the thermal
load on components, leading to improved operational efficiency and increased lifespan [13].

5. Condition Monitoring and Predictive Maintenance

Efficient cooling technologies are not limited to the physical aspects of wind turbines; they also involve
monitoring and maintenance strategies. Advanced sensor systems can be integrated into wind turbines to
continuously monitor temperature, vibration, and other critical parameters. Real-time data analysis allows for the
early detection of potential issues, such as overheating or component deterioration. By identifying and addressing
these problems proactively, wind turbine operators can optimize maintenance schedules, prevent costly downtime,
and improve overall system efficiency [14].

6. Oil Cooling

Wind turbine gearboxes often use an oil-based lubrication system, and this oil can be utilized to remove excess
heat from the gearbox. The oil circulates through a heat exchanger, where it is cooled by either air or liquid. This
method helps maintain optimal operating temperatures for the gearbox [15].

7. Phase Change Materials (PCMs) in Wind Turbines

Phase Change Materials (PCMs) can be used in wind turbines to improve their overall performance and efficiency.
PCMs are substances that can absorb and release thermal energy during phase transitions, such as from solid to
liquid or liquid to gas. By utilizing PCMs in wind turbines, the following benefits can be achieved as tabulated in
Table 2.
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Table 2: Benefits of Phase Change Materials (PCMs) in Wind Turbines [16].

PCMs Benefits

Explanation

Thermal
Energy Storage

Wind turbines often operate in fluctuating wind conditions, which can lead to variations in
power output. PCMs can store excess thermal energy generated during high wind speeds
and release it during low wind speeds, thus providing a more consistent power output. This
helps to stabilize the electricity grid and improve the overall reliability of wind energy.

Temperature
Regulation

Wind turbines experience temperature variations due to environmental conditions and
internal heat generation. PCMs can help regulate the temperature by absorbing excess heat
and maintaining a more stable operating temperature. This can prevent overheating of
critical components and prolong the lifespan of the turbine.

Cold Climate
Performance

In cold climates, wind turbines may encounter issues such as icing on the blades, which can
reduce their efficiency and increase maintenance requirements. By incorporating PCMs with
appropriate phase change temperatures, the turbines can absorb heat from the surroundings
and prevent ice formation. This can enhance the performance and reliability of wind turbines
in cold weather conditions.

Efficiency
Improvement

PCMs can also be used to enhance the efficiency of heat transfer within wind turbines. By
incorporating PCMs into heat exchangers or thermal storage systems, the heat transfer
process can be optimized. This leads to improved energy conversion and reduced energy
losses, resulting in higher overall turbine efficiency.

It is worth noting that the specific implementation of PCMs in wind turbines may vary depending on factors such
as turbine design, operating conditions, and budget constraints. Extensive research and development are ongoing
in the field to explore the most effective and practical ways to integrate PCMs into wind turbine systems.

8.

Smart Coating for Wind Turbines

Smart coatings for wind turbines are special types of coatings that offer advanced functionalities beyond
traditional protective coatings [17]-[19]. These coatings are designed to enhance the performance, durability, and
efficiency of wind turbines. Here are some key features and benefits of smart coatings for wind turbines:

Table 3: Features and benefits of smart coatings for wind turbines [20]-[23].

features and Explanation
benefits

Self-Cleaning Wind turbines are exposed to various environmental conditions, including dust, dirt, and
pollutants, which can accumulate on the turbine blades and reduce their efficiency. Smart
coatings can possess self-cleaning properties, preventing the build-up of debris by
repelling dirt and facilitating easy cleaning during rainfall or wind action. This helps to
maintain optimal turbine performance and reduces the need for manual cleaning

Anti-Icing  and | In cold climates, icing on wind turbine blades can significantly impact their aerodynamic

De-Icing efficiency. Smart coatings can be engineered to have anti-icing properties, preventing ice

formation by reducing the adhesion of water molecules. Additionally, some smart coatings
can incorporate heating elements that can be activated to de-ice the blades, ensuring
uninterrupted operation and reducing downtime.

Anti-Corrosion

Wind turbines are exposed to harsh weather conditions, including moisture, humidity, and
salt spray, which can lead to corrosion and degradation of the turbine components. Smart
coatings can provide superior corrosion resistance, protecting the turbine structure and
extending its service life. These coatings can have self-healing capabilities, where they
can repair minor damages or cracks automatically, reducing maintenance requirements

Damage Smart coatings can be designed with embedded sensors or nanomaterials that can detect
Detection and monitor structural damage, such as cracks or delamination, in real-time. By

continuously monitoring the condition of the turbine components, early detection of

defects can be achieved, enabling timely maintenance and preventing catastrophic failures
Energy Certain smart coatings can be engineered to enhance the aerodynamic performance of
Generation wind turbine blades. They can modify the surface texture, reduce drag, and improve the
Enhancement airflow around the blades, resulting in increased energy generation and improved turbine

efficiency.
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It's important to note that while smart coatings offer several advantages, their development and implementation
require careful consideration of factors such as cost-effectiveness, durability, and compatibility with existing
coating systems. Extensive research and testing are ongoing to optimize the performance of smart coatings for
wind turbines and make them commercially viable for the industry [24]. Additionally, the wide range of services
that wind turbine could provide such as nacelle cooling, generator cooling, ventilation of switch cabinets, cooling
of inverters and transformers [25].

Nacelle cooling
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Generator cooling

S e .8 6.

Transformer cooling

o
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I_'“ L8 g

Inverter cooling

s 1

Figure 3: Cooling in wind turbines [25].
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Table 4: Advangages and disadvantages

Wet- System Advantages Disadvantages
assist
scheme
- o Lowers ACC load » Relatively high equipment cost
1.'1 g‘n * Lowers condenser suction pressure « Relatively long payback period
2 5 Hybrid ACC s  Off-the shelf equipment
© c o Readily designed and installed
:_E E » Easily bypassed when not needed
2 o e  Series arrangement for loop flow s Relatively high equipment cost
] 3 * Potential to cool full load with * Relatively long payback period
QEJ f Hybrid auxiliary heat exchanger
w2 Heller e Off-the shelf equipment
u’-'f ﬁ e Readily designed and installed
Easily bypassed when not needed
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Table 5: System Parameters

Cooling systems
Parameter Air cooled systems Circulating evaporative
Indirect natural draft | Indirect mechanical draft | Direct mechanical draft water cooled system
Investment cost High High High Low
Power consumption Low High Medium-high Medium
Energy loss Medium High High No
Water consumption Low Low Low High
Noise No Medium Medium Medium
Wind effect Medium Medium Medium Medium
Recirculation No Low-medium Medium Medium
Visible plum No No No Yes
Polluted water discharge No No No Yes
Maintenance Low Medium Low-medium High
Plot area Medium-high Medium Medium Low
Flexibility in site arrangement Good Good Medium Good
Lifespan of heat exchanger High (=30 years) High (=30 years) High (=30 years) Low (~10 years)

Case Studies and Future Directions:

Wind turbine efficiency can be enhanced through various cooling technologies and wind speed can estimate the
output power is presented in Figure 4. As the power capacity of wind turbines increases, effective cooling methods
become essential to ensure secure and stable operation. Current cooling methods include forced air cooling and
liquid cooling, with a shift towards more advanced and efficient cooling systems for larger power wind turbines
[26]. For instance, high-power wind turbines, such as the GE Renewable Energy’s Haliade-X and CSIC HZ
Windpower’s 10MW H210-10.0, utilize closed-loop cooling systems to manage the significant heat generated by
their components [1,2]. Based on IEA collected data for the period of 2015-2021 that illustrated in Figure 5, the
annual change of the wind energy is changed along with the changes in the prices. Figure 6 shows the Capacity
of renewable energy projects in different development stages in connection queues vs actual capacity additions,

2022.
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Figure 4: Wind Speed collected data [27].
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Figure 5: Technology cost trends for wind turbine, 2015-2021, based on IEA [28].
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Figure 6: Capacity of renewable energy projects in different development stages in connection queues vs actual
capacity additions, 2022, based on IEA [29].

These cooling systems are essential for protecting sensitive electronic equipment and ensuring the long-term
stable operation of wind turbines [2]. While air cooling has been effective for small-scale wind turbines, it is not
practical for the heat produced in MW-scale units, leading to the adoption of water cooling for larger wind turbines
[10]. The continuous development of high-power wind turbines poses challenges to cooling technology, and the
focus is on developing more efficient and reliable cooling systems to meet the increasing heat dissipation
requirements [30].

Research importance

Throughout the above cooling technologies, there are some problems. Due to the increased unit capacity, cooling
equipment not only makes the efficiency decreased and costs increased, but also brings corrosion problems. In
recent years, heat pipe cooling technology is intensive researched, which has excellent thermal conduction, heat
flux variability, reversible flow direction, constant temperature properties, good environment adaptability,
compact structure and low cost, etc.. If heat pipe is used to instead of the usual heat exchanger, not only high heat
transfer rate can be required, but also corrosion problems and initial investment and maintenance cost will be
effectively reduced [34].

The search results

Provide insights into the use of forced air cooling, liquid cooling, and closed-loop cooling systems to enhance
the efficiency of wind turbines. These technologies are essential for managing the increasing heat production in
high-power wind turbines, ensuring their secure and stable operation [31].

In the operation of wind turbine, the gearbox, generator and control system will produce a large amount of heat.
In order to ensure the secure and stable operation of wind turbine, effective cooling measure has to be implemented
to these components. Since the early wind turbines had lower power capacity and correspondingly lower heat
production, the natural air cooling method was sufficient to meet the cooling requirement. As the power capacity
increases, merely natural air cooling can no longer meet the requirement.

The current wind turbines adopt forced air cooling and liquid cooling prevalently, Among which, the wind
generating set with power below 750 kW usually takes Forced air cooling as a main cooling method. As to large-
and medium-scale wind Generating set with power beyond 750 kW, a liquid recirculation cooling method Can be
implemented to satisfy the cooling requirement.

Comparison of Old and Modern Wind Turbine Cooling Systems

Comparing with the current forced air cooling and the liquid cooling method. The vapor-cycle cooling system
introduces an extra cost of vapor-cycle refrigerating Engine and additional power consumption for the cooling of
the medium, however, It can adjust cooling capacity flexibly according to the cooling demands, and Also can
provide the optimal working condition for the wind turbine which paves The way for the next generation of high-
power wind turbines.
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Comparing with the wind turbine adopting the air cooling method, the one Adopting liquid cooling system has a
more compact structure. Although it increases The cost of heat exchanger, cooling medium and corresponding
laying of connecting pipelines, it extremely enhances the cooling performance for the wind generating [32].

Comparing with other cooling method, the forced air cooling system has several Advantages, such as simple
structure, easy management and maintenance, and low Initial and running cost. However, since the cooling air is
from external environment, The cooling performance might become low because of the environment .

Cooling systems are being developed to enhance the efficiency of wind turbines [33] . These systems involve
various components such as heat exchangers, pumps, coolers, and pressure control tanks. The cooling circuit is
responsible for conveying a cooling fluid to and from a heat source, while the cooling device cools the fluid. The
pump circulates the cooling fluid in the circuit, and a cooling fluid tank is connected to the circuit. The tank has
fluid ports at the top and bottom, with the bottom port communicating with the circuit. A flow restriction device
is included in the fluid path between the pump outlet and the tank [1]. Additionally, temperature-altering sections
are incorporated in the cooling circuit to heat the cooling medium before entering the cooling device and cool it
after leaving the device [2]. These cooling technologies aim to improve the overall performance and efficiency of
wind turbines [5].

Conclusion

Temperature issues in wind turbine electronics are primarily concerned with generators and power conversion
electronics. The thermal load of the generator is due to the resistance of the copper wire and the loss of iron due
to the rotation of the core. Most of the heat lost due to friction is mechanical. This energy loss is thermal energy
transferred to the wind turbine nacelle. Excessive heat from nacelle-based power conversion systems results
mainly from the impedance of electronic components such as capacitors and thyristors. High temperatures will
reduce system life and increase failure rates. Thermal management techniques such as cooling water can be
optimized for nacelle electronics.
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